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16.1 The Fundamentals
Neuroendocrine tumors (NETs) are a group of
tumors that arise from neuroendocrine cells and
are most commonly found in the stomach,
intestines, and pancreas (gastroenteropancreatic
neuroendocrine tumors; GEP-NETSs) as well as
in the lungs (lung NETs) [1, 2]. As the majority
of NETs are slowly growing tumors with almost
no symptoms, up to 50% of cases are metastatic at
diagnosis [3]. Somatostatin receptors (SST) have
played a key role as molecular targets for both the
diagnosis and treatment of NETs for almost
30 years. To date, five somatostatin receptor
subtypes have been identified: SST;_s. Somato-
statin receptor subtype 2 (SST5) is the predomi-
nant subtype. It is highly expressed in GEP-NETs
and is expressed at lower levels in several other
tumor types, including small cell lung cancer,
lung NETs, breast cancer, renal cell carcinoma,
non-Hodgkin lymphoma, paraganglioma, pheo-
chromocytoma, medullary thyroid cancer, and
meningioma [4].
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Peptide receptor radionuclide therapy (PRRT) is
a special type of radiopharmaceutical therapy (RPT)
predicated on the use of radiolabeled peptides such
as the ""Lu-labeled SST, agonists [177Lu]Lu—
DOTA-TOC  and  ['"Lu]Lu-DOTA-TATE
(Lutathera™). Although PRRT is one of the most
efficient treatments for the management of NETs, it
predominantly stabilizes—rather than cures—the
disease [5]. There is thus an unmet need to improve
PRRT with more effective radiopharmaceuticals.
Until recently, it was thought that the internalization
of the radiolabeled agonists was required for
SST-targeted RPT. Yetin 2006, Ginj et al. proposed
the paradigm shifting idea that radiolabeled SST
antagonists may perform better than agonists
despite their lack of internalization [6]. Indeed,
there is compelling evidence that '""Lu-labeled
SST,  antagonists—e.g., ['''Lu]Lu-DOTA-
JR11 ['""Lu]Lu-OPS201 ['""Lu]Lu-
satoreotide tetraxetan—bind to many more SST,
sites on the cell surface [7], resulting in much higher
tumor doses and thus greater treatment potential
than '7"Lu-labeled SST, agonists [8—10].

16.2 The Details

16.2.1 A Short History of Peptide

Receptor Radionuclide Therapy
(PRRT)

After its introduction in the early 1990s, PRRT
was gradually improved through a series of steps
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to enhance the treatment outcomes of patients
with GEP-NETs:

1. The introduction of PRRT with radiolabeled
SST agonists such as [''In]In-DTPA-
octreotide and, subsequently, the advent of
improved SST agonists labeled with
p-emitting radionuclides, primarily [*°Y]Y-
and ['"’Lu]Lu-DOTA-TOC as well as ['"Lu]
Lu-DOTA-TATE (Lutathera™) [11, 12].

2. The invention of SST-targeted scintigraphy
and, later, SST-targeted single photon emission
computed tomography/computed tomography
(SPECT/CT) and positron emission tomogra-
phy/computed tomography (PET/CT) with
radiolabeled SST agonists such as [mln]In-
DTPA-octreotide  (for  scintigraphy  and
SPECT/CT) and [®3Ga]Ga-DOTA-TOC and
[®Ga]Ga-DOTA-TATE (for PET/CT). SST
imaging allows for the sensitive detection of
NETs as well as the identification of patients
who will benefit from PRRT [13]. Along these
lines, PRRT became one of the best examples
of clinical theranostics, the use of one radio-
pharmaceutical (e.g., [**Ga]Ga-DOTA-TATE)
to identify tumors with high SST, expression
and a second based on the same vector (e.g.,
['""Lu]Lu-DOTA-TATE) to deliver a therapeu-
tic payload.

3. The evaluation of PRRT in the NETTER-1
study: a randomized, controlled phase III trial
with both an intervention arm—[177Lu]Lu-
DOTA-TATE (Lutathera™) plus high-dose
somatostatin analog octreotide LAR—and a
control arm (only high-dose somatostatin ana-
log octreotide LAR). The NETTER-1 study
demonstrated the superiority of PRRT relative
to treatment with octreotide LAR [14]. Based
on the NETTER-1 study, PRRT with
Lutathera™ was approved by the FDA
(U.S. Food and Drug Administration) and
EMA (European Medicines Agency) for the
treatment of patients with GEP-NETs.

4. The introduction of radiolabeled SST
antagonists that are able to recognize more
bindings sites on SST-expressing tumor cells
show favorable pharmacokinetics and produce
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higher radiation doses to tumor tissue than
agonists despite their very poor internalization
rates [6, 8].

16.2.2 Preclinical Development
of Radiolabeled SST
Antagonists

SST antagonists were initially developed both for
studying the pharmacology and mechanism of the
natural hormone somatostatin and for enhancing
the secretion of hormones such as growth hor-
mone and insulin. Their design was based on
modifications of the cyclic octapeptide octreotide.
Octreotide is a truncated and stabilized version of
the natural peptide somatostatin-14 (SS-14,
Fig. 16.1) that activates SST receptors upon bind-
ing and internalizes inside cells as part of a
peptide-receptor complex. Critically, the majority
of the known radiolabeled SST peptide agonists
are based on octreotide. The main structural
features of octreotide—n-Phe”-c(Cys’-Phe’-p-
Trp®-Lys’-Thr'°-Cys'*)-Thr(ol)!>  (the amino
acid numbers correspond to those for SS-14)—
are as follows:

1. The tetrapeptide Phe’-p-Trp®-Lys®-Thr'® is
essential for the biological activity of SS-14,
but L-Trp has been replaced by p-Trp to stabi-
lize the peptide vis a vis enzymatic degrada-
tion (Fig. 16.1).

