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Prospects for Enhancing Efficacy
of Radioimmunotherapy
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Abstract Radioimmunotherapy has been in use for more than 20 years and has pro-
gressed significantly since its efficacy has first been demonstrated in hematology.
Yet it still has limitations that prevent its large-scale clinical use. This chapter reviews
recent developments to overcome these limitations including new antibody specifici-
ties, pretargeting methods, fractionated injections, and the use of alpha emitters.
Immuno-PET is also likely to assist in selecting patients for radioimmunotherapy,
optimizing injected activities, and noninvasively monitoring therapy efficacy.
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BsMAD Bispecific monoclonal antibody
CEA Carcinoembryonic antigen

EGFR Epidermal growth factor receptor
HSG Histamine-succinyl-glutamine

LET Linear energy transfer

MRD Minimal residual disease

MTD Maximum tolerated dose

NHL Non-Hodgkin B-cell lymphoma
PSMA Prostate-specific membrane antigen
RIT Radioimmunotherapy

SPECT Single-photon emission computed tomography
PET Positron emission tomography

1 Introduction

Clinical development of radioimmunotherapy (RIT) started in the 1980s and
progressed rapidly due to advancements in recombinant humanized or human anti-
bodies and in the development of radiolabeling methods and/or superior chelating
agents. The first clinical application was for non-Hodgkin B-cell lymphoma (NHL)
because the radiosensitivity of this type of cancer allows good efficacy for a rela-
tively moderate tumor dose delivery. Two radioimmunoconjugates targeting the
CD20 antigen have been approved: *'I-tositumomab (Bexxar; GlaxoSmithKline)
which was subsequently discontinued and *°Y-ibritumomab tiuxetan (Zevalin;
Spectrum Pharmaceuticals) which continues to be used both in the US and in
Europe. While most clinicians agree that this last radioimmunoconjugate has dem-
onstrated clinical efficacy, it has not been successfully adopted by the hemato-
oncologist community.

For more radioresistant solid tumors, the clinical efficacy of RIT remains lim-
ited, and up to now, no radioimmunoconjugate has been yet approved.

In parallel with the clinical development of radioimmunoconjugates, also termed
antibody radionuclide conjugates (ARCs), some pharmaceutical companies have
developed antibody drug conjugates (ADCs) for treatment of several types of cancer
[1]. A recent review summarized the results of 11 studies including 598 patients
treated with 6 ADCs and 9 studies including 377 patients treated with 5 ARCs [1].
While it was obviously not possible to statistically compare the results of both
modalities, the objective was to roughly estimate their respective toxicity and clini-
cal efficacy. Toxicity was generally less frequent with ADCs (less than 20%) than
with ARCs but led to more uncomfortable side effects. Hematologic toxicity was
higher with ARCs than with ADCs. Clinical efficacy was roughly comparable.

There is no doubt that RIT still has limitations preventing its large-scale clinical
use. These limitations can be partially overcome by using fractionation of the
injected activities and combination therapy with nonradioactive drugs that have
non-overlapping toxicity and synergistic effects. Finally, the use of alpha-emitting
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radionuclides could dramatically improve the clinical efficacy for microscopic
tumors or clusters of malignant cells disseminated throughout the body.

2 Current Limitations of RIT

The current limitations of RIT are technical, logistical, and societal. Until now the
majority of clinical studies have used a single injection for treatment of the most
common large bulk tumors. Under these conditions tumor uptake was low or very
low resulting from an inefficient weak dose. However, it has been clearly docu-
mented that dose delivery to tumors increases with decreasing tumor mass [2, 3].
For treatment of medullary thyroid cancer using a pretargeting technique, a tumor
dose as high as 174 cGy/mCi (4.7 cGy/MBq) has been calculated for a small
resected tumor of 1.8 g. By extrapolating this value to an injected activity of 100 mCi
(3700 MBq) comparable to the activity of '*'T administered for treatment of metas-
tases of differentiated thyroid carcinoma, a tumoricidal absorbed tumor dose of
174 Gy would have been obtained. Moreover, a serious problem for macroscopic
tumors is the accessibility of circulating antibody to cells of the inner hypoxic areas
[4]. Thus there is a consensus that the best situation for an efficient RIT would be a
dissemination of small-size tumors or some clusters of malignant cells in the body.

