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Abstract: Lutetium-177 [T, = 6.76 d; EB (max) = 0.497 MeV; maximum tissue range ~2.5 mm; 208 keV y-ray] is one
of the most important theranostic radioisotope used for the management of various oncological and non-oncolog-
ical disorders. The present review chronicles the advancement in the last decade in *’Lu-radiopharmacy with a
focus on Y"Lu produced via direct *®Lu (n, y) *’Lu nuclear reaction in medium flux research reactors. The specific
nuances of ¥7Lu production by various routes are described and their pros and cons are discussed. Lutetium, is the
last element in the lanthanide series. Its chemistry plays a vital role in the preparation of a wide variety of radio-
pharmaceuticals which demonstrate appreciable in vivo stability. Traditional bifunctional chelators (BFCs) that are
used for Y"Lu-labeling are discussed and the upcoming ones are highlighted. Research efforts that resulted in the
growth of various ’Lu-based radiopharmaceuticals in preclinical and clinical settings are provided. This review also
summarizes the results of clinical studies with potent *’Lu-based radiopharmaceuticals that have been prepared
using medium specific activity ¥’Lu produced by direct neutron activation route in research reactors. Overall, the
review amply demonstrates the practicality of the medium specific activity ¥’Lu towards formulation of various clini-
cally useful radiopharmaceuticals, especially for the benefit of millions of cancer patients in developing countries
with limited reactor facilities.
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Introduction

Over the last several decades, the production
and application of radiometals have matured
from largely ambiguous and experimental tech-
nologies to indispensable components of rou-
tine practices in nuclear medicine. This transi-
tion has been driven by the mutually essential
advances in radiochemical processing, bio-
medical sciences, synthetic organic and inor-
ganic chemistry, nuclear imaging technology
and cancer biology. Radiometals which are
y-emitters or positron emitters are generally
used for diagnostic applications utilizing sin-
gle photon emission computed tomography
(SPECT) or positron emission tomography (PET)
imaging modalities. Contrastingly, particulate
emitting radiometals (&, B, conversion and/or
Auger electrons) are in high demand for inter-
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nal radiotherapy. Dosimetry is the major chal-
lenge with internal radiotherapy due to uncer-
tainty in measurement of radiation dose asso-
ciated with particulate radiation from outside
the patient body. To circumvent this limitation,
presently efforts are emerging towards com-
bining the diagnosis (molecular imaging) and
the internal radiotherapy (molecular targeted
therapy) and this concept is known as “ther-
anostics” [1-5].

The fundamental requirement of theranostics
is that the same or similar chemical compound
should be labelled with a diagnostic and a ther-
apeutic radionuclide. For the diagnostic part of
the investigation, SPECT and PET imaging tech-
niques are used. To meet the requirement of
theranostics, the two radionuclides chosen are
preferably of the same chemical element, even
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Table 1. Nuclear decay characteristics of some intrinsically theranostic radiometals

Radiometal Decaymode T, (h) E__ (B), MeV (%) Principal y-energy, keV (%) Mean tissue range (mm)
T B,y 80.4 0.60 (100) 159.4 (68) 0.20
84Cu B B,y (EC) 12.7 B*:0.65 (19) 511 (38.6) 0.19
B:0.58 (40)
87Cu B,y 61.9 0.58 (100) 184.6 (46.7) 0.19
93.3 (16.6)
91.3(7.3)
153G m B,y 46.3 0.81 (100) 103 (28.3) 0.30
161Th B,y 165.8 0.59 (100) 48.9 (17.0) 0.20
74.6 (10.2)
165Ho B,y 26.8 1.86 (100) 80.6 (6.2) 0.84
Ly B,y 161.0 0.50 (100) 208 (11) 0.16
113 (6.6)
185Re B,y 89.2 1.10 (92.5) 137 (9) 0.43
188Re B,y 16.9 2.10 (100) 155 (15) 0.98

though chemically similar elements are also
utilized occasionally. A more preferable option
in this regard is to use intrinsically theranostic
radiometals which by virtue of their suitable y
or B* emission can be used for diagnostic im-
aging and due to suitable particulate emission
can be used for targeted therapy. The use of
the same radiometal would give an accurate
idea regarding the pharmacokinetics of the
radiopharmaceutical administered for dosimet-
ric estimation.

Several intrinsically theranostic radiometals
such as #Sc, ®Cu, %"Cu, *%3Sm, %®Ho, 1""Lu,
185Re, etc., with fascinating nuclear decay char-
acteristics (as summarized in Table 1) have
been studied for preparation of radiopharma-
ceuticals in preclinical and clinical settings
[6-10]. Although nuclear decay characteristics
are of paramount importance for selection of
an intrinsically theranostic radiometal, its suc-
cess in real clinical context also depends on
the practicality of large-scale production with
acceptable purity and the supply logistics. In
this regard, "Lu has numerous advantages in
comparison to other intrinsically theranostic
radiometals [11, 12]. The nuclear decay prop-
erties of ’Lu such as its relatively long half-
life, the energy of B particles and the energy
and abundance of the y-photons make it suit-
able for use in preparation of theranostic radio-
pharmaceuticals for targeting small-sized pri-
mary tumors and their metastatic sites [12].

Clinical efficacies of several Y’"Lu-based radio-
pharmaceuticals have been established in dif-
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ferent parts of the world [12]. A quick “Pub-
med” search shows that more than 1500
papers have been published in the last decade
on Y7Lu-based radiopharmaceuticals and their
utilization in preclinical and clinical settings. In
this review, our objective to provide an apt and
wide-ranging overview of the ’Lu-based radio-
pharmaceuticals developed over the last one
decade, with focus on utilization of *"Lu pro-
duced via direct neutron activation route. The
choice of BFCs which are used for "’Lu-labeling
to the different carrier molecules are dis-
cussed. The development of various ligands
and nanoconstructs for site- and event-specific
targeting are summarized, and the likelihood
and fascinating opportunities for future devel-
opment which might help in translating this
exciting research area towards routine clinical
use are discussed.

Production of *7Lu

Lutetium-177 is among the very few radioiso-
topes that can be produced both in a cyclotron
as well as in a nuclear reactor. The schematic
illustrating the production of *7Lu in a cyclotron
and nuclear reactor is shown in Figure 1. The
cyclotron production route is relatively less
explored because of the low batch yields of
the process which is unsuitable to meet the
clinical demands. Nevertheless, it is feasible
approach to produce Y’Lu of equivalent quality
without depending on nuclear reactors to fulfil
the requirements of research and development
laboratories and academic institutions. The
details of production of *”Lu by various produc-
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Figure 1. Production of ¥’Lu in (A) cyclotron via ¥®Yb (d, n) *’Lu and *®Yb (d, p) ¥"Ybo—*"Lu reactions and (B)
nuclear reactor via *®Lu (n, y) *’Lu and *¢Yb (n, y) *"Yb—*""Lu reactions.

tion methodologies in nuclear reactor or cyclo-
tron are dealt with in the following sections.

Cyclotron production route

The production of ¥"Lu in a cyclotron has been
explored more from an academic perspective.
For the first time, Hermanne et al. studied the
deuteron induced nuclear reactions for produc-
tion of no-carrier-added (NCA) Lu radioisotopes
and reported the excitation functions for their
formation [13]. Similar results were also report-
ed by Maneti et al. and Khandaker et al. [14,
15]. In these studies, stacked foil activation
technique on natural Yb targets at incident
deuteron energies up to 20 MeV was explored.
The authors inferred from these studies that
two different nuclear reactions, viz., "¢Yb (d, n)
Y7Ly and Y®Yb (d, p) ¥"Yb—""Lu, contributed
to the generation of Y7Lu by deutron bombard-
ment on Yb target. By analysis of the excitation
functions, it was revealed that the principal
route for the production of ¥’Lu was the indi-
rect nuclear reaction ¥¢Yb (d, p) ¥"Yb—'""Lu,
where co-production of *""™Lu impurity (T, =
160.5 d) could be minimized [16, 17]. Kambali
calculated that the end of bombardment (EOB)
yields for the direct i.e. "®Yb (d, n) '"Lu reaction
and indirect i.e. ®Yb (d, p) ¥"Yb reaction were
0.519 and 181.1 MBq/uA h, respectively [17].
In order to enhance the overall yield of ¥"Lu
and minimize the radionuclidic impurities due
to extraneous Lu radioisotopes, highly enrich-
ed 78Yb target must be used. Use of enriched
178Yb could yield Y"Lu free from other copro-
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duced *7Lu radionuclides such as °Lu, *"*Lu,
172y, 13Lu and ™Lu [12].

In another approach, Medvedev et al. investi-
gated the feasibility of production of *¥7Lu in a
proton accelerator by irradiation of Ta and Hf
targets [18]. The authors reported both theo-
retical and experimental activation cross-sec-
tions of proton induced reactions at 100 and
200 MeV proton beam energy. The largest
cross-section of ~20 mb was found for the Hf
target at 195 MeV proton energy. In addition to
the small reaction cross-section, a major short-
coming of this approach is the co-production of
extraneous Lu isotopes reducing the specific
activity and radionuclidic purity required for the
practical applications.