2. As in SS14, the disulfide bridge protects the
conformation of the active tetrapeptide.

3. The p-Phe further protects the enzymatically
vulnerable N-terminus of the peptide while a
hydroxyl functionality lies at the C-terminus.

Certain modifications to this structure have
been identified as critical for turning a given pep-
tide from an agonist into an antagonist, thereby
inhibiting (or entirely preventing) internalization.
Specifically, the following characteristics have
been determined to favor antagonism:

1. The inversion of chirality of amino acids 2 and
3 (i.e., from p-Phe? to L-Phe? and from L-Cys3
to p-Cys?) (Fig. 16.1) [15].
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Fig. 16.1 The evolution of ['”’Lu]Lu-DOTA-JR11. In
the somatostatin-14 sequence, the red amino acids indicate
the essential amino acids for receptor recognition. The

substituted
or p-Cl-

2. The introduction of a
phenylalanine—e.g., p-NO,-Phe?
Phe®—in the first position.

3. The introduction of large hydrophobic aro-
matic amino acids—e.g., 2Nal'®
(3-(2-naphthyl)alanine) or Tyr15 (both L- or
D-configuration)—at the C-terminus [16, 17].

Taken together, these combinations contribute
to antagonistic properties by weakening
biological efficacy while maintaining high SST,
affinity. The first SST, antagonist, namely
BASS—(AcNH-p-NO,-Phe?-cyclo(D-Cys>-
Tyr’-D-Trp®-Lys’-Thr'°-Cys'*)-D-Tyr'>-NH,—
came out of such a combination.

A number of different modifications have been
made to BASS to tune its affinity, SST selectivity,
and stability. Two particularly enticing
modifications were the inclusion of [1] a
carbamoyl functionality (the literature suggested
that amide bond-rich moieties are favorably
recognized by G-protein coupled receptors) and
[2] a urea functionality (which provides structural
stabilization via an increase in intra- and intermo-
lecular hydrogen bonds) [18]. A dipeptide bear-
ing both of these modifications—Aph(Hor)-p-
Aph(Cbm), in which H-Aph(Hor)-NH, = 4-

color code also indicates chirality: red for L-amino acids
and green for p-amino acids. The blue structure shows the
DOTA chelator

amino-phenylalanine(L-hydroorotic acid) and
H-p-Aph(Cbm)-NH, = p-4-amino-phenylala-
nine(carbamoyl)—was used in the development
of gonadotropin releasing hormone (GnRH)
antagonists [18]. The question, of course, was
whether these functionalities could be
implemented in SST antagonists? In BASS, the
amino acids 2, 3 14, and 15 were already “tai-
lored” to antagonism. This left only the
tetrapeptide  (i.e., Tyr’-p-Trp®-Lys’-Thr'®) in
which these new inserts could be tried. Along
these lines, amino acid 7 (position 3 in octreotide)
has shown tolerability in terms of substitution,
with a number of high affinity SST agonists aris-
ing out of its substitution [19]. In the case of the
antagonists, the substitution of Tyr’ with
carbamoyl-residues did not alter binding affinity
and selectivity for SST, but did improve hydro-
philicity. Furthermore, the substitution of D-Trp®
by p-Aph(Cbm) clearly improved affinity as well
as selectivity for SST, [20]. A series of
antagonists were developed with various
combinations of the aforementioned
characteristics [20]. The analog featuring the sub-
stitution of p-Trp® with p-Aph(Cbm) as well as p-
Cl-Phe? in the first position—i.e., p-Cl-Phe*-c(p-
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Cys>-Tyr’-p-Aph(Cbm)®-Lys’-Thr'°-Cys'*)p-
Tyr15 -NH,—is known as LM3 [21]. In contrast,
the analog with amino acids 7 and 8 replaced with
the dipeptide Aph(Hor)-p-Aph(Cbm) as well as
p-Cl-Phe? in the first position—p-Cl-Phe*-cyclo
[p-Cys>-Aph(Hor)’-p-Aph(Cbm)®-Lys’-Thr'°-
Cys'*]-p-Tyr'>-NH,—is  known as JRII
[20]. JR11 was conjugated to DOTA via its
N-terminus and labeled with lutetium-177
(Fig. 16.1) [22].

16.2.3 The Preclinical Evaluation
of ['7LulLu-DOTA-JR11

DOTA-modified JR11 was initially complexed
with various (radio)metals, including as indium,
yttrium,  lutetium, gallium, and copper
[21, 22]. These early studies clearly demonstrated
the high affinity of the JR11 conjugates for SST,
(Table 16.1). The affinities of Lu- and Y-DOTA-
JR11 (ICs5¢p = 0.73 + 0.15 and 0.47 + 0.05 nM,
respectively) were comparable to that of DOTA-
JR11 alone (ICs¢ = 0.72 + 0.12 nM). However,
both In- and Cu-DOTA-JR11 exhibited reduced
affinities for the receptor (ICso = 3.8 + 0.7 and
29 + 2.7 nM, respectively). Ga-DOTA-JR11 also
displayed a reduced affinity, but this value could
be improved by employing the NODAGA chela-
tor to create Ga-NODAGA-JR11
(ICso = 1.2 + 0.2 nM) [22]. Biodistribution
experiments in mice bearing SST,-expressing
xenografts—i.e., a human embryonic kidney cell
line transfected with human SST, HEK-SST,)—
further underscored the importance of the
radiometal [23]. To wit, ['"’Lu]Lu-DOTA-JR11
(B~ -and y-emitter; mean energy 149 keV,
Table 16.2) was assessed head-to-head with