Another serious limitation of RIT is the need for a reliable supply chain for the
radionuclide. Big pharma companies do not have such a supply chain and are gener-
ally not familiar with coupling radionuclides to antibody molecules. That is proba-
bly why they prefer the use of chemotherapeutic drugs which they control very well
for antibody drug conjugates. Changing from chemotherapeutic drugs to radionu-
clides would require them to secure radionuclide supply in the event of a very effi-
cient RIT, for example, with an overall survival gain of 6 months to 1 year, which is
longer than that generally observed for many chemotherapeutic drugs.

Finally, RIT may cause concern among patients due to the use of radioactivity
and may require secondary myelodysplasia/acute/leukemia risk management by
oncologists, even though such a risk is limited to heavily pretreated patients.

3 Prospects to Improve RIT

3.1 Fractionation of Injections

The rationale for using fractionated instead of single-dose RIT was reported in 2002
by DeNardo et al. [5]. The main advantage of injected activity fractionation is to
reduce hematologic toxicity as a consequence of faster and more efficient bone mar-
row repair than tumor cell repair. Several preclinical studies over many years have
tended to validate this concept [6]. The number of clinical studies is more limited.
Two in particular, using well-known radioimmunoconjugates in a substantial number
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Table 1 Clinical studies with single or fractionated injected activities

0Y-Ibritumomab tiuxetan 7TLu-hJ591 (ATL101)
Singlel Fractionated2 Single3 | Fractionated4
Number of patients 59 74 47 44
Injected activity 15 MBg/m?>up | 11.1 MBg/m?> x 2 | 65— 40-45 mCi/m? x 2
to max up to max 888 x2 | 70 mCi/
1200 MBq m?
Interval time between | NA 8-12w NA 2w
two injections
Thrombocytopenia Gr | 48% 56.4% 65.7% Global hematol tox
3/4 (plts+neutro):73.5%
Neutropenia Gr 3/4 32% 36.4% 65.6%
ORR 87% 94.4% NA NA
CR/CRu 56% 58.3% NA NA
PFS 26 m 402 m NK NK
(0N} Median OS not | Median OS not 21.8m 429 m
reached reached

NA Not applicable, ORR Overall response rate, NK Not known, CR/CRU Complete/unconfirmed
complete response, PFs Progression-free survival, Os Overall survival

of patients, have provided important information for future applications (Table 1).
The first study used the approved *°Y-ibritumomab tiuxetan (Zevalin®) radioimmu-
noconjugate in 74 patients as an initial therapy for follicular lymphoma [7]. The
patients were sequentially injected twice with an activity of 11.1 MBg/m? (not exceed-
ing twice 888 MBq) 2—-12 weeks apart. Another study used the same radioimmuno-
conjugate in 59 patients, again as an initial treatment for follicular lymphoma, with a
single activity of 15 MBg/m? (not exceeding 1200 MBq) [8]. The fractionated radio-
immunotherapy therefore used a cumulative activity 48% higher than in the single-
dose radioimmunotherapy. The hematologic toxicity was roughly comparable
between the single and fractionated studies with grade 3/4 thrombocytopenia and
neutropenia of 48 and 56% and 32 and 36%, respectively. The clinical efficacy was
clearly improved with fractionation, with an overall response rate of 94 vs 87% with
single-dose therapy and more impressively a progression-free survival of 40 vs
26 months. These studies using *°Y-ibritumomab tiuxetan illustrate a clear advantage
of activity fractionation compared to single-dose activity and allow the overall injected
activity to be significantly increased while maintaining the same level of toxicity.

A second study used the ""Lu-J591 (ATL101) DOTA radioimmunoconjugate in
44 patients with metastatic prostate cancer [9]. The patients were sequentially
injected twice with an activity of 1480—-1665 MBg/m? 2 weeks apart. Another study
used the same radioimmunoconjugate in 47 patients in the same indication of meta-
static prostate cancer with a single activity of 2405-2590 MBg/m? [10]. The
fractionated radioimmunotherapy used a cumulative activity 26% higher than in the
single-dose radioimmunotherapy.