Reactor production route

Two independent routes are adopted for pro-
duction of ¥7Lu in nuclear reactors and these
are the most commonly used methods for
large-scale production of Y"Lu for therapeutic
purposes world over [11, 19]. The first is the
“direct” production of *"Lu via ¥"®Lu (n, y) ¥"Lu
reaction in medium to high flux research reac-
tors. The other approach involves “indirect”
production of *7Lu via ¢Yb (n, y) ¥"Yb—'""Lu
by irradiating enriched 76Yb target in high flux
research reactors. In the direct route, the post
irradiation radiochemical processing involves
simple dissolution of the irradiated target,
whereas, the indirect route involves radio-
chemical separation of "Lu from the bulk irra-
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diated Yb target. The major advantage of the
indirect route is that it yields NCA Y"Lu and the
product is free from the long-lived radionuclidic
impurity, ¥"™Lu. However, the success of this
method depends on availability of a suitable
method for radiochemical separation of minis-
cule quantities (in pg level) of NCA Y"Lu from
bulk irradiated Yb target (in g quantities).
Since, Lu and Yb are adjacent members of the
lanthanide series, their chemical properties
are similar which makes the separation pro-
cess quite challenging. Over the last several
years numerous methods of radiochemical
separation based on solvent extraction, ion
exchange, electrochemical technique, either
alone or in combination have been reported for
separation of NCA Y7Lu from the irradiated tar-
get [20-28]. All these methods involve labora-
tory scale separation and the details of large-
scale separation in industrial settings to meet
the surging demand of the nuclear medicine
departments have not yet been reported. As a
result, the technology for production of NCA
7Ly is not available to most of the countries
and the radioisotope is supplied by few com-
mercial manufacturers, which restricts it wide-
spread clinical utility.

Generally, highly enriched (>98%) °Yb target
is required for the production of NCA *7Lu by
the indirect route. This is because the natural
abundance of *®Yb is only 12.6%. Irradiation of
natural Yb target will not only result in lower
production yield but also lead to production of
significantly higher activity level of "°Yb, which
will increase the radiation dose to working per-
sonnel during target processing and radio-
chemical separation. Moreover, on irradiation
of natural Yb target, some stable isotopes of
Lu will be produced as decay products which
will significantly lower the specific activity of
7Lu obtained after radiochemical separation.
Use of highly enriched target would lead to the
production of NCA *"Lu with specific activity
approaching the theoretical value of ~110 Ci
(4.1 TBq)/g [12, 20]. Considering the contribu-
tion due to thermal neutron capture only, the
activity of NCA *"Lu produced by indirect
route can be calculated using the following
equations:

N = NoAS AL | exp (- Aq1t)
(AQ - Al) (A3 - A:L) (1)
exp (- Aqt) exp (- Ast)

(A1 N2)(Ns~N2)  (Ar-As) (N2 As) ]
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A)=N () XA, (1 ()
A* =N, =0,0 (3)
A=A, =A, (@)
A, = 0,04, (5)

where, N_is the number of *°Yb atoms used as
target (att = 0), A (t) is the activity of ¥"Lu pro-
duced after irradiation for time ‘t’, 0, is the ther-
mal neutron capture cross-section of *°Yb, o,
is the thermal neutron capture cross-section of
7Ly, A, is the decay constant of *""YDb, A, is the
decay constant of "Lu, ® is the flux of the
reactor.

Contrarily, while calculating the 7Lu activity
produced via direct Y®Lu (n, y) ¥"Lu reaction,
two noteworthy effects have to be considered
[11]. First, significant target burn up is caused
due to the high cross section of *"®Lu and
therefore the number of target atoms does not
remain constant during the course of irradia-
tion. Second, the reaction cross section, which
is a function of neutron velocity [o (v, )], exhibits
a strong resonance at 0.1413 eV and therefore
it deviates from the 1/v_law. For such situa-
tions, the Westcott convention has to be adopt-
ed for calculating the activity produced [29]:

_ Noo1 kA
A+ P(02-01k)
exp{-(\ + o2 0)t]]

[exp{-o‘l kd)t} - ©)

where, N_is the number of *®Lu atoms used as
target (at t = 0), A the decay constant of "Lu (in
s?), 0, the thermal neutron capture cross sec-
tion of ®Lu at the neutron velocity of 2,200
ms™ (2,090 b), o, is the thermal neutron cap-
ture cross section of ¥“Lu at the neutron veloc-
ity of 2,200 ms? (1,000 b), ® the thermal neu-
tron flux of the reactor (in cm2s?), t is the time
of irradiation and ‘k’ is so called k-factor which
can be expressed as:

K=[Gu.8(Ta) * Gi.r(a) v T./To.. S. ()] (7)

Where, Gth is the thermal neutron self-shielding
factor, Gr is the epithermal neutron self-shield-
ing factor, g (T ) is the Westcott factor with ther-
mal neutron temperature T, r (&) v/ To/To . is the
Westcott spectral index, s (o) is the s (E)*,
where s and E are constants. The k-factor
depends upon several parameters such as,
thermal energy cross-section at a reference

temperature, resonance integral, epithermal
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cautious optimization of the
time of irradiation, which
diverges between 5-20 days
depending on the flux of the
reactor. Under the optimal
conditions, the specific activi-
ty of >740 GBq (20 Ci)/mg
can easily be achieved in the
direct production route on
irradiation in medium flux

research reactor (® >10%* n.
cm2s?). In sharp contrast

to the direct production route,
the yield of ¥7Lu in the indi-
rect route is drastically lower
based on the target mass at
all flux conditions. This signifi-
cantly increases the cost of
production of 7Lu by the
indirect route, as the process
involves the use of highly
enriched target and the reac-
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Figure 2. Comparative evaluation of the yield of ¥7Lu produced via direct
8Lu (n, y) ¥"Lu and indirect ¢Yb (n, y) ¥"Yb—""Lu routes when irradiated
at flux of (A) 5 x 10*® n.cm?.s?, (B) 1.5 x 10** n.cm?2.s?, (C) 5 x 10* n.cm?.s*
and (D) 1 x 10%* n.cm2.s* for different irradiation times.

index, epithermal flux shape factor, Westcott
g-factor, temperature, Cadmium cut-off energy,
effective resonance energy and flux attenua-
tion factor for thermal and epithermal neutrons
[29]. Generally, the value of ‘K’ is reported to be
between 1.5 and 2.5 [30].

Since, the natural abundance of ®Lu is only
2.6%, enriched lutetium target (>70% enriched
in 76Lu) is required for production of *’Lu with
adequate specific activity by the direct route.
Owing to the large cross-section, the consump-
tion of the target in a typical batch is very low.
Generally, 25-100 ug of YLu target is required
for production of 37 GBq (1 Ci) of Y'"Lu depend-
ing on the flux of the reactor. The yields of *'7Lu
produced by the direct and indirect route on
irradiation of 1 mg each of Lu,0, (80% enrich-
ed in *®Lu) and Yb,0, (99.9% enriched in *7¢Yb)
targets, respectively, under different flux condi-
tions were calculated using equations 1 and 6
and plotted in Figure 2. For simplicity, only the
thermal neutron contribution was considered in
both the cases and the k-factor was assumed
as 1.75. It can be seen from the figures that
production of ¥“Lu by the direct route requires
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Time of irradiation (d)

tion cross-section is low (2.85
b). Additionally, the process
involves intricate radiochemi-
cal separation which further
escalates the cost. Utilization
of enriched targets for radio-
isotope production involving
low activation cross-section reaction is not a
viable proposition, as considerable portion of
the target does not capture neutrons. As seen
from Figure 2, it is advisable to produce *7Lu
by the indirect route only if there is access to
high flux research reactor (® >5 x 10 n.cm-
2.s1) for radioisotope production. Even then,
the process would be practical only if there is
provision to efficiently recover the unused en-
riched target after the radiochemical separa-
tion. According the International Atomic Energy
Agency database, majority of the operational
research reactors for isotope production are
medium flux research reactors [31]. For its
widespread utilization, *’Lu can be cost-effec-
tively produced by the direct route in these
medium flux research reactors. Nevertheless,
NCA *7Lu produced in large-scale in high flux
research reactors is available commercially
and is preferred by certain groups.

A major concern with Y’Lu produced by the
direct route is the co-production of small
amount of long-lived ¥"™Lu as the radionuclidic
impurity [11]. Owing to the low cross-section
(~7 b) of the *"®Lu (n, y) ¥'""Lu reaction and the
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Figure 3. Calculated ¥"™Lu/*"Lu ratios during pro-
duction of ¥7Lu via direct *®Lu (n, y) ¥’Lu route when
irradiated at different fluxes for different irradiation
times in nuclear reactor.

long half-life of the radioisotope, the yield of
mLy is relatively low under most irradiation
conditions. Figure 3 shows the activity of
7'My co-produced at different thermal neu-
tron flux values when irradiated for different
time periods. Especially, under medium flux
conditions the level of ¥"™Lu in ¥7Lu is <0.02%
and is therefore not a significant issue [12].
Lutetium-177m, being a radionuclidic impurity,
is taken up in the same tissues where the
uptake of 1"Lu-based radiopharmaceutical
occurs. However, its duration of retention in
the tissues will be much more prolonged com-
pared to Y"Lu because of its much longer half-
life. Moreover, if metabolization of the target-
ing agent occurs, free ¥"™Lu can be excreted or
skeletal uptake may occur. This is not a cause
of much concern as the radiation dose due to
7y will be low. However, from waste man-
agement point of view, the presence of ¥"™Lu
in Y"Lu is problematic especially in certain
countries with stringent waste disposal proto-
cols [12]. Assuming that a few uCi of Y"™MLu
would be present in a curie of ¥7Lu used in a
nuclear medicine clinic, the containment and
post-decay release of the radioactive waste
generated has to be carefully managed by
design of appropriate delay tanks. Overall, it
can be inferred that direct production of ¥7Lu
is the most practical route in countries which
have access to medium flux research reactors
for radioisotope production.
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Complexes of ¥'7Lu with various bifunctional
chelators