Table 16.2 Physical properties of radionuclides for PRRT
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*°Y]Y-DOTA-JR11 (B emitter; mean
energy = 934 keV, Table 16.2) and ['''In]In-
DOTA-JRI11 (y emitter, a frequent imaging sur-
rogate for °°Y. The two therapeutic variants—
['"Lu]Lu-DOTA-JR11 and [*Y]Y-DOTA-
JR11—showed very similar biodistributions and
pharmacokinetic profiles. As expected, [*°Y]Y-
DOTA-JR11 delivered a higher tumor dose due
to the higher energy of its B~ particles. However,
the long tumor retention of DOTA-JR11 is better
suited for the longer half-life of u (ty,
» = 162 h). Interestingly, significant differences
were observed between the biodistributions of
[*°Y]Y-DOTA-JR11 and ['''In]In-DOTA-JRI1,

Table 16.1 Affinity data (ICsq = half maximal inhibitory
concentration) of SST antagonists and agonists for somato-
statin receptor subtype 2 (SST,)

Compounds SST, affinity

SST antagonists

DOTA-JR11? 0.72 +0.12
["Lu]Lu-DOTA-JR11° 0.73 £ 0.15
["Y]Y-DOTA-JR11° 0.47 + 0.05
["*Cu]Cu-DOTA-JR11° 16.0 + 1.2
[™In]In-DOTA-JR11° 3.8+0.7
["Ga]Ga-DOTA-JR11° 29.0 + 2.7
NODAGA-JR11° 41+02
["'Ga]Ga-NODAGA-JR11° 12+02
DOTA-LM3® 0.39 + 0.05
["*Ga]Ga-DOTA-LM3° 125 +4.3
[In]In-DOTA-LM3® 1.3+0.1
["'Ga]Ga-NODAGA-LM3°¢ 1.3+£02
SST agonists

[™'Lu]Lu-DOTA-TATE¢ 20+038
["*Ga]Ga-DOTA-TATE® 0.2 +0.04

Data from Cescato et al. [20], ®Data from Fani et al. [22],
“Data from Fani et al. [21], 9Data from Schottelius et al.
[37], ‘Data from Reubi et al. [38]. All data represent
ICso = SEM in nM except ["Lu]Lu-DOTA-TATE data,
which is ICsg + SD in nM

Radionuclide Half-life | Decay Mean energy | LET Maximum tissue penetration range
Ytrium-90°  |[67h | B 934 keV |~0.2keV/pm | 12.0 mm
Lutetium-177* | 160h | p/(y) 149 keV |~02keV/um | 3.0 mm
Terbium-161" | 165h | p/(y) 154 keV ~02keV/um | 3.0 mm
Auger electrons | 19 keV ~ 20 keV/pm <0.002 mm
Actinium-225* | 240 h o 6800 keV ~ 100 keV/pm | 0.06 mm
Lead-212 [11h |« (7800 keV |~ 100 keV/um | 0.07 mm

“Data from Kong et al. [39], Data from Muller et al. [40]. Abbreviations: LET linear energy transfer, y y-emitter which

can be used for imaging and dosimetry studies
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both with respect to their accumulation in tumor
tissue and healthy organs such as stomach, pan-
creas, and adrenals. Taken together, these data
suggest that '''In-DOTA-JR 11 may not be a suit-
able companion imaging agent  for
*°Y-DOTA-JR11. The most notable result of
these studies, however, stemmed from the head-
to-head comparison between [""Lu]Lu-DOTA-
JR11 and [""Lu]Lu-DOTA-TATE (Fig. 16.2a—
¢) [23]. ['""Lu]Lu-DOTA-JR11 showed signifi-
cantly higher tumor uptake than ['’’Lu]Lu-
DOTA-TATE at all time points (from 1 hto 7 d
post-injection). Yet even more importantly, the
former exhibited a longer residence time in the
tumor than the latter. Together, these phenomena
resulted in 2.5 times higher tumor radiation dose

AUC tumor uptake

Tumor uptake
(% 1A/g)
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for ['""Lu]Lu-DOTA-JR11 compared to ['""Lu]
Lu-DOTA-TATE (Fig. 16.2a).

Two critical aspects of the therapeutic use of
radiopharmaceuticals are their renal and hemato-
logical toxicity. The higher radiation dose to the
tumor of ['""Lu]Lu-DOTA-JRI11 in the afore-
mentioned study was accompanied by a 1.8-fold
higher radiation dose to the kidneys and a 1.5-fold
higher radiation dose to the bone marrow [23]. To
wit, the tumor-to-kidney radiation dose ratio
remained higher (by a factor of 1.3) for [177Lu]
Lu-DOTA-JR11 compared to [177Lu]Lu—DOTA-
TATE (Fig. 16.2b), while the tumor-to-bone mar-
row dose ratio was also in favor of [177Lu]Lu-
DOTA-JR11 by a factor of 1.7. Importantly, the
escalation of the mass of injected peptide from

B AUC tumor-to-kidney ratios

0 24 48 T2 96
Time (h)

Tumor uptake

304 *

200

Injected amount (pmol)