The hematologic toxicity was difficult to compare between the two approaches
because with fractionation only global toxicity was evaluated with 73.5% grade 3/4.
However, compared to 66% of grade 3/4 thrombocytopenia and neutropenia with sin-
gle-dose activity, a clear higher toxicity with fractionation does not appear significant.
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However, the clinical efficacy was clearly improved with fractionation showing an
overall survival of 43 vs 22 months with the single-dose activity. The predominant
bone metastases in prostate cancer did not allow evaluation of overall response rate.
It is obviously not possible to statistically compare the results of both single and
fractionated studies in these two clinical indications using these two methodological
approaches. Only a rough estimate of efficacy and toxicity can be drawn. It appears
that fractionation is clearly preferable to single activity, allowing the injected activity
to be substantially increased and consequently improving clinical efficacy without
impairing hematologic toxicity. However, fractionation needs to be optimized for
each radioimmunoconjugate. Two parameters should be taken into consideration,
namely, the level of fractionated activity and the time interval between two sequential
injections. It is well known that following irradiation, bone marrow repair is faster
and more efficient than tumor repair. Consequently, it is logical to wait for 6-8 weeks,
i.e., the time required for hematologic recovery, before reinjection. Determining the
level of injected activity is more difficult, and the choice is somewhat empirical. In
preclinical studies it is easy to test a range of injected activities; however extrapolat-
ing these results to the clinical situation is questionable. In clinical studies, testing a
selected activity requires months to years to accrue sufficient patient numbers to
estimate the toxicity and clinical efficacy. This is why the choice of the level of activ-
ity is relatively empirical.

3.2 Combinations with Other Therapeutic Agents

The rationale for combining RIT with other systemic therapies, especially chemo-
therapy, is to take advantage of potentially radiation-enhancing drugs and the non-
overlapping drug-limiting toxicity of each agent. It is well established that for a
large tumor burden, the tumor dose delivered by RIT does not exceed 15-40 Gy,
which is not sufficient for an efficient tumor-killing effect. The situation is differ-
ent for small or microscopic tumors for which much higher tumor doses can be
delivered. One way to increase RIT efficacy is to combine it with systemic drugs
with a different and if possible synergistic tumor-killing effect. Many preclinical
animal studies using human cancer xenograft models in nude mice have clearly
shown a significant benefit of such a combination in terms of tumor shrinkage and
survival time [11]. However, the extrapolation of these results to clinical studies in
predicting efficacy should be made with caution. Hence the only way to assess the
real benefit of combining RIT and chemotherapy is to refer to clinical studies per-
formed with specific radioimmunoconjugates, chemotherapeutic drugs, and clini-
cal situations. Only a limited number of RIT +/— combined therapy studies have
been performed.

Phase I clinical trials assessing three radioimmunoconjugates, combined or not,
with three chemotherapeutic drugs have been performed (Table 2). In patients treated
with a maximum tolerated dose (MTD) of 614 MBq/m? of an anti-carcinoembryonic
antigen antibody labeled with yttrium-90 (T84—66), combined or not with 5-fluoro-
uracile in, respectively, 21 and 22 patients with metastatic CEA-producing
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malignancies, thrombocytopenia was slightly higher for combination therapy (24 vs
10%), while neutropenia was the same (19% and 20%) [12, 13]. There was no objec-
tive response in either situation and a slightly higher mixed or stable response with
combination treatment (57% vs 32%).

A second radioimmunoconjugate, clivatuzumab, is an anti-PAM4 reactive mucin
antibody labeled with yttrium-90. Treatment of pancreatic carcinoma patients with
clivatuzumab alone or combined with gemcitabine (17 and 9 patients, respectively)
at the MTD in a fractionated mode (444 MBq x3) showed that the hematologic
toxicity was roughly comparable, even though the interpretation of this parameter is
difficult to assess because the combination study of thrombocytopenia and neutro-
penia results was merged [14, 15]. There was no real difference in the response rate
but a tendency toward a longer overall survival with the fractionated and combined
study (8 vs 4.4 months).

Finally, an anti-PSMA antibody, labeled with lutetium-177 (J591) at the MTD,
was compared against combined therapy with docetaxel (15 and 12 patients, respec-
tively) for the treatment of prostate cancer [16, 17]. While these results should be
treated with caution due to the small number of patients, combination therapy
resulted in a trend toward improved clinical efficacy without altered toxicity.
Promotion to phase II trials will require a substantial increase in patient numbers
and data and most likely a number of years.