Selection of an efficient BFC is essential for
preparation of *’Lu-based radiopharmaceuti-
cal. This section describes the coordination
chemistry of lutetium and the design concept
of BFCs for preparation of *’Lu-based radio-
pharmaceuticals. Being the last member of the
lanthanide series Lu with 71 electrons has
[Xe]4f*“5d6s? configuration. As a result, it
loses two outermost 6s electron and the lone
5d electron to generate +3 metal ion species
during chemical reaction. As Lu®" species, it
has empty s, p, d orbitals and fully filled f orbit-
als. Since 4f electrons are tightly bound by high
effective nuclear charge, they have hardly any
contribution to bond formation. Accordingly,
coordination between Lu®" ion and the chelator
are predominantly electrostatic and governed
by the hard and soft acid base (HSAB) princi-
ple. Being a hard Lewis acid, Lu®* forms strong
complexes with chelators which have high
Lewis bases such as carboxylates. Due to lan-
thanide contraction, Lu®* has the smallest
ionic radius (86.1 pm) among the lanthanides.
Therefore, because of the high charge density
and narrow coordination field, limited number
of ligands can be placed around Lu®*. Mostly,
reciprocal number dictate the coordination
number between the ligands without any perti-
nent effect ascribable to the (s, p, and d) orbit-
als involved in bond formation.

Chelators for Lu®* are designed based on the
following explicit requirements: (i) Labeling effi-
ciency: The process of radiolabeling is per-
formed using a very low-concentration of
T7Lu[Lu®*], wherein a high radiolabeling yield
is required. Therefore, it is expected that
Lu-chelator complexation should be kinetically
favored. (ii) In vivo stability: The metal-chelator
complex should be insusceptible to hydrolysis
under physiological conditions. Additionally,
compared to competing proteins, such as
human serum albumin (HSA) and transferrin,
the chelator should have a higher affinity for
Lu [12, 32]. (iii) Metal selectivity: The chelator
should have sufficient selectivity towards
7L u[Lu®*], such that Y7Lu[Lu®*] is not replace-
able by another metal ions such as Na*, Mg?*,
K, Ca?, Fe?*, Fe®, Co?*, or Zn?* which co-exist
under physiological conditions.

A wide variety of structures have been ex-
plored to develop an ideal BFC to satisfy these
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Figure 4. Structures of the common bifunctional chelator used for radiolabeling with ¥7Lu.

Table 2. Commonly used BFCs for Lu®* and
log stability constants [12]

BFC log stability constant
DTPA 12.5
EDTA 19.8
NTA 22.4
DOTA 25.4
DO3A 23.0
NOTA 15.3

requirements [8, 12, 33-41]. In fact, Lu®* forms
stable complexes with several BFCs and coor-
dination numbers of 6, 7, 8, and 9 have been
reported. The common BFCs used for Lu®* are
shown in Figure 4 and their stability constants
are summarized in Table 2. Among them, DOTA
and its derivatives are the most widely used
BFCs for preparation of Y’"Lu-based radiophar-
maceuticals. The DOTA moiety forms the
Na[Lu(DOTA)(H,0)],H,O nine-coordinated com-
plex with high thermodynamic stability and
kinetic inertness. The reported Na[Lu(DOTA)
(H,0)],H,0 complex has capped square anti-
prism geometry where the basal plane is occu-
pied by four amine nitrogens of the macrocycle,
the capped plane is occupied by four carboxyl-
ate oxygens of the carboxylic residues, and the
capping position is occupied by a water mole-
cule. In addition to DOTA-based agents, direct
radiolabeling of phosphonate analogs of ami-
nocarboxylates, such as ethylenediamine tetra
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(methylene phosphonic acid) (EDTMP) and
1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
ramethylene phosphonic acid (DOTMP) have
been used for preparation of radiopharmaceu-
ticals for bone pain palliation [42-486]. It is inter-
esting to note that the Lu-aminophosphonate
complex (such as Lu-DOTMP) is generally more
stable than the Lu-aminocarboxylate complex
(such as Lu-DOTA) [12].

For preparation of target specific radiopharma-
ceuticals, the BFC needs to be conjugated with
targeting ligands such as peptides or antibod-
ies. Numerous methods of conjugation are
known, among which, the carboxylate or iso-
thiocyanate group in the BFC structure conju-
gated with the amino group of the targeting
ligand, is the approach most widely used [12].
In certain cases, a linker can also be unified
between the chelator and the targeting ligand
to affect the pharmacokinetics of the radio-
pharmaceutical [47-49]. These linker groups,
such as hydrocarbon chains (CH,) , polyethyl-
ene glycol (PEG), or polypeptide linkers, can
adjust the pharmacokinetics and biodistribu-
tion by altering the overall charge and hy-
drophilicity of the radiopharmaceutical. In all
radiolabeling procedures, pH of the reaction
mixture plays a crucial role in determining the
complexation yield. For DOTA-based chelators,
the rate of complex formation increases with
increase in pH of the medium. However, at pH
>6, Lu** forms insoluble Lu(OH),. Therefore,
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the optimum pH for radiolabeling is between 5
and 6, and is generally maintained using sodi-
um acetate or ammonium acetate buffers.
Interestingly, radiolabeling for DOTMP and
EDTMP is done at pH >8, maintained using
bicarbonate buffer. This is possible because
several folds higher excess of ligand is used
compared to Lu®* ions [12]. Only a small frac-
tion of these ligands is radiolabeled and the
large excess of the ligands prevent formation
of lutetium-hydroxo species through rapid for-
mation of intermediary complexes.

A significant disadvantage of macrocyclic DO-
TA-based BFCs for preparation of radiopharma-
ceuticals is the slow rate of complexation with
Lu3* ions [12]. Accordingly, heating becomes
essential in most radiolabeling processes to
increase the kinetics of the chelation process.
Generally, heating is performed at 90-95°C for
25-30 min to obtain near quantitative radiola-
beling yield [50-52]. This especially becomes a
serious challenge when DOTA is conjugated
with temperature sensitive biomolecules such
as monoclonal antibodies or their engineered
fragments. From this perspective, diethylene
triamine penta acetic acid (DTPA) based BFCs
have been proposed for room temperature
radiolabeling with *7Lu [53-57]. However,
some DTPA based complexes are found to dis-
sociate under physiological conditions and
release free Lu® ions in vivo [12]. To circum-
vent this limitation, recently, AAZTA (1,4-bis
(carboxymethyl)-6-[bis (carboxymethyl)]Jamino-
6-methylperhydro-1,4-diazepine) based chela-
tors were developed which demonstrated
quantitative labeling (>95%) with Y’"Lu at room
temperature within 5 minutes (Figure 5) [58-
61]. The complexes demonstrated excellent
radiochemical stability and therefore this class
of chelators holds promise for development of
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new generation of *"Lu-based radiopharma-
ceuticals.

Potential ¥’’Lu-based radiopharmaceuticals in
preclinical and clinical settings

A number of ""Lu-based agents have been
prepared using *"Lu produced by direct neu-
tron activation route in medium flux research
reactors, some of which have been translated
to the clinic. Targeting ligands such as peptid-
es, monoclonal antibodies and their engineer-
ed fragments, phosphonates, small molecules
and nanoparticles have been evaluated as
potential agents for targeted radiotherapy. An
outline of the research efforts that have pre-
dicted and established the practicality of *7Lu
produced by direct neutron activation route for
potential applications in targeted therapy is
given below.