Fig. 16.2 1In vivo comparison of ['”’Lu]Lu-DOTA-JR11
and ["Lu]Lu-DOTA-TATE in nude mice bearing
HEK-SST, xenografts (Human Embryonic Kidney cells
transfected with the human somatostatin receptor subtype
2). (a) AUC (area under the curve) of ['”’Lu]Lu-DOTA-
JR11 (red) and ['7"Lu]Lu-DOTA-TATE (blue). The AUC
represents the tumor uptake integrated over time, which is
directly proportional to the radiation dose to the xenograft.
The tumor uptake is given as % injected activity per gram
tumor tissue (%IA/g). (b) tumor-to-kidney ratios
integrated over time for [""Lu]Lu-DOTA-JR11 (red)

and ['’Lu]Lu-DOTA-TATE (blue). Pharmacokinetic
data for A and B were generated from parallel independent
biodistribution data collected 1, 4, 24, 72 and 168 h after
the injection of ['”’Lu]Lu-DOTA-JRI1 and ['7’Lu]Lu-
DOTA-TATE. (c¢) The impact of the amount of injected
peptide of ['7’Lu]Lu-DOTA-JR11 (red) and ['7"Lu]Lu-
DOTA-TATE (blue) on tumor uptake. *p < 0.05. (d)
["""Lu]Lu-DOTA-JR11 nanoSPECT/CT images 4 h after
the injection of different amounts of peptide (20, 200 and
2000 pmol)
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10 pmol to 200 pmol to 2000 pmol significantly
suppressed the background uptake of both ['""Lu]
Lu-DOTA-JR11 and ['”Lu]Lu-DOTA-TATE,
especially in SST,-expressing tissues such as the
stomach, pancreas, and bone marrow primarily due
to the saturation of the receptors in these tissues.
Surprisingly, this mass dose escalation did not
affect the tumoral uptake of ['""Lu]Lu-DOTA-
JRI11 but significantly reduced that of ['"Lu]Lu-
DOTA-TATE (Fig. 16.2¢). Ultimately, increasing
the amount of peptide injected produced excellent
tumor-to-background activity concentration ratios
for ['"Lu]lLu-DOTA-JR11 (Fig. 16.2d). Conse-
quently, increasing the amount of peptide
administered with ['”’Lu]Lu-DOTA-JR11 may
improve its safety profile in the clinic by reducing
its accumulation (and thus radiation dose) in the
bone marrow and other organ healthy tissues.

D. Wild and M. Fani

16.2.4 Preclinical Therapy Studies
with ['”’Lu]Lu-DOTA-JR11

The therapeutic efficacy of ['”’Lu]Lu-DOTA-
JR11 and [""Lu]Lu-DOTA-TATE was com-
pared in mice bearing H69 human small cell
lung cancer xenografts [24]. The mice were
given only a single 30 MBq dose (300 pmol) of
each radiotherapeutic. The higher tumor uptake of
[""Lu]Lu-DOTA-JR11 compared to ['"’Lu]Lu-
DOTA-TATE in this tumor model as well as the
former’s longer tumoral residence time combined
to produce a tumor radiation dose for [177Lu]Lu-
DOTA-JR11 (1.8 + 0.7 Gy/MBq) 4.4 times
higher than that of ['’’Lu]Lu-DOTA-TATE
(0.36 + 0.07 Gy/MBq). Treatment with ['""Lu]
Lu-DOTA-JR11 also resulted in a higher median
survival rate (71 days vs 61 days) and a 1.4 times
greater delay in tumor growth than ['"’Lu]Lu-
DOTA-TATE, thought the latter was not statisti-
cally significant (Fig. 16.3a, b).
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Fig. 16.3 Outcome of nude mice bearing H69 xenografts
after treatment with 30 MBq [177Lu]Lu—DOTA—JR11 (a)
or 30 MBq ['"’Lu]Lu-DOTA-TATE (b). Data are from
Dalm et al. [24]. (¢) and (d) Outcome of nude mice bearing
BON-SST, xenografts after treatment with 2 x 20 MBq

["""Lu]Lu-DOTA-JR11 (c) or 2 x 30 MBq ['""Lu]Lu-
DOTA-TOC (d). Data are from Albrecht et al. [25]. (a)
and (c¢) show tumor growth. (b) and (d) show the
corresponding Kaplan—Meier survival curves



16 Case Study #6: ['77Lu]Lu-DOTA-JR11: A Somatostatin Receptor Subtype 2 Antagonist. . .

In another therapy study, ['”’Lu]Lu-DOTA-
JR11 was compared to [177Lu]Lu-DOTA-TOC
in an orthotopic xenograft model using human
pancreatic BON cells transfected with the
human SST, (BON-SST,) ([25]. The study
showed that treatment with [177Lu]Lu-DOTA-
JR11 produces a significant tumor growth delay
and longer survival compared to ['’’Lu]Lu-
DOTA-TOC (Fig. 16.3c, d). The median survival
rate was 1.7 times longer for the mice treated with
[177Lu]Lu-DOTA-JR11 compared to those
treated with ['”’Lu]Lu-DOTA-TOC (207 days
vs 126 days). Furthermore, the improved thera-
peutic outcome of [177Lu]Lu-DOTA-JR11 was
achieved despite using a 30% reduced therapeutic
activity compared to [''’Lu]Lu-DOTA-TOC
(20 MBq vs 30 MBq per cycle, 2 cycles in
an interval of 3 weeks). This reduction in
activity was necessary due to the higher toxicity
of ['77Lu]Lu-DOTA-JR11 compared to [177Lu]
Lu-DOTA-TOC. Finally, ['’Lu]Lu-DOTA-
JR11 showed superior targeting properties
compared to [177Lu]Lu-DOTA-TATE in an estro-
gen receptor-positive patient-derived breast can-
cer mouse model with endogenous SST,
expression [26]. This study confirmed that the
antagonist produces significantly higher tumor
uptake than the agonist and suggests breast cancer
may be an additional indication for [177Lu]Lu—
DOTA-JRI11.