3.3 Pretargeting Using Bispecific Antibodies

Pretargeting may be achieved by a primary injection of an unlabeled bispecific
monoclonal antibody (BsMAD), followed by a second injection of a radiolabeled
bivalent hapten-peptide [18, 19]. Using this strategy, the radiolabeled bivalent pep-
tide binds more avidly to the BsMAb attached to the antigen expressed at the tumor
cell surface, whereas nontargeted hapten-peptide in the circulation clears rapidly
through the kidneys. After the promising phase I/II studies, encouraging clinical
results have been obtained using an anti-CEA chimeric hMN-14x734 BsMAb and
B11-di-DTPA peptide in a prospective multicentric phase II study performed in 45
patients with progressive metastatic medullary thyroid carcinoma (MTC) [20]. This
study demonstrated a disease control rate of 76.2% (durable stabilization plus objec-
tive response) according to RECIST, with 1 case of durable complete response of at
least 40 months (2.4%) and 31 durable stable disease cases of >6 months (73.8%).
After RIT, 21 of 37 assessed patients (56.7%) showed a >100% increase in serum
biomarker concentration doubling time or prolonged decrease in serum biomarker
concentration. As expected for these patients with a high frequency of diffuse bone
marrow involvement, high-grade 3 and 4 hematologic toxicity was observed in
54.7% of patients and myelodysplastic syndrome reported in two cases, including
one treated heavily previously.

New-generation recombinant humanized trivalent BsMADb and bivalent
histamine-succinyl-glutamine (HSG) peptides have been produced. These can be
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labeled with a variety of radionuclides, including yttrium-90 and lutetium-177 for
therapeutic purposes [21-23]. This new-generation pretargeting system using anti-
CEA x anti-HSG BsMADb TF2 and '"Lu-IMP288 has been performed and opti-
mized in two clinical trials in patients with metastatic colorectal carcinoma and lung
carcinoma [24, 25]. Different schedules were studied to define the optimal molar
doses of TF2 and IMP-288 and the optimal delay between the two infusions.

Three cohorts of three patients were included in the first part of a phase I/II clini-
cal trial designed to optimize and assess anti-CEA x anti-HSG BsMAb TF2 in
CEA-expressing lung cancer patients. Patients underwent a pre-therapeutic imaging
session S1 (44 or 88 nmol/m2 of TF2 followed by 4.4 nmol/m? and 185 MBq of
n-IMP288) and, 1-2 weeks later, a therapy session S2 (240 or 480 nmol/m? of
TF2 followed by 24 nmol/m?, 1.1 GBq/m?, 77Lu-IMP288). The pretargeting delay
was 24 or 48 h. According to the pharmacokinetic and imaging analysis, the best
dosing parameters corresponded to the shorter pretargeting delay (24 h) and to the
highest TF2 molar doses. While toxicity was quite limited in the eight patients eval-
uated, treatment efficacy was minimal in this optimization part of the study, with
only two cases of disease stabilization for only short periods of time [25]. Thus, to
improve treatment efficacy, the injected activity should be increased for the second
part of the study, which is planned with an activity escalation. Overall, it was not
expected that a single therapy cycle would be sufficient to deliver antitumor thera-
peutic doses and the use of shorter half-life and higher intrinsic toxicity radionu-
clides, such as yttrium-90, could be preferable to that of lutetium-177. Taking into
account these data, a prospective phase I study is ongoing, to assess fractionated
injection of **Y-IMP288 in metastatic colorectal carcinoma patients.

3.4 Alpha-Emitting Radionuclides

Due to their high linear energy transfer (LET), a-particles deliver a high fraction of
their energy inside the targeted cells leading to highly efficient killing, making them
particularly suited for targeting of isolated tumor cells and minimal residual disease
(MRD). Moreover, a-particle cytotoxicity is considered to be independent of the
dose rate and oxygenation [26]. Among the large number of identified a-emitting
radionuclides, only few of them exhibit physical characteristics adapted for RIT.
213Bi is available through a *»Ac/?*Bi generator, but its short half-life (T1/2) of
45.6 min makes it difficult to use. While **Ac (T1/2 = 10 days) appears clinically
more suitable, its decay produces a series of alpha-emitting daughter nucleons that
are released from the chelating agent which then increase irradiation of normal tis-
sues. With an intermediate half-life of 7.2 h and 100% of decays leading to the emis-
sion of an a-particle, ' At,which is available from cyclotron production, may be a
better candidate, although its availability and chemistry remain to be improved [27].