Somatostatin receptor targeting agents

Somatostatin (sst) receptors are typically over-
expressed in a variety of tumors of neuroendo-
crine origin in the pancreas, lung, intestine and
thyroid [62, 63]. Over the last two decades,
there has been concerted research in the field
of sst targeting in oncology for both diagnostic
and therapeutic indications [64, 65]. Currently,
five subtypes (sstl-sstb) have been identified
and cloned, out of which sst2 receptors are
predominantly expressed in neuroendocrine
tumors (NETs) [66-68]. The presence of sst2
receptors in NETs has opened up the avenue
for peptide receptor radionuclide therapy
(PRRT). In this regard, ¥"Lu labeled sst analog,
1,4,7,10-tetraazacyclododecane-N',N",N"" N'"!-
tetraacetic acid(D)Tyr,-octreotate (DOTATATE)
is an established agent in the management of
patients with inoperable or metastatic NETs
[69-79]. This radiopharmaceutical is able to
irradiate tumors and their metastases via in-
ternalization through sst2 receptors, generally
overexpressed on the cell membrane. This
radiopharmaceutical has evolved mainly dur-
ing the years 2001-2010 and till recently, was
the most widely used *"7Lu-labeled agent in
clinical context. Nevertheless, significant vol-
ume of clinical studies with 7Lu-DOTATATE
have been performed during the last decade
using medium specific activity ¥’Lu produced
by direct neutron activation route, which are
summarized below.
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The protocol for formulation of clinical dose of
7Lu-DOTATATE using medium specific activity
7Ly was optimized by Das et al. [80, 81]. A
peptide/metal ratio of ~2 was found to be opti-
mal for complexation wherein radiolabeling
yields >95% could be obtained. Subsequently,
Mathur et al. performed systematic studies
towards bulk scale formulation of “ready-to-
use” Y"Lu-DOTATATE in a centralized radioph-
armacy [82]. The authors observed that 740
MBg/mL of *7Lu-DOTATATE formulation with
gentisic acid (1.5% w/v) was safe for human
use (>98% radiochemical purity) for more than
1 week from the date of production when
stored at -70°C. Preliminary clinical studies
carried out in NET patients with several batch-
es of Y7Lu-DOTATATE formulation exhibited
desired uptake in the tumor and its metastatic
sites to obtain the expected therapeutic out-
come. This strategy would aid towards wide-
spread deployment of this radiopharmaceuti-
cal from centralized radiopharmacy to distant
nuclear medicine centers for the maximum
benefit of the cancer patients. It is known that
the kidneys are the critical organs in PRRT, as
the radiopharmaceutical gets cleared from the
biological system through the renal route [83,
84]. Consequently, renal function is known to
worsen after PRRT. From this perspective,
Gupta et al. analyzed the glomerular filtration
rate (GFR), increase in serum creatinine (SCr),
and changes in hemogram parameters bet-
ween pretherapy and at least 6 months after
last cycle post-therapy with *7Lu-DOTATATE
[84]. It was observed that *7Lu-DOTATATE
therapy led to worsening of renal function
revealed by a decline in GFR and increase in
SCr. Hematologic toxicity was relatively rare
and could be managed as encountered. In
this study, the authors analyzed GFR and SCr
levels 6 weeks after completion of therapy.
However, a long follow up would be required to
conclude about the final outcome and toxicity
of ¥"Lu-DOTATATE therapy. The same group of
authors further performed dosimetric analyses
of kidneys, liver, spleen, pituitary gland and
neuroendocrine tumors of 61 patients treated
with Y7Lu-DOTATATE [85]. Favorable biodistri-
bution was observed with "Lu-DOTATATE with
high affinity to tumors overexpressing sst
receptor. The results indicated that highest
doses were delivered to the kidneys and
spleen with some doses to the liver and pitu-
itary gland. However, there were no serious
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clinical consequences. It could be concluded
that Y7Lu-DOTATATE therapy resulted in high
tumor doses with likelihood of injection of up
to 40 GBq of cumulative activity in fractions.

In an interesting study, Jois et al. evaluated the
feasibility of ¥"Lu-DOTATATE therapy in non-*31|
avid metastatic differentiated thyroid carcino-
ma patients [86]. However, the authors could
not arrive at a definite conclusion on the thera-
peutic efficacy of ’Lu-DOTATATE in the stu-
died group of patients and further studies
would be required. Basu et al. demonstrated
that metastatic Merkel cell carcinoma patients
responded favorably to targeted therapy with
177 u-DOTATATE [87]. The authors inferred that
considering the relative well tolerability, mini-
mal side-effects and specificity of the treat-
ment, ¥"Lu-DOTATATE therapy could evolve as
the first line therapy in patients of metastatic
Merkel cell carcinoma. Nevertheless, further
examination in a greater number of patients
would be required in the future. From study in
a large number of patients over a period of 5
years, Danthala et al. showed that "7Lu-
DOTATATE therapy could be considered irre-
spective of prior chemotherapy, surgery or
extent of disease [88]. The dose delivered was
primarily responsible for treatment response
and progression free survival and the best
results were obtained when more than two
cycles of *"Lu-DOTATATE therapy were given,
with cautious monitoring of the likely side
effects. The follow up imaging in a typical
responding patient after four cycles of *"7Lu-
DOTATATE therapy is shown in Figure 6. In
another similar study, Ballal et al. evaluated
the outcome, toxicity, survival, and quality of
life after concomitant "7Lu-DOTATATE and
Capecitabine therapy in large number of
patients with advanced neuroendocrine tumor
[89]. The authors observed that concomitant
177 y-DOTATATE and Capecitabine therapy was
highly effective, delayed the time to progres-
sion, and improved the overall survival in
patients with metastatic neuroendocrine
tumors. Life-threatening toxicity was not re-
ported in any of the patients. Overall, this com-
bined therapeutic modality can be applicable
in selective patients with aggressive disease
where the primary goal is not to achieve com-
plete resolution of the diseases, but rather to
arrest disease progression. Similar results
were also reported by Yadav et al. in patients
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Figure 6. Post-therapy, ®*Ga-DOTA-NOC PET scans in a 57-year-old man with pancreatic neuroendocrine tumor with
extensive liver metastases. The patient was treated with four cycles of *Lu-DOTATATE and on regular follow-up
showed significant decreases in both the primary tumor in the pancreas and hepatic metastases. Adapted from
Ref [88].
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with malignant paragangliomas [90]. In the
recent times, numerous clinical studies have
been reported which demonstrated the effi-
cacy of ¥"Lu-DOTATATE therapy in metastatic
neuroendocrine tumors [91-102]. In future,
multi-institutional randomized clinical trials
would be desirable to further establish the
safety and clinical efficacy of this treatment
modality in a large number of patients.

Prostate specific membrane antigen inhibitor

Prostate cancer is among the most common
malignancies in men globally, with 10-20% of
the cases progressing to metastatic castration
resistant prostate cancer (nCRPC) [103, 104].
Approximately, 90% of mCRPC patients pre-
sent with bone metastases causing severe
pain, stress fractures, poor quality of life and
morbidity [104]. A variety of therapeutic proce-
dures such as chemotherapy, androgen depri-
vation therapy and immunotherapy have con-
ventionally been proposed in the treatment of
mCRPC. However, very few therapeutic options
are available for the patients who have the dis-
ease that progresses with steadily increasing
serum prostate specific antigen (PSA) level.
Especially for such patients, prostate specific
membrane antigen (PSMA), a type Il trans-
membrane glycoprotein overexpressed in
prostate cancer, is an excellent target in the
imaging and therapy of mCRPC [105, 106].
Several urea based peptidomimmetic agents
have been reported for targeting PSMA, out of
which the commercially available PSMA-617
has received widespread attention for radiola-
beling with *"Lu [105, 106]. The structure of
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PSMA-617 is shown in Figure
7. In fact, "Lu-PSMA-617
therapy which evolved within
a very short span of time in
the last decade has revolu-
tionized the radionuclide ther-
apy of mCRPC [107-116]. The
growth of this radiopharma-
ceutical has been so rapid
and huge that it has over-
taken *7Lu-DOTATATE as the
most widely used *"Lu-based
O radiopharmaceutical in clini-
)LN O cal context.

H
OH Utilizing medium specific ac-

tivity *"Lu produced by direct

neutron activation route in

medium flux research reactor,
our group was among the first to report the
protocol for formulation of therapeutic dose
(7.4 GBq) of Y"Lu-PSMA-617 in a hospital ra-
diopharmacy [117]. Preliminary clinical studies
were performed in five patients with biopsy
proven mCRPC. In vivo SPECT imaging post
administration of therapeutic dose showed
specific targeting of the radiopharmaceutical
in the lesion sites and similar biodistribution
pattern as in diagnostic %8Ga-PSMA-11 PET
scans performed earlier. Clinical investigations
conducted after therapy did not show any
adversative side effects in any of the five
patients and also there was significant reduc-
tion in PSA levels in the five patients demon-
strating the preliminary efficacy of the thera-
peutic procedure. This work was further ex-
tended to scale-up the procedure for formula-
tion of ¥"Lu-PSMA-617 in a centralized radio-
pharmacy [118]. The protocol was optimized
for multidose formulation (>40 GBq) of ready-
to-use Y"Lu-PSMA-617 which met the require-
ments for clinical use and could be shipped to
nuclear medicine centers for administration up
to 4 days from the date of formulation. These
procedures would aid toward widespread utili-
zation of medium specific activity *’Lu in pros-
tate cancer therapy especially in the develop-
ing countries.

To determine the safe activity of Y"Lu-PSMA-
617 that can be administered to prevent
hematological, liver and renal toxicity, Yadav et
al. studied the pharmacokinetics and dosime-
try of the radiopharmaceuticals in 26 patients
with mCRPC [119]. The mean administered
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Figure 8. Y"Lu-PSMA-617 therapy in a 65-year-old man with mCRPC. (A) The baseline pre-therapy diagnostic ®Ga-
PSMA-11 PET/CT showed PSMA-avid extensive skeletal metastases, (B) Posterior whole body scintigraphy (WBS) 24
h after administration of first cycle of *'"Lu-PSMA-617, (C) Posterior WBS 24 h after administration of second cycle of
7Lu-PSMA-617 showed remarkable reduction in uptake, (D) Posterior WBS 24 h after administration of third cycle
of "Lu-PSMA-617 did not show any abnormal uptake, (E) After three cycles of therapy, the follow-up diagnostic %Ga-
PSMA-11 PET/CT scan showed near complete metabolic response with resolution of the PSMA-avid metastases.