Overall, the higher tumoral uptake and longer
residence time of ['"’Lu]Lu-DOTA-JR11 com-
pared to SST, agonists (i.e., ['”’Lu]Lu-DOTA-
TATE or [""Lu]Lu-DOTA-TOC) produces
higher tumor doses, more favorable tumor-to-kid-
ney activity concentration ratios, and an enhanced
therapeutic effect [23—25]. Mansi et al. evaluated
the characteristics that lead to the observed
differences between SST, antagonists and
agonists on a cellular level [7]. While both
[""Lu]Lu-DOTA-JR11  (['""Lu]Lu-OPS201)
and ['"’Lu]Lu-DOTA-TATE exhibited compara-
ble dissociation constant (Kp) values of
0.15 + 0.003 and 0.08 + 0.02 nM, respectively,
[177Lu]Lu-DOTA-JR11 recognized four times
more binding sites than ['’Lu]Lu-DOTA-TATE
[maximum binding sites (Bmax) of
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0.37 + 0.02 vs. 0.09 + 0.001 nM, respectively].
This could explain, at least partially, its higher
accumulation in the SST,-expressing tumors. In
addition, ['""Lu]Lu-DOTA-JR11 showed faster
association, slower dissociation, and longer cellu-
lar retention than ['"’Lu]Lu-DOTA-TATE
in vitro. These characteristics could further
explain the higher tumor uptake and retention
that lead to the enhanced therapeutic efficacy of
['"Lu]Lu-DOTA-JR11 compared to ['"’Lu]Lu-
DOTA-TATE, regardless of their localization at
the sub-cellular level (cell surface vs internalized,
respectively). Interestingly, when ['’’Lu]Lu-
DOTA-TATE bound to SST, was challenged
with an excess of either ["'Lu]Lu-DOTA-TATE
or [™Lu]Lu-DOTA-JR11, both non-labelled
compounds were able to completely displace the
[ Lu]Lu-DOTA-TATE from the receptor and
prevent its rebinding. On the contrary, when
[177Lu]Lu-DOTA-JR11 bound on SST, was
challenged with an excess of ["Lu]Lu-DOTA-
TATE, the latter was not able to displace it
entirely or prevent its rebinding. This could only
be prevented by the antagonist itself. These
findings indicate that the antagonist binds not
only to more SST, binding sites but also to sites
that are not recognized by the agonist. This
hypothesis might have a clinical impact, as
NETs are often treated with long-acting somato-
statin agonists such as octreotide or lanreotide
that are commonly interrupted before the admin-
istration of radiolabeled somatostatin agonists
such as ['""Lu]Lu-DOTA-TATE in order to
avoid SST, saturation. This practice is based on
the assumption that the two agonists compete for
the same somatostatin receptor sites. These
observations on displacement/rebinding suggest
that the interruption of somatostatin agonists
before PRRT (which can worsen patient
symptoms) may not be necessary when the
radiolabeled somatostatin analog is an antagonist.

There are  still  other  microscopic
characteristics that may explain the gain in thera-
peutic efficacy associated with using antagonists.
The therapeutic efficacy of radiopharmaceuticals
is linked to radiation-induced DNA damage. The
timing and degree of DNA double strand break
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(DSB) induction were quantified for [177Lu]Lu—
DOTA-JR11 and ['"’Lu]Lu-DOTA-TATE using
the number of p53-binding protein 1 (53BP1) foci
per nucleus over time in SST,-transfected U20S
cells treated with both radiopharmaceuticals
[24]. In line with the differences in their cellular
uptake, ['""Lu]Lu-DOTA-JR11 produced at least
60% more DSBs than ['"’Lu]Lu-DOTA-TATE,
and this increased level remained over time
despite the fact that [""Lu]Lu-DOTA-JR11
accumulates primarily on the cell membrane
while  ['’Lu]Lu-DOTA-TATE accumulates
mainly in the cytoplasm (i.e., closer to the nucleus
and DNA). The radiation effects of [""Lu]Lu-
DOTA-JR11 were also assessed by analyzing
the cell-cycle distribution of the BON-SST,
cells after incubation with ['"Lu]Lu-DOTA-
JR11 or ['"Lu]Lu-DOTA-TOC [25]. ['""Lu]Lu-
DOTA-JRI1 caused an activity-dependent
increase in the number of cells in the G2/M
phase as well as a corresponding decrease in the
number of cells in the GO/G1 phase. In contrast,
same dose of ['"’Lu]Lu-DOTA-TOC did not
affect the cell cycle. This is in line with the
increased number of DNA double-strand breaks
caused by ['"’Lu]Lu-DOTA-JR11 compared to
['7’Lu]Lu-DOTA-TATE [24].

lleal NET

Smallcell lung cancer
Lung NET

Breast cancer
Renal cell carcinoma
non-Hodgkin lymphoma
Paraganglioma
Pheochromacytoma

Medullary thyroid cancer
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16.2.5 Potential of Radiolabeled SST
Antagonists for Novel
Indications of PRRT