The first clinical report of alpha-RIT was performed using an anti-CD33 mono-
clonal antibody labeled with 2*Bi. The CD33 antigen is a 67 kDa glycoprotein
expressed on most myeloid leukemias and clonogenic leukemia progenitors but not
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on normal stem cells. Anti-CD33 RIT has been developed using the murine M195
and the HuM 195 (lintuzumab) humanized antibodies by the Scheinberg group at the
Memorial Sloan-Kettering Institute. A phase I dose-escalation study assessing
23Bi-lintuzumab was conducted in 18 patients with relapsed and refractory acute
myeloid leukemia (AML) or chronic myelomonocytic leukemia treated with 10.36—
37.0 MBg/kg P*Bi-RIT [28]. No significant non-hematologic toxicity was observed.
Dose-limiting toxicity, defined as grade 4 leukopenia for more than 35 days from
the beginning of therapy, was observed in one patient treated at the 37 MBq/kg dose
level following relapse after allogeneic transplantation. *'*Bi-HuM 195 was retained
in areas of leukemic involvement (bone marrow, liver, and spleen). The estimated
total absorbed dose to the marrow, and therefore to CD33* target cells, ranged from
6.6 to 73 Sv, whereas the total dose to the liver, spleen, and blood ranged from 2.4
to 23.5 Sv, 2.9 to 36.8 Sv, and 1.1 to 11 Sv, respectively. Absorbed dose ratios
between the bone marrow, liver, spleen, and the whole body were approximately
1000 times higher for 2*Bi-HuM 195 than those for the f-emitting immunoconju-
gates. An antileukemic effect was observed: 15/18 patients had leukemic blasts in
the blood before treatment, and 14 of them showed reductions in circulating blasts
after a-RIT. Even at the lowest activity level, patients showed elimination of more
than 99% of peripheral blasts. Up to three logs of circulating leukemia cells were
killed, and four patients (27%) had complete eradication of peripheral leukemia
cells. Fourteen of the 18 patients (78%) experienced reductions in the percentage of
bone marrow leukemia cells 7-10 days after a-RIT. Among the four patients with
complete elimination of peripheral blood blasts, three also experienced reductions
in bone marrow blasts (Table 3).

The major obstacles to the widespread clinical use of 2*Bi-lintuzumab are the
short half-life of 2*Bi and the requirement of an on-site *>Ac/?"*Bi generator. On the
other hand, the much longer-lived **Ac (T}, = 10 days) can serve as an in vivo
generator (atomic nanogenerator) of four a-particles. A phase I trial evaluating
25 Ac-lintuzumab was conducted on 18 patients with relapsed or refractory AML
[29]. Patients were treated with a single infusion of 0.5—4 uCi/kg (18.5-150 kBq/
kg) of *Ac-lintuzumab. The MTD was determined to be 3 uCi/kg (110 kBg/kg).
Serious non-hematologic toxicity was observed in three patients (transient grade 3
liver function abnormalities), but there was no evidence of radiation-induced neph-
rotoxicity. Peripheral blasts were eliminated in 10 of 16 evaluable patients (63%)
but only at doses of 1 uCi/kg (37 kBq/kg) or more. Bone marrow blast reductions
were observed in 10 of 15 evaluable patients (67%) 4 weeks after treatment.

Alpha-RIT using a*'*Pb/*"’Bi generator has also been assessed in a phase I trial
using an anti-HER?2 radiolabeled mAb intraperitoneally injected in patients with
HER?2-positive peritoneal carcinomatosis for which no standard therapy is available
[30]. 2?Pb-TCMC-trastuzumab was delivered intraperitoneally within less than 4 h
after administration of trastuzumab (4 mg/kg intravenously). The five activity levels
assessed in this study (7.4, 9.6, 12.6, 16.3, and 21.1 MBg/m?) showed minimal tox-
icity. The lack of substantial toxicity was consistent with the dosimetry results
(mean equivalent dose to the marrow, 0.18 mSv/MBq). Further studies are required
to assess >'?Pb-TCMC-trastuzumab efficacy.
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Table 3 Clinical studies with alpha particle emitting radionuclides