Adapted from Ref [120].

activity in the overall population was 2.52+1.3
GBqg. Normal physiological uptakes were ob-
served in the lacrimal glands, salivary glands
(parotid glands and submandibular glands),
liver, spleen, kidneys, intestines and urinary
bladder in all the patients. It was observed that
the organs with the highest absorbed doses
were the salivary glands, followed by the kid-
neys, receiving 1.24+0.26 and 0.99+0.31
mGy/MBq, respectively. The mean absorbed
doses to the liver, urinary bladder and red
marrow were 0.36+0.10, 0.243+0.09 and
0.048+0.05 mGy/MBq, respectively. The
mean whole-body dose was 0.016+0.003
mGy/MBq. From the point of view of radiation
dosimetry, it could be concluded that *""Lu-
PSMA-617 is a safe option for treatment in
MCRPC patients. The same group of authors
further studied the safety and efficacy of
T7Lu-PSMA-617 in 31 mCRPC patients (age
range: 38-81 years) [120]. All the patients
underwent ¢8Ga-PSMA-11 PET/CT scan prior to
inclusion for therapy and were administered
with 506941845 MBq dose of 7Lu-PSMA-
617 ranging from one to four cycles. Standard
physiological uptake of 7Lu-PSMA-617 oc-
curred in the lacrimal glands, salivary glands,

454

liver, intestines, spleen, kidneys, and bladder
(Figure 8). In typical patients with complete
remission, the mean SUV__ of the tumor
lesions reduced from 32.67 to 0.38 after
7 u-PSMA-617 therapy (Figure 8). Further,
the authors observed biochemical response in
70.9% (22/31) and clinical response in 67.7%
(21/31) patients. Serious life-threatening toxic-
ity was not observed in any of the 31 patients.
It was a concluded that ¥7"Lu-PSMA-617 thera-
py is a simple and effective procedure with no
significant adverse effects and improves the
quality of life of end stage mCRPC patients.
Similar clinical outcomes were observed in
another study reported by Suman et al. [121].
However, these studies need to be performed
in larger number of patients who need to be
followed up for an extended period of time to
arrive at a definitive conclusion. Recently,
Adnan and Basu studied the imaging charac-
teristics, peculiarities and response to *"Lu-
PSMA-617 therapy in patients with urinary
bladder metastasis by prostate cancer in ac-
cordance with Gleason score and dual tracer
(®8Ga-PSMA-11 and 8F-FDG) PET study [122].
The authors inferred that *®F-FDG PET/CT along
with 68Ga-PSMA-11 PET/CT, preferably at the
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Figure 9. Structures of (A) EDTMP, (B) DOTMP, (C) BPAMD and (D) DOTA®!,

baseline, can promote prognostic and predic-
tive implications in therapy of mCRPC using
7 u-PSMA-617. The major limitation of this
study was that it was conducted on just 3
patients and therefore, future studies in larger
number of patients would be a worthwhile
exercise.

Bone pain palliation agents

Bone is one of the common sites of metas-
tases from various types of cancers, which
include that of prostate, breast, lung, kidney,
bladder, thyroid, lymphomas and sarcomas
[123-128]. Of these, primary cancers of pros-
tate, breast and lung account for >80% cases
of bone metastases. These metastatic lesions
on bone surface have huge impact in the qual-
ity of life of those patients, causing complica-
tions such as severe bone pain, pathologic
fractures, hypercalcemia, and spinal cord com-
pression [129]. The management of bone pain
involves a multidisciplinary approach involving
systemic and nonsystemic treatments. How-
ever, many treatment options have limitations
in their efficacy and duration. Some of them
manifest significant adverse effects that seri-
ously compromise the quality of life of the can-
cer patients. Over the last few decades, radio-
pharmaceuticals are being used widely as an
alternate method for palliative care of meta-
static bone pain [43, 129-135]. In this regard,

455

EDTMP and DOTMP (Figure 9A and 9B) labeled
with *7Lu have been clinically established as
effective radiopharmaceuticals for bone pain
palliation [42, 45]. Though these radiopharma-
ceuticals were developed at the beginning of
this century, significant progress took place in
the clinical evolution of these radiopharmaceu-
ticals over the last decade and hence dealt in
here. Few other bone-targeting "’Lu-based
radiopharmaceuticals have been developed
and used in clinical settings over the last
decade, a summary of which is provided in
Table 3.

Using Y"Lu produced via direct neutron activa-
tion route, the results of Phase O/I study deal-
ing with the pharmacokinetics, dosimetry and
toxicity analysis of 7Lu-EDTMP in patients
was first reported by Bal et al. [136]. In this
study, the authors assessed the biokinetics of
skeletal and non-skeletal uptake of *"Lu-EDT-
MP (172.7-206.9 MBq) in 6 different patients
with metastatic prostate cancer. The authors
obtained the data of whole skeletal uptake,
blood and fractionated urine samples and per-
formed dosimetric calculations. Prolonged re-
tention of activity in bone was observed in all
the patients. It was observed that excretion
took place mainly through renal route and
blood clearance was rapid and biphasic. The
mean estimated dose to the red marrow was
0.8+0.15 mGy/MBq while the mean total body
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Table 3. Bone targeting ’Lu-based radiopharmaceuticals used in clinical context

Formulation Type of study Total population Clinical outcome Ref.
Y7 Lu-EDTMP  Phase O 6 patients with metastatic 7Lu-EDTMP has excellent pharmacokinetic and dosimetric [136]
prostate cancer properties, besides being safe and effective.
Phase | 21 patients with metastatic
prostate cancer
Phase Il 44 patients with documented 7Lu-EDTMP was found to be a safe and effective [137]
breast carcinoma (12 patients) radiopharmaceutical for bone pain palliation in patients with
or castration-resistant prostate = metastatic prostate and breast carcinoma. There were
carcinoma (32 patients) and no differences in efficacy or toxicity between patients receiving
skeletal metastases low-dose and high-dose Y’Lu-EDTMP.
Y7Lu-DOTMP  Preliminary clinical 5 male patients with metastatic Desired human pharmacokinetic features, namely, preferential [44]
investigation prostate cancer or lung cancer  localization of ’’Lu-DOTMP in skeletal lesion sites and almost
no uptake in soft tissue or any other major nontarget organ was
observed. Also, reduction of pain and almost no adverse side
effects in patients was exhibited.
Systematic clinical 27 male patients with Y7Lu-DOTMP is an effective treatment option for immediate bone  [141]
investigation in histologically proven carcinoma pain palliation with improvement in quality of life. The notable
larger cohort of and painful widespread skeletal adverse effects were transient mild-moderate hematotoxicity and
patients metastases was well-tolerated by all the patients.
7 u-BPAMD  Preliminary clinical 2 patients with metastatic Significant reduction in pain after 1 week without any adverse [149]
investigation prostate cancer effect.
7 u-DOTA®"  Systematic clinical 40 patients with metastatic According to the visual analogue score (VAS) criteria, complete, [157]

investigation prostate, breast or lung cancer

partial, and minimal responses were observed in 11 (27.5%),

20 (50%), and 5 patients (12.5%), respectively with an overall
response rate of 90% with 27.5% of complete response and 50%
of partial response. Overall, Y’Lu-DOTA is an ideal, safe and
effective agent in the treatment of metastatic bone pain.

dose was 0.16+0.04 mGy/MBg. A maximum
tolerated dose (MTD) of 2000-3250 MBq for
7 Ly-EDTMP was calculated. For the phase |
study, therapeutic dose (692-5550 MBq) of
77_Ly-EDTMP was administered in patients with
metastatic prostate cancer. The toxicity of the
dose was evaluated by assessment of hemo-
globin levels, platelet and leukocyte counts
over 12 weeks. Out of the 21 patients, tran-
sient toxicity was observed in 14 patients of
whom 6 had baseline toxicity. Grade 3-4 toxici-
ty was manifested in significantly higher num-
ber of patients beyond the MTD. Visual analog
scale (VAS) score was used for analyzing the
pain relief and it was found that 86% of the
patients got relief within the period of 7 weeks.
Based on these results, the authors concluded
that Y"Lu-EDTMP not only has excellent phar-
macokinetic and dosimetric characteristics but
is also safe and effective. The study was ex-
tended by the same group of authors, wherein
they conducted Phase Il study with *”’Lu-EDTMP
in patients with breast and prostate cancer
[137]. In this study also, the radiopharmaceuti-
cal was found to be safe and efficacious. There
was no difference in toxicity or efficacy bet-
ween patients receiving low and high doses of
7Lu-EDTMP.

In another interesting study, Thapa et al. com-
pared *"Lu-EDTMP with United States Food
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and Drug Administration (US FDA) approved
agent, %3Sm-EDTMP in patients with skeletal
metastases due to primary cancer [138]. The
patients were divided into two groups: one
group was administered with *"Lu-EDTMP and
the other group was administered with %3Sm-
EDTMP. Doses of both the radiopharmaceuti-
cals were maintained at 37 MBq/kg of body
weight. Analgesic, pain, quality of life scores
and bone proliferation marker were used to
examine efficacy. From this study, the authors
could conclude that Y’Lu-EDTMP has pain
response efficacy similar to that of 53Sm-
EDTMP, coupled with minimal side effects and
improved quality of life. Overall, *’Lu-EDTMP
is a safe alternative to *3Sm-EDTMP and in
view of relatively longer half-life of *""Lu,
7 Ly-EDTMP is especially advantageous for
centers having no nearby access to *°3Sm-
EDTMP. A similar clinical study was later re-
ported by Sharma et al., where the authors
highlighted that both Y’Lu-EDTMP and 53Sm-
EDTMP offered competitive efficacy for pallia-
tive care of metastatic bone pain and can be
interchangeably used as per the availability
[139].