The improved tissue binding of radiolabeled
SST, antagonists compared to agonists was
demonstrated using human tumor specimens.
Human tissue samples from nine different tumors
were analyzed via in vitro autoradiography to
compare the binding of ['*I]I-JR11 vs. ['*I]I-
Tyr’-octreotide [27] and ['"’Lu]Lu-DOTA-
BASS vs. ['"Lu]Lu-DOTA-TATE [28]. In all
cases, the radiolabeled SST, antagonist bound to
more SST) sites, with an antagonist:agonist bind-
ing ratio between 3.8 and 21.8 (Fig. 16.4). Such
significantly increased binding is likely to
increase the therapeutic efficacy of radiolabeled
SST, antagonists. Indeed, this increased binding
capacity could make tumors other than GEP-
NETSs targets for SST, antagonist RPT despite
their relatively low SST, expression. These
tumors—none of which are currently routinely
treated with PRRT—include small cell lung can-
cer, lung NETSs, breast cancer, renal cell carci-
noma, non-Hodgkin lymphoma, paraganglioma,
pheochromocytoma, medullary thyroid cancer,
and meningioma.

['251]1-JR11/[251]1-Tyr3-octreotide
['77Lu]Lu-DOTA-BASS/['77Lu]Lu-DOTA-TATE

0 5 10
Antagonist/Agonist ratio

Fig. 16.4 The binding ratio of radiolabeled SST, antago-
nist/agonists to different human tumor tissues. ['251]1—
JRl1/[IZSI]I-TyrS-octreotide data are from Reubi et al.

15 20 25

[27]. ["""Lu]Lu-DOTA-BASS/['""Lu]Lu-DOTA-TATE
data are from Cescato et al. [28]. Numbers indicate the
sample size of tumor tissues
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16.2.6 Clinical Translation
of Radiolabeled SST
Antagonists

As we have noted, there is preclinical evidence
that radiolabeled SST, antagonists generate
higher tumor doses and larger numbers of DNA
double strand breaks than agonists, resulting in
better treatment efficacy [23, 24]. Yet the ques-
tion remains: will this difference translate to the
clinic? Indeed, the SST, antagonist [177Lu]Lu-
DOTA-JR11 (ak.a. ['"Lu]Lu-OPS201, ['""Lu]
Lu-satoreotide tetraxetan) was superior to the
agonist ['7’Lu]Lu-DOTA-TATE in a single-
center, prospective first-in-human study (phase
0 study) with 4 patients who had advanced, meta-
static NET [8]. The most relevant findings of this
study were a 3.5-fold higher median tumor dose
for ['""Lu]Lu-DOTA-JR11 compared to ["""Lu]
Lu-DOTA-TATE as well as >twofold higher
tumor-to-kidney dose ratios with the former. Fur-
thermore, ['"’Lu]Lu-DOTA-JR11  produced
tumor doses of up to 487 Gy and moderate
adverse events, with one grade 3 thrombocytope-
nia after treatment with 3x ~5 GBq (total
15.2 GBq). The other three patients received
two to three cycles with a total administrated
radioactivity between 5.9 and 13.7 GBq [8]. In
another trial, however, Reidy-Lagunes et al.
described grade 4 hematotoxicity (leukopenia,
neutropenia, and thrombocytopenia) in 4 of
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7 patients with NETs treated with 2 x ~7.4 of
[177Lu]Lu-DOTA-JR11 (total  radioactivity
between 10.5 and 15.0 GBq) [9]. As a result,
their single-center phase I study
(NCT02609737) was suspended, and the protocol
was modified to limit the cumulative absorbed
bone marrow dose resulting in less bone marrow
toxicity. The most important results of this study
are summarized in Table 16.3.
['"’LulLu-DOTA-JR11  (*"’Lu-satoreotide
tetraxetan) is currently being evaluated in a
phase I/II multicenter study (NCT02592707 and
NTCO05017662) in patients with rapidly progres-
sive NETs [29] and in a retrospective single cen-
ter study comparing the tumor and organ
dosimetry of ['’Lu]Lu-DOTA-JR11 and
[ Lu]Lu-DOTA-TOC in the same patients
with advanced NETs (Fig. 16.5). Based on pre-
clinical findings by Nicolas et al., those studies
were performed with 2—4 times higher amounts of
peptide than previous studies in order to reduce
the radiation dose to SST,-positive normal tissues
[23]. ['"""Lu]Lu-DOTA-JRI1’s “sister” com-
pound, ["’Lu]Lu-DOTA-LM3, was also
evaluated in a single-center compassionate use
study [30]. Table 16.3 displays the most impor-
tant published clinical findings on ['’’Lu]Lu-
DOTA-JR11 and [""Lu]Lu-DOTA-LM3. In
summary, [""Lu]Lu-DOTA-JR11 yields several
times higher tumor radiation doses than [177Lu]
Lu-DOTA-TATE and ['7’Lu]Lu-DOTA-TOC in

Table 16.3 Summary of clinical study results with radiolabeled SST, antagonists

ORR 1- Thrombocytopenia,
according to year | neutropenia, (CTCAE
Radiopharmaceutical | Study design, study protocol | Subjects | (RECIST 1.1) |DCR | grade 3/4)
""Lu-DOTA-JR11* | Single-center, phase I, I- |20 45% ~15% | 20%, 15%
2 cycles (5.0-15 GBq) NETs
""Lu-DOTA-JR11° | Multicenter, phase I/II 35 30% 90% | 14%, 6%
interims analysis, 3 cycles NETs
(~13 GBq)
"7"Lu-DOTA-LM3¢ | Single-center compassionate | 51 36% NA 6% NA
use, 14 cycles (6.1— NENs
26 GBq)