213 Bl ZZSAC 2]1At 2]2Pb
Anti-
chondroitin Anti- Anti-
sulfate tenascin | NaPi2B | Trastuzumab
Anti-CD33 | proteoglycan | Anti-CD33 | (IC) (IP) (IP)
Type of cancer Myeloid Metastatic Myeloid Brain Ovarian | Ovarian
leukemia | melanoma leukemia | tumor cancer | cancer
Number of 18 38 18 18 9 16
patients
Thrombocytopenia | NA 0 Gr4inone 0 0 0
gr 3/4 patient
Non-hematologic |0 0 Gr3 liver in | 22% 0 0
toxicity three (seizures)
patients
Response rate Bone Partial Bone NK NK No objective
marrow response: marrow response
blasts 10% blasts
reduction | Stable: 40% | reduction
in 78% in 67%
MTD Not Not reached |110kBg/ |NK NK Not reached
reached kg

IC Intracavitary, IP Intraperitoneal, MTD Maximum tolerated dose, NK Not known

Astatine-211, an a-emitting radionuclide with a physical half-life of 7.2 h, also
appears relevant for RIT. Preclinical studies recently showed that anti-CD45
2HAt-RIT and bone marrow transplantation prolonged survival in a disseminated
acute myeloid leukemia murine model [31]. Biodistribution studies showed excel-
lent localization of the !! At-anti-murine CD45 mAb 30F11 to the marrow and spleen
within 24 h. In syngeneic hematopoietic stem cell transplantation studies, !! At-RIT
improved the median survival of leukemic mice in a dose-dependent fashion with
minimal toxicity. 2! At-RIT feasibility was reported in two clinical trials. The first
study assessed anti-tenascin 2! At-RIT followed by chemotherapy in patients with
glioblastoma [32]. The radioimmunoconjugate was injected into the resection cavity
with a maximum activity of 347 MBq (9.4 mCi). Six patients out of 18 experienced
reversible grade 2 neurotoxicity but no grade 3—4 toxicities were observed. Maximum
tolerated activity was not reached, and observed median survival favorably com-
pared with that of historical control groups. In the second study, ' At-MX35 F(ab’),
was assessed in women in complete response after a second-line chemotherapy for
recurrent ovarian carcinoma in a phase I study [33]. MX35 F(ab’), was labeled with
21At via the N-succinimidyl 3-(trimethylstannyl)-benzoate reagent. Nine patients
underwent laparoscopy 2—5 days before 2! At-RIT. Before RIT infusion, the abdomi-
nal cavity was inspected to exclude the presence of macroscopic tumor growth or
major adhesions. Patients were infused with 2! At-MX35 (22.4-101 MBg/L) in the
dialysis solution via the peritoneal catheter. The estimated absorbed dose was
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15.6 = 1.0 mGy/MB(q/L to the peritoneum, 0.14 + 0.04 mGy/MBg/L to the red bone
marrow, and 24.7 + 11.1 mGy/MBg/L to the unblocked thyroid. This dose decreased
when the thyroid was blocked (1.4 = 1.6 mGy/MBg/L). No adverse effects were
reported.

These first clinical results of alpha-RIT appear very promising, and larger phase
II clinical trials have been performed in patients with minimal residual disease to
fully demonstrate efficacy. However, large clinical trials will require access to
higher production levels of alpha-emitting radionuclides.

3.5 Theranostic Approaches: Imaging of Radiolabeled
Antibodies to Improve RIT Procedures

For more than two decades, mAbs have been labeled with y-emitting radionuclides,
such as P, Lu, or '!In, and subsequently used in planar or single-photon emis-
sion computed tomography (SPECT) imaging procedures to try and improve RIT
using dosimetry procedures. Indeed, optimization studies performed using new-
generation pretargeting systems in both colorectal carcinoma and lung carcinoma
patients [24, 25] assessed the potential of "In-IMP288 imaging to predict
7L u-IMP288 dosimetry. In an optimization PRIT study using anti-CEA x anti-
HSG BsMAb TF2 in 20 patients with colorectal carcinoma, Schoffelen et al.
reported that individual high-activity doses in PRIT could be safely administered by
predicting the radiation dose to the red marrow and kidneys, based on dosimetric
imaging obtained with a test dose of TF2 and !'In-IMP288 [24]. These results were
confirmed by the phase I/II clinical trial using the same pretargeting system in CEA-
expressing lung cancer patients showing that a pre-therapeutic imaging session
using "'In-IMP288 accurately predicted pharmacokinetics as well as absorbed
doses of the therapeutic session using "’Lu-IMP288, potentially allowing for patient
selection and dose optimization [25].