Comparative studies of ’Lu-EDTMP with its
macrocyclic analog Y’Lu-DOTMP in preclinical
settings established that *’Lu-EDTMP has
marginally higher skeletal accumulation in
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Figure 10. Anterior and posterior images from (A) °*"Tc-MDP WBS of a
55-year-old woman with breast cancer showing widespread skeletal metas-
tases, (B) Y"Lu-DOTMP post-therapy images showing uptake pattern similar

to that of ®*"Tc-MDP bone scan.

comparison to that of *’Lu-DOTMP, while the
latter showed slightly faster blood clearance
along with lower retention in liver and kidneys
[140]. Also, Y"Lu-DOTMP demonstrates superi-
or kinetic robustness compared to *"’Lu-ED-
TMP. Our group has developed a robust and
easily adaptable protocol for formulation of
clinically relevant dose of ¥7Lu-DOTMP in a
hospital radiopharmacy [44]. The radiolabeled
formulation demonstrated excellent in vitro
stability and desired pharmacokinetics in pre-
clinical settings. Preliminary clinical investiga-
tions were carried out in limited number of
patients which showed specific skeletal accu-
mulation with preferential localization in the
metastatic lesion sites and almost no uptake
in soft tissue or any other major non-target
organ (Figure 10). Pain reduction was obser-
ved in all the patients 1 week after therapy.
Recently, investigation in a larger cohort of
patients was carried out by us to infer on the
clinical efficacy and safety of the radiopharma-
ceutical [141]. In this study, 27 patients with
painful skeletal metastases were administered
with 37 MBq/kg dose of Y7Lu-DOTMP. Overall
response was seen in 77.8% of patients with
significant improvement in median VAS and
mean analgesic score (AS) at 2 months post-
therapy. Best response was seen in patients
with breast cancer (100%) followed by prostate
cancer (81%) and lung cancer (28%). Improve-
ment in quality of life was noted in 40% of
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177Lu-DOTMP

patients. However, grade 2/3
anaemia, grade 1/2 leukope-

nia and grade 1/3 thrombocy-
topenia were seen in 37%,
11.1%, and 18.5% patients,
respectively in the follow-up.

’ It could be inferred that
= 77Lu-DOTMP was an effective
¥ treatment option for bone
pain palliation and led to

improvement in quality of life.

TN The radiopharmaceutical ap-
peared to be safe with mild
to moderate hematotoxicity
which was well tolerated by
the patients. Nevertheless,

Posterior controlled studies with larger

sample size are warranted for
better evaluation of the over-
all survival of the patients.

A strategy which has recent-

ly evolved is to form well-
defined and highly stable complex by keeping
the bisphosphonate moiety out of the radio-
metal chelating framework and using the con-
ventional bifunctional chelating approach for
complexation with 7Lu [142-148]. In this
regard, a new macrocyclic bisphosphonate [4-
{[bis-(phosphonomethyl))carbamoyl]methyl}-7,10-
bis(car-boxymethyl)-1,4,7,10-tetraazacyclodo-
dec-1-yl)acetic acid)] (BPAMD) has been de-
veloped which guarantees "’Lu-complexation
with high thermodynamic stability and appre-
ciable kinetic rigidity in vivo (Figure 9C) [145,
146]. Consequently, BPAMD concentration in
the radiopharmaceutical could be significantly
lowered which aided towards targeting micro-
metastatic sites, resulting in enhanced thera-
peutic efficacy. Our group has developed a pro-
tocol for formulation of therapeutically relevant
dose of Y7Lu-BPAMD using medium specific
activity Y"Lu produced by direct *"®Lu (n,y) ¥'"Lu
reaction [149]. After establishing the efficacy of
the product in preclinical settings, preliminary
clinical investigations were carried out in limit-
ed number of patients with metastatic bone
pain. Intense uptake of the radiopharmaceuti-
cal was observed in the metastatic skeletal
lesions with insignificant uptake in any other
major non-targeted organs. In all the patients,
considerable reduction in pain was observed
after one week without any adverse effects.

Despite promising clinical results obtained
in palliative radiotherapy using *""Lu-BPAMD,
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Figure 11. A 55-year-old male diagnosed with prostatic adenocarcinoma was administered with *’Lu-DOTA®.. (A)
Post-therapy WBS 24 h post-administration showed uptake in multiple skeletal sites, (B) Post-therapy SPECT/CT
showed uptake in the pelvic bone metastases. Adapted from Ref [157].

there is still much potential for improvement
with regard to further enhancement of accu-
mulation of the radiolabeled agent in bone
metastases and minimizing the uptake in non-
targeted organs. In this regard, the side chains
on the central carbon atom of the bisphospho-
nate moiety play a significant role in the
bisphosphonate’s activity, i.e., in terms of affin-
ity to hydroxyapatite (the constituent of bone).
Higher bone accumulation can be observed
using a hydroxybisphosphonate because of
increased affinity for hydroxyapatite [150].
Furthermore, an aromatic nitrogen atom in the
side chain could cause building of another
hydrogen bond and thereby also raise bone
accumulation [146, 151]. One such bisphos-
phosphonate is zoledronic acid, which has also
been found to influence biochemical process-
es. These molecules possess an inhibiting
effect on the farnesyl diphosphate synthase
(FPPS) and inhibition of this enzyme causes an
increased apoptosis rate [146, 151]. Taking
these factors into consideration, a DOTA-
conjugated zoledronate (DOTA%!, Figure 9D)
was synthesized and labeled with ®8Ga and
7Lu and examined in in vitro and ex vivo bio-
distribution studies, as well as small animal
PET and SPECT studies [152-156]. Recently,
Yadav et al. evaluated the safety and efficacy
of ¥"Lu-DOTA®' as bone pain palliation agent in
40 patients suffering from bone metastasis
due to variety of cancers [157]. The patients
were treated with either 1 or 2 cycles of
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77 y-DOTA®!, The biodistribution and uptake
of Y7Lu-DOTA® in a patient with skeletal
metastases from prostate cancer is shown in
Figure 11. According to the VAS response as-
sessment criteria, complete, partial, and mini-
mal responses were observed in 11 (27.5%),
20 (50%), and 5 patients (12.5%), respectively
with an overall response rate of 90%. Though
this was a non-randomized clinical study, the
promising results obtained herein amply dem-
onstrated that Y7Lu-DOTA® is an ideal, safe
and effective agent in the treatment of meta-
static bone pain.

Integrin o B, targeting agents

Integrin o B,, which is a receptor for the extra-
cellular matrix proteins with the exposed
arginine(R)-glycine(G)-aspartic acid(D) tripep-
tide sequence, plays an important role in an-
giogenesis during tumor growth and metasta-
sis. For both early detection as well as treat-
ment of rapidly growing solid tumors, the over-
expression of integrin o B, presents an inter-
esting molecular target The preparation and
biological evaluation of "Lu-labeled cyclic
RGD peptide dimer E[c(RGDfK)], (E = glutamic
acid) coupled with DOTA (4,4,7,10-tetraazacy-
clododecane-1,4,710-tetraacetic acid) [*'"Lu-
DOTA-E[c(RGDfK)L,] in BALB/c bearing human
glioblastoma (U87MG) xenograft was reported
by Shi et al. [158] and Luna-Gutierrez et al.

Am J Nucl Med Mol Imaging 2021;11(6):443-475



Targeted cancer therapy using *7Lu

[159]. The radiotracer demonstrated specific
uptake in the tumor. Realizing the scope of
this agent for future clinical investigation, our
group optimized the protocol for formulation
of clinically relevant doses of *7Lu-DOTA-
E[c(RGDfK)], using medium specific activity
T7Lu produced via direct neutron activation
route [160]. In this study, a therapeutic dose
(74 GBq) of the radiolabeled agent was
formulated in ~63 GBq/uM specific activity
with high yield (98.2+0.7%) and appreciable in
vitro stability. Biodistribution studies carried
out in C57BL/6 mice bearing melanoma tu-
mors revealed specific accumulation of the
radiolabeled conjugate in tumor (3.80+0.55%
ID/g at 30 min p.i.) with high tumor-to-blood
and tumor-to-muscle ratios. This reported pro-
tocol could be followed to prepare clinical
dose of the radiolabeled agent in a hospital
radiopharmacy.

In a latest development, Parihar et al. demon-
strated the utility of *"’Lu-DOTA-E[c(RGDfK)], in
treatment of patients with differentiated thy-
roid carcinoma and presenting with thyroglo-
bulin elevation with negative 3!l scintigraphy
(TENIS) [161]. In fact, TENIS in thyroid cancer
patients causes a serious management chal-
lenge due to limited treatment modalities. Re-
cently, RGD peptides have been identified as
effective agents for this purpose due to overex-
pression of integrin o B, in differentiated thy-
roid cancer [161]. The authors reported the
case of a bH4-year-old female patient with
papillary thyroid cancer who developed TENIS
syndrome after receiving 500 GBqg of 3!l in
cumulative doses. The patient experienced
considerable adverse effects with hardly any
clinical improvement on sorafenib therapy for
1 year. She also presented with severe pain
and a palpable hard mass in the pre-sternal
region. After ®®*Ga-DOTA-E[c(RGDfK)], PET/CT
scan for evaluating the extent of the disease
and pre-therapy assessment, she was ad-
ministered with 5.5 GBq of *’Lu-DOTA-
E[c(RGDfK)], (Figure 12). Post-therapy follow-
up showed significant pain relief and reduced
pre-sternal swelling, suggesting clinical be-
nefit. At 4 months post-therapy, Ga-DOTA-
E[c(RGDfK)], PET/CT scan showed reduced up-
take in the cancerous lesions indicating clini-
cal benefit (Figure 12). Though the results of
this preliminary clinical study are quite promis-
ing, randomized clinical trials in large cohort of
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patients are warranted to understand the real
benefits of this approach.