“Data are from Reidy-Lagunes et al. [9], ®Data are from Nicolas et al. [29], “Data are from Baum et al. [30]. Abbreviations:
ORR objective response rate, RECIST 1.1 response evaluation criteria in solid tumors version 1.1, DCR disease control
rate, CTCAE common terminology criteria for adverse events. Definitions: OOR: percentage of patients with a complete
response or partial response to therapy according to RECIST 1.1, 1-year DCR: percentage of patients with progressive,
advanced or metastatic tumor disease who have achieved complete response, partial response or stable disease at 1 year

after therapy start
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Fig. 16.5 Patient with advanced metastatic lung NETSs
who received ['7’Lu]Lu-DOTA-TOC and ['"’Lu]Lu-
DOTA-JR11 treatment at an interval of 10 weeks: (a)
post-treatment MIP images of quantitative SPECT at
48 and 168 h post-injection as well as (b, ¢) quantitative
SPECT/CT images acquired 48 h after the injection of
7.4 GBq ['"’Lu]Lu-DOTA-TOC. (d) Post-treatment MIP
images of quantitative SPECT at 48 and 168 h post-
injection as well as (E and F) quantitative SPECT/CT
images acquired 48 h after the injection of 3.7 GBq
['""Lu]Lu-DOTA-JR11. The SUV window threshold was
10 for all images. Large arrows show one liver metastasis
in segment VIII (a, b, d, e), and small arrows show one
bone metastasis in the left acetabulum (a, ¢, d, f). The
radiation dose to the liver segment VIII metastasis was

the same patients [8], resulting in objective
response rates (ORR) between 30% and 45%
and 1 year disease control rates (DCR) between
~75% and 90% (Table 16.3). Yet at the same time

3.4 Gy/GBq with ['""Lu]Lu-DOTA-TOC and 12.6 Gy/
GBq with [""7Lu]Lu-DOTA-JR11. The radiation dose to
the left acetabulum metastasis was 1.5 Gy/GBq with
["""Lu]Lu-DOTA-TOC and 9.9 Gy/GBq with ['""Lu]Lu-
DOTA-JR11. The mean radiation dose to the kidneys was
0.3 Gy/GBq with ['7"Lu]Lu-DOTA-TOC and 0.8 Gy/GBq
with [""7Lu]Lu-DOTA-JR11. Asterisks indicate kidneys
(a, d). Half the dose of ['7’Lu]Lu-DOTA-JR11 was
injected relative to the dose of ['7’Lu]Lu-DOTA-TOC
due to the former’s higher dose to the kidneys and other
organs. Abbreviations: MIP maximum intensity projec-
tion, SPECT single photon emission computed tomogra-
phy, SPECT/CT combined SPECT with computed
tomography, SUV standardized uptake value

["""Lu]Lu-DOTA-JR11 produces higher bone
marrow toxicity [9]. Overall, ['""Lu]Lu-DOTA-
JR11 is a valuable alternative to ['7’Lu]Lu-
DOTA-TATE and ['"Lu]Lu-DOTA-TOC.
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However, it remains to be evaluated if [177Lu]Lu—
DOTA-JR11 improves upon the treatment effi-
cacy and therapeutic indices of its agonist
cousins.

16.3 Something Extra

16.3.1 Controversial Issues

Disease control rate and toxicity profile are the
main criteria for evaluating the therapeutic perfor-
mance of a radiopharmaceutical. The main dose-
limiting organs of PRRT with radiolabeled
somatostatin agonists are the kidneys and the
bone marrow, with an accepted upper threshold
radiation dose of 23 Gy for kidneys and 2 Gy for
the bone marrow. It is worth mentioning, how-
ever, that these values originate from external
beam radiotherapy. Therefore, the translation of
these radiation dose values to
radiopharmaceuticals leaves much to be desired,
as radiopharmaceuticals irradiate the kidneys and
bone marrow for a much longer period of time but
with less energy.

So far, ['"’Lu]Lu-DOTA-JRI1 has shown
much higher tumor radiation doses compared to
['""Lu]Lu-DOTA-TATE  and  ['"’Lu]Lu-
DOTA-TOC. However, its therapeutic potential
seems to be limited by its higher radiation doses
to the bone marrow and kidneys. That said, even
though ['7’Lu]Lu-DOTA-JR11 has produced
higher radiation doses to the kidneys compared
to [7LulLu-DOTA-TATE and ['’Lu]Lu-
DOTA-TOC, the former’s tumor-to-kidney radi-
ation dose ratio remains higher [8] (Fig. 16.5).
Furthermore, in most PRRT protocols, amino
acid infusions are used in order to reduce renal
injury. Taken together, the kidney toxicity profile
of [177Lu]Lu-DOTA-JR11 does not seem to raise
additional concerns compared to [177Lu]Lu-
DOTA-TATE and ['"’Lu]Lu-DOTA-TOC.

Bone marrow toxicity is a slightly different
story, as there is no “bone marrow protection”
strategy akin to the infusion of amino acids for
the kidneys. In the NETTER-1 study, 3% of the
["""Lu]Lu-DOTA-TATE  group  population
showed treatment-related serious adverse events
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of grade 3 or worse, and 2% developed
myelodysplastic syndrome after long-term fol-
low-up [31]. According to the current clinical
data, SST, antagonists such as [177Lu]Lu-
DOTA-JRI1 [9] and ['7’Lu]Lu-DOTA-LM3
(summarized in Table 16.3) produced more
hematological toxicity than agonists such as
['"’LulLu-DOTA-TATE. It has also been shown
that human hematopoietic cells express SST»,
especially primitive CD34% cells [32]. This
might be the reason for the more pronounced
cytotoxicity of ['”’Lu]Lu-DOTA-JR11 and
["""Lu]Lu-DOTA-LM3, as both compounds
show a higher capacity for SST, binding than
[""Lu]Lu-DOTA-TATE. However, the pathol-
ogy of higher bone marrow toxicity with
radiolabeled SST, antagonists is not yet
understood.

