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Theranostics, a modern approach combining therapeutics and
diagnostics, is among the most promising concepts in nuclear
medicine for optimizing and individualizing treatments for many
cancer entities. Theranostics has been used in clinical routines in
nuclear medicine for more than 60 y—as '3'l for diagnostic and
therapeutic purposes in thyroid diseases. In this minireview, we
provide a survey of the use of 2 different radioiodine isotopes for
targeting the sodium-iodine symporter in thyroid cancer and non-
thyroidal neoplasms as well as a brief summary of theranostics for
neuroendocrine neoplasms and metastatic castration-refractory
prostate cancer. In particular, we discuss the role of '24-based
dosimetry in targeting of the sodium-iodine symporter and describe
the clinical application of 124 dosimetry in a patient who had radioiodine-
refractory thyroid cancer and who underwent a redifferentiation treat-
ment with the mitogen-activated extracellular signal-related kinase
kinase inhibitor trametinib.
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Theranostics is a diagnostic approach coupled with treatment
modalities in a personalized fashion to improve therapeutic effects
and reduce treatment toxicities