Monoclonal antibodies

Over the last several years, radiolabeled mono-
clonal antibodies are being increasingly used
for personalized management of various types
of cancers [54, 162-166]. Lutetium-177 is an
important radioisotope in this regard as its re-
latively long half-life matches the pharmacoki-
netics of the antibodies. Our group had report-
ed the formulation of clinically relevant doses
of Y"Lu-labeled cetuximab using low specific
activity ¥"Lu and demonstrated its efficacy in
preclinical settings [167]. Subsequently, in
order to improve the pharmacokinetics, Fab
fragments of cetuximab were generated by
papain digestion and used for radiolabeling
with Y"Lu for formulation of therapeutically rel-
evant doses [168]. The promising results
obtained in these studies might expedite the
process of formulation of large doses of *"7Lu-
labeled immunoconjugates in clinical settings
for the benefit of the cancer patients. In a
recent preclinical study, a CD38 targeting
monoclonal antibody (daratumumab) was
radiolabeled with 8Zr and *’Lu for potential
theranostic applications [169]. The results
suggested that CD38 is a lymphoma specific
marker, meriting further exploration in clinical
context. The authors reported high and persis-
tent tumor uptake and significant tumor inhi-
bition with radiolabeled daratumumab for the
theranostic of CD38-positive cancer in mice
model. Histological and hematological analy-
ses established negligible toxicity of *"7Lu-
labeled daratumumab in mice model. It was
inferred that further advancement of this strat-
egy would aid significantly in lymphoma patient
stratification and management.

The first clinical study with *7Lu-labeled mono-
clonal antibody using low specific activity *'"Lu
was reported by Yadav et al., wherein the
authors studied the dosimetry of *"’Lu-DOTA-
rituximab in 10 patients with relapsed/refrac-
tory non-Hodgkin’s lymphoma [170]. In this
study, rituximab (375 mg/m?), followed by 1.85
GBq of *7Lu-DOTA-rituximab was administer-
ed as a slow intravenous infusion and SPECT
images were acquired and internal dose esti-
mation was performed using OLINDA software.
The authors determined that the effective half-
life of ¥7Lu-DOTA-rituximab was 100+28 h and
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Anterior Posterior .

Pre-therapy  62Ga-DOTA-E[c(RGDfK)], Post-therapy 77Lu-DOTA-E[c(RGDfK)], Follow-up  %Ga-DOTA-E[c(RGDfK)],
PET/CT SPECT/CT PET/CT

Figure 12. A 54-year-old woman with papillary thyroid carcinoma who developed TENIS syndrome after receiving 500 GBq of 3!l in cumulative doses, was admin-
istered with *"Lu-DOTA-E[(cRGDfK),] therapy. ®*Ga-DOTA-E[(cRGDfK),] PET/CT was performed to evaluate disease extent and for pre-therapy assessment. (A) Pre-
therapy, the maximum intensity projection (MIP) image with ®Ga-DOTA-E[(cRGDfK),] PET scan, transaxial fused PET/CT images showed increased tracer uptake in
the (B) thyroid remnant, (C) cervical lymph nodes (D) mediastinal lymph node, lytic skeletal lesions with soft tissue component in the sternum and left iliac bone,
(E) multiple lung nodules. Post-therapy WBS in (F) anterior and (G) posterior views revealing the overall distribution of *"Lu-DOTA-E[(cRGDfK),] and transaxial fused
SPECT/CT images (H-K) showing tracer uptake at sites corresponding to %8Ga-DOTA- E[(cRGDfK),] -avid lesions. (L) Post-therapy follow-up %Ga-DOTA- E[(cCRGDfK),]
PET/CT MIP image and transaxial fused PET/CT images showed tracer uptake in the (M) thyroid remnant with cervical lymph nodes, (N) mediastinal lymph node,
lytic skeletal lesions with significant reduction in soft tissue component in the sternum, (O) left iliac bone and (P) multiple lung nodules, suggesting response to

therapy. Adapted from Ref [161].
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the critical organ in their study was the red mar-
row. The average total body dose, effective
dose, and effective dose equivalent calculated
in all 10 patients were 0.13+0.02, 0.15+0.03,
and 0.22+0.04 mGy/MBq, respectively. A
major limitation of this study was the lack of
generalization or extrapolation of doses in the
clinical setting. Hence, patient specific dosime-
try is warranted in a larger cohort of patients to
get rid of the variations and reduce the possi-
bility of dose-limiting toxicity. In another study,
Bhusari et al. formulated clinically relevant
doses of 7Lu-DOTA-trastuzumab and per-
formed feasibility of radioimmunotherapy as-
sessment in breast cancer patients [171]. The
patient studies showed the localization of
177 u-DOTA-trastuzumab at primary as well as
metastatic sites (HER2 positive) in the planar
and SPECT/CT images (Figure 13). No tracer
uptake was observed in HER2 negative pati-
ents that indicated the specificity of the radio-
immunoconjugate (Figure 13). Despite promis-
ing results, more clinical studies need to be
performed with escalating trastuzumab doses
and dosimetric evaluation to determine the
therapeutic index of ¥"Lu-DOTA-trastuzumab.

Radiation synovectomy agents

In radiation synovectomy, beta-emitting radio-
nuclides in colloidal or particulate form (1-10
um size range) are intraarticularly injected into
the affected synovial joints. This is an effective
treatment modality in patients suffering from
inflammatory-rheumatoid and degenerative
joint diseases [172-180]. In this treatment
modality, the uptake of radionuclides occurs in
the synovial lining cells, phagocytized by the
outermost cellular layer of the synovial mem-
brane and deliver radiation dose to the synovi-
um without excessive irradiation of surround-
ing tissue. Owing to its favorable nuclear decay
characteristics, cost-effective availability and
ease of production, medium specific activity
7Lu is an appealing radioisotope for prepara-
tion of radiation synovectomy agents. For the
first time, our group reported a kit-based strat-
egy for expedient formulation of ~400 MBq
dose of Y7Lu-labeled hydroxyapatite (*'“Lu-HA)
particles at hospital radiopharmacy and its
clinical investigations in patients with rheuma-
toid arthritis of knee joints [181, 182]. Signi-
ficant improvement in disease condition was
observed in all the patients within 15 days
post-therapy. No significant onset of pain was
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observed within 30 days post-therapy. Similar
results were obtained on administration of
7Lu-HA in patients with rheumatoid arthritis
of wrist joints (Figure 14). Despite encouraging
results, clinical studies on larger number of
patients and pain response over a longer peri-
od of time are warranted to understand the effi-
cacy of this treatment modality.

In a preliminary clinical study, Arora et al. syn-
thesized *7Lu-labeled tin colloid (mean size:
241447 nm) and injected into the infected
knee joint of a patient [183]. SPECT scan
revealed homogenous distribution of the prod-
uct in the intra-articular space. No leakage of
activity was observed outside the knee joint
even 7 days after injection, indicating good
binding of the radiolabeled agent and its in
vivo stability. As an extension of this work, the
same group of authors evaluated the efficacy
of "Lu-labeled tin colloid in 29 patients with
chronic synovitis caused by various inflamma-
tory knee joint diseases which were refractory
to conventional therapy [184]. Out of the 29
patients, 21 were responders and 8 were non-
responders at 3 months after radiation syno-
vectomy. No serious adverse effects were
observed in any of the patients. The authors
concluded that '"’Lu-labeled tin colloid is a
useful treatment modality and is beneficial for
the patients with shorter duration of disease
and with normal or minor radiographic findings.
In a recent study, the same group of authors
further compared the clinical efficacy of
7Lu-labeled tin colloid with *¥8Re-labeled tin
chloride for radiation synovectomy to reduce
pain in patients with chronic inflammatory
arthritis of knee [185]. The authors adminis-
tered 8Re-labeled tin chloride in 27 patients
and Y"Lu-labeled tin colloid in 30 patients. Out
of 30, 20 patients responded to radiosynovec-
tomy with *"Lu-labeled tin colloid and 21
patients out of 27 responded to the same with
188Re-labeled tin colloid. Overall, the authors
concluded that Y""Lu-labeled tin colloid is an
effective alternative to *¥8Re-labeled tin colloid
for radiation synovectomy especially in places
which do not have access to %8W/'®Re
generators.

Radiolabeled nanoparticles

Over the last decade, a large variety of radiola-
beled nanoparticles have been synthesized
and assessed for their possible use in cancer
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Figure 13. A 60-year-old breast cancer patient (HER2 +ve) was administered with ¥’Lu-DOTA-trastuzumab therapy. A. WBS at day 1 and day 7 post administration
of ¥7Lu-DOTA-trastuzumab. Tracer uptake can be observed in primary breast tumor (black arrow head). The bone metastasis in the acetabulum region was visual-
ized at day 1 and day 7 (blue arrow heads). B. SPECT/CT, CT, and SPECT images showing lymph node metastases which could not be localized on WBS (white arrow
heads). Adapted from Ref [171].
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Figure 14. A 56-year-old male patient with rheuma-
toid arthritis of wrist joint. SPECT/CT image 24 h
post-administration of 222 MBq of ¥Lu-HA.

imaging and therapy [186-198]. The advantag-
es of using radiolabeled nanoparticles for this
purpose are manifold [194]. Firstly, compared
to conventional radiotracers, radiolabeled
nanoparticles act as signal amplifiers leading
to increased contrast indices and enhanced
sensitivity. Secondly, nanoparticles can be
conjugated with variety of targeting ligands
such as peptides, antibodies, aptamers for
enhanced uptake and retention by active tar-
geting in addition to enhanced permeability
and retention (EPR) effect. Thirdly, nanoparti-
cles offer the scope of multimodality imaging
which provides synergistic advantages over
any single imaging modality. Fourthly, both
diagnostic and therapeutic capabilities can be
integrated in the same nanoplatform, thereby
giving the benefits of theranostics. Finally, dif-
ferent therapeutic modalities (chemotherapy,
radionuclide therapy, etc.) can be incorporated
in the same nanoplatforms giving rise to
enhanced therapeutic benefits.