Finally, to wrap up our consideration of toxic-
ity, it is important to note that the high accumula-
tion of [177Lu]Lu-DOTA-JR11 in tumor cells
allows for the administration of lower amounts
of radioactivity without reductions in treatment
efficacy (Fig. 16.5). This has multiple advantages,
including lowering radiation doses to the kidney
and bone marrow, reducing radiation exposure to
the patient and hospital personnel, reducing the
cost of per dose, and limiting the amount of
radioactive waste produced.

16.4 The Future

The use of SST antagonists has the potential to
offer patients a new and improved theranostic
option. Below we have listed four possible future
developments for the field:

1. Several tumors other than GEP-NETs are
candidates for theranostic studies with SST
antagonists, including small cell lung cancer,
lung NETs, breast cancer, renal cell carci-
noma, non-Hodgkin lymphoma,
paraganglioma, pheochromocytoma, medul-
lary thyroid cancer, and meningioma. Along
these lines, the evaluation of [177Lu]Lu—
DOTA-JR11 in patients with advanced
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meningiomas is already planned
(NCT04997317).

. Radiolabeled SST, antagonists cause more
bone marrow toxicity than agonists, as they
likely exhibit more pronounced SST, specific
binding to hematopoietic cells. But the patho-
logical mechanism of this phenomenon is not
fully understood yet. A better understanding of
this mechanism would likely aid in the design
of radiolabeled SST antagonists that are less
toxic to the bone marrow.

. To date, only lutetium-177 has been used as a
radionuclide in conjunction with SST
antagonists. The wuse of alternative
radionuclides may decrease bone marrow tox-
icity and increase tumor toxicity. For example,
a-emitters deliver a mean energy of
>6000 keV within a maximal range of only
0.06-0.1 mm, resulting in a high linear energy
transfer (LET) of ~100 keV/pm (~500 times
greater than B~ -emitters) (Table 16.2). Due to
their high LET, a-emitters principally cause
double-strand breaks (DSB) to DNA, the
most toxic damage to the cell. Therefore,
a-emitters such as actinium-225 and lead-212
are good candidates for use with SST
antagonists (Table 16.2).

Auger electron-emitting radionuclides pose
yet another option. These radionuclides have
high LET, but it is difficult for them to produce
DSB unless they are in very close proximity to
the cell nucleus. Unfortunately, the specific
nuclear accumulation of SST antagonists
remains a challenge given their low rate of
internalization [33]. However, recent research
suggests that the cell membrane is more sensi-
tive to the emission of Auger electrons than the
cytoplasm [34]. Therefore, terbium-161—a
combined P~ - and Auger electron-emitter
(Table 16.2)—is also a very promising candi-
date for the labeling of SST antagonists, as
antagonists accumulate mainly on the cell
membrane. Indeed, Borgna et al. use
clonogenic in vitro assays to demonstrate that
['*'Tb]Tb-DOTA-LM3 induces a ~ 100 times
higher tumor cell death rate than [177Lu]Lu-
DOTA-LM3 [33]. The evaluation of ['*'Tb]
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Tb-DOTA-LM3 in a phase O study is ongoing
in patients with GEP-NETs (NCT05359146).

4. Several other receptor systems are also likely
suitable for the antagonist approach, for exam-
ple, targeting the gastrin-releasing peptide
receptor (GRP) in patients with prostate can-
cer, breast cancer, small cell lung cancer, and
ovarian cancer [35]. In a compassionate use
program, a radiolabeled GRP antagonist—
[V Lu]Lu-RM2—was successfully evaluated
in 4 patients with metastatic castration-
resistant prostate cancer [36] and a prospective
open-label phase I/II is ongoing using another
radiolabeled GRP antagonist: [177Lu]Lu—NeoB
(NCT03872778).

5. Last but not least, larger-scale randomized
phase II/III studies evaluating radiolabeled
DOTA-JR11/DOTA-LM3 and other
promising radiolabeled SST antagonists are
needed in order to prove their superiority
over agonists in patients with GEP-NETs or
other tumors with SST, expression.

16.5 The Bottom Line

1. Radiolabeled SST antagonists recognize more
binding sites on SST-expressing tumor cells
than agonists.

2. Several SST, antagonists were synthesized for
preclinical evaluation. ['”’Lu]Lu-DOTA-JR11
and ['""Lu]Lu-DOTA-LM3 showed the most
promising results and were selected for further
clinical studies.

3. The SST, antagonist ['"’Lu]Lu-DOTA-JR11
showed several times higher tumor radiation
doses in patients than [ Lu]Lu-DOTA-
TATE or ["""Lu]Lu-DOTA-TOC and pro-
duced a high objective response rate between
30% and 45% as well as a l-year disease
control rate of up to 90%.

4. In clinical studies, ['’’Lu]Lu-DOTA-JRI11
produced higher bone marrow toxicity than
['"LulLu-DOTA-TATE  or  ['’Lu]Lu-
DOTA-TOC.

5. Future developments in this field will include
the use of SST, antagonists together with a-
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and B~ /Auger electron-emitting radionuclides,
the use of radiolabeled SST, antagonists for
RPT in tumors beyond GEP-NETS, and the
expansion of the wuse of radiolabeled
antagonists to other receptor systems.
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