While providing reliable information, this modality suffers from several draw-
backs including poor sensitivity, poor spatial resolution, and complex scatter correc-
tion due to the collimator. Accurate quantitative information could be better achieved
using positron emission tomography (PET) for mAb imaging. The improved spatial
resolution of PET makes the delineation of tumors and organs better than with
SPECT. Additionally, exact attenuation correction, precise scatter correction, and,
last but not the least, high sensitivity combined with the possibility of performing
true whole body imaging in a reasonable time constitute additional key factors for
the superiority of PET over SPECT or planar imaging. As for therapeutic emitters,
marrying mAbs and PET emitters requires an appropriate match between the bio-
logic half-life of the protein and the physical half-life of the isotope [34]. ¥Zr and
124T with their long half-life of 78 and 100 h are well suited to the labeling of larger
molecules such as intact immunoglobulins. **Cu with an intermediate half-life of
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12.7 h can also be used for labeling of a large number of molecules of different
sizes. Within the scope of a “theranostic” approach, pairs of beta+/beta-emitting
radionuclides (***1/13'1, Y /Y, %*Cu/*’Cu, “*Sc/*’Sc) are very promising because the
same distribution is expected both for dosimetry imaging and therapy with the same
elements. Animal studies showed that immuno-PET could be useful for visualizing
CD138-expressing tumors with '**I-B-B4 in the context of treatment of metastatic
triple-negative breast cancer that cannot benefit from hormone therapy or anti-Her2/
neu immunotherapy [35]. PET distribution of the '**I-B-B4 radiolabeled mAb cor-
related well with the biodistribution data analyzed on sacrificed animals. Moreover,
it has been recently demonstrated that “Cu-cetuximab immuno-PET represented
EGFR expression levels in an esophageal squamous cell carcinoma model,
"TLu-cetuximab RIT effectively inhibited tumor growth, and that *Cu-/'""Lu-
PCTA-cetuximab may be useful as a diagnostic tool in patient selection and a potent
RIT agent for EGFR-positive tumors [36]. Similarly, Rizvi et al. conducted a pro-
spective clinical study to evaluate the biodistribution and radiation dosimetry of
Y-ibritumomab tiuxetan (Zevalin®) using ¥Zr-ibritumomab tiuxetan [37]. Patients
with relapsed or refractory aggressive B-cell (CD20-positive) NHL underwent a
PET scan at 1, 72, and 144 h after injection of 70 MBq ¥Zr-ibritumomab tiuxetan
and again 2 weeks later after coinjection of 15MBgq/kg or 30MBg/kg of
PY-ibritumomab tiuxetan. Biodistribution of ¥Zr-ibritumomab tiuxetan was not
influenced by simultaneous therapy with *°Y-ibritumomab tiuxetan, and the correla-
tion between predicted pre-therapy and absorbed therapy organ doses as based on
897 r-ibritumomab tiuxetan images was high. These results are similar to previous
data presented by Perk et al. [38] and confirm the potential value of pre-therapy
87r-immuno-PET to enable individualized treatment by optimizing RIT dose
schedules and limit unnecessary toxicity for patients.

4 Conclusion

While radiolabeled mAbs have demonstrated encouraging results in the treatment
of hemopathies and several solid tumors, randomized clinical trials in stratified
patients need to be performed to confirm efficacy. Treatment of solid tumors by RIT
should be developed in combination with several other drugs and in repeated courses
of treatment, just as chemotherapy is used. Combinations of all possible new devel-
opments, including new antibody specificities, pretargeting methods, fractionated
injections, and the use of alpha emitters, are needed to improve RIT efficacy in
radioresistant solid tumors. Immuno-PET is likely to assist in selecting patients for
RIT, optimizing injected activities, and noninvasively monitoring therapy efficacy.
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