For the first time, Arora et al. reported the syn-
thesis of poly(D,L-Lactide-co-Glycolide) (PLGA)
nanospheres coated with polyethylene glycol
(PEG) [199]. The nanoparticles were spherical
in shape with mean particle diameter of ~300
nm. *7Lu-DOTATATE was encapsulated with
>75% efficiency in the synthesized nanoparti-
cles by incubating the nanoparticles with the
radiolabeled agent at 37°C, overnight. The
authors performed in vivo SPECT imaging and
biodistribution studies in normal rats after
intravenous administration of the radiolabeled
nanoparticles and observed reduced renal
retention of Y7Lu-DOTATATE. These results sug-
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gest the potential of this strategy in achieving
reduction in nephrotoxicity and unnecessary
radiation dose to the normal tissue, which
might have implications in targeted therapy of
neuroendocrine tumors. Subsequently, in an-
other study, the same group of authors evalu-
ated the in vitro toxicity of the radiolabeled
nanoparticles in US7MG (human glioblastoma)
cell line [200]. The highest cytotoxicity that
could be achieved on radioresistant US7MG
cells was 35.8%. In vivo SPECT imaging and
biodistribution studies in tumor bearing Wistar
rats showed the highest tumor uptake of
~4.5% ID/g at 24 h post-injection (p.i.). The
main limitations of these studies are the very
slow method of radiolabeling and the lack of
data to prove the therapeutic potential of the
radiolabeled nanoparticles.

Recently, attempts have been made towards
synthesis of intrinsically radiolabeled nanopar-
ticles which represents a new paradigm in
nanomedicine research [201-210]. The intrinsi-
cally radiolabeled nanoparticles offer several
advantages over the conventional chelator-
based radiolabeling techniques: this approach
offers highly efficient, radiochemically more
stable, faster and robust radiolabeling possi-
bilities without changing the innate pharmaco-
kinetics of the nanoparticles. This strategy is
especially advantageous for low specific activi-
ty radioisotopes such as *7Lu produced by
direct neutron activation route using natural
targets for development of effective therapeu-
tic agents. In this direction, our group has
reported the synthesis of intrinsically radiola-
beled [*"Lu]Lu,0, nanoparticles entrapped in
human serum albumin scaffold, as schemati-
cally illustrated in Figure 15 [211]. The particle
size of the nanoparticles was in the range of
2-6 nm. In vitro cell binding and toxicity stu-
dies in murine melanoma (B16F10) cells dem-
onstrated the suitability of the radiolabeled
nanoparticles as a therapeutic agent. Ex vivo
biodistribution studies in melanoma tumor
bearing mice demonstrated fast and high ac-
cumulation of the radiolabeled nanoparticles
in the tumor (11.7£2.1% ID/g at 4 h p.i.) with
significant retention up to 7 days. The thera-
peutic efficacy of the intrinsically radiolabeled
nanoparticles was demonstrated by tumor
regression studies performed over a period of
21 days (Figure 16). The promising results
obtained in this study demonstrate the poten-
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Figure 15. Schematic illustration of the synthesis of intrinsically radiola-
beled [*"Lu]Lu,0,-HSA nanocomposite. Adapted from Ref [211].
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Figure 16. Tumor regression studies with [Y7Lu]
Lu,0,-HSA nanocomposite. (A) Tumor growth index
and (B) body weight index curves of C57BL/6 mice
bearing melanoma tumor after intravenous injection
of saline (control), Lu,0,-HSA (control), 9.25 MBq of
[""Lu]Lu,0,-HSA nanocomposite, 18.5 MBq [*""Lu]
Lu,0,-HSA nanocomposite, 37 MBq [""Lu]Lu,0.-
HSA nanocomposite and 55.5 MBq [*"Lu]Lu,0_-HSA
nanocomposite. Adapted from Ref [211].

tial of this class of radiolabeled nanoparticles
for potential clinical translation.
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[""7Lu]Lu,05-HSA nanocomposite

Conclusions

In this treatise, the multifacet-
ed aspects of Y7Lu-radiophar-
macy were discussed empha-
sizing on the utility of *7Lu
produced via direct neutron
activation route over the last
decade in clinical context.
Surely, ¥"Lu has emerged as
the most widely used therapeutic radioisotope
after 13! and the clinical efficacies of several
177 u-based radiopharmaceuticals have amply
been demonstrated. The favorable nuclear
decay characteristics and the widespread and
affordable availability of the radioisotope are
the main reasons behind its widespread clini-
cal use. The relatively long half-life of '"Lu pro-
vides distinct logistic advantages especially in
countries with limited reactor facilities for ra-
dioisotope production. The feasibility of large-
scale production with adequate specific acti-
vity in medium flux research reactors via facile
direct neutron activation route is another desir-
able feature for widespread utilization of this
radioisotope. According to the IAEA research
reactor database [31], there are >250 opera-
tional nuclear reactors worldwide, out of which
50 reactors have thermal neutron flux over 1 x
10** n.cm2.s* which is acceptable for produc-
tion of ¥"Lu by the direct route for preparation
of target specific radiopharmaceuticals. These
reactors have good geographical distribution
and hence their utilization would ensure cost-
effective and widespread utilization of ¥"Lu for
clinical use.

Though, some groups especially in the devel-
oped countries have preference for NCA Y"Lu
in view of its higher specific activity, the
production of the radioisotope by the indirect
route is still a costly proposition and requires
access to high flux research reactors, very few
of which are presently available in the world. In
the indirect route, only a very small fraction of
the enriched "®Yb target is transformed into
17Lu due to the low cross section of 76Yb. The
T7Lu recovery from the target requires the
employment of effective Lu/Yb separation
methods, whose characteristics are not only
crucial for the practicality of the indirect pro-
duction route but also increases the overall
cost. In this review, the practical and unclear
issues regarding production of Y’Lu by both
the routes in a nuclear reactor were discussed
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to provide the readers an in-depth holistic over-
view regarding the production aspects.

The chemistry of ¥7Lu in the form of Lu*" al-
lows for facile radiolabeling either directly with
different biomolecules such as EDTMP and
DOTMP or through the use of BFCs. Among the
various BFCs studied, DOTA is undoubtedly the
‘gold standard’ in preparation of *"’Lu-based
radiopharmaceuticals. Complexes of *7Lu with
DOTA and its derivatives are formed with high
radiochemical yield and they exhibit excellent
in vitro and in vivo stability. However, the kinet-
ics of the complexation process with macrocy-
clic DOTA chelator is slow and requires heating
at ~90°C for achieving near quantitative yield.
This is in fact undesirable for radiolabeling
temperature sensitive biomolecules such as
monoclonal antibodies. From this perspective,
the new AAZTA chelator which manifests rapid
room temperature radiolabeling with high sta-
bility is a valuable proposition and would espe-
cially be advantageous towards ""Lu-based
radioimmunotherapy. The use of AAZTA chela-
tor would also simplify the radiopharmacy prac-
tices for other Y7Lu-based theranostic agents.

Till recently, *"Lu-DOTATATE held the distinc-
tion of being the most widely used ""Lu-based
radiopharmaceutical, which has now been
overtaken by Y"Lu-PSMA-617 because of the
much larger number of prostate cancer cases
compared to neuroendocrine tumors. Together,
7 u-PSMA-617 and Y""Lu-DOTATATE encom-
pass for use of >90% of the ¥7Lu produced
worldwide. It has been amply demonstrated
from the large number of clinical studies sum-
marized in this review that even while using
medium specific activity ¥’Lu produced by the
direct neutron activation route, ¥’Lu based
radiopharmaceuticals can be prepared with
adequate radiochemical purity and specific
activity for effective and efficient targeted can-
cer therapy. The concept of intrinsically radiola-
beled nanoparticles is an emerging concept in
personalized cancer therapy which would aid
toward development of agents which show
enhanced tumor targeting even while using low
specific activity *’Lu produced by inexpensive
natural Lu target. However, for clinical transla-
tion of this emerging therapeutic modality, syn-
thesis of biocompatible and biodegradable
nanoplatforms which demonstrate renal clear-
able properties to minimize toxicity concerns is
desirable [212-216]. Also, there is an ever-
increasing possibility of identifying new molec-
ular targeting vectors such as new peptides,
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monoclonal antibodies and their engineered
fragments, nanobodies, aptamers, etc. for syn-
thesis of new generation of *"Lu based radio-
pharmaceuticals for personalized cancer treat-
ment. The present advances are just the tip of
the iceberg and more exciting avenues are yet
to open up. To explore the ‘gold mine’ of
17 y-radiopharmacy to its fullest potential,
increased interdisciplinary collaboration and
knowledge exchange among various stakehold-
ers in this field, which include, funding agen-
cies, regulatory authorities, clinicians, and sci-
entists should be encouraged for development
and clinical deployment of newer "Lu-based
agents for the benefit of the millions of cancer
patients worldwide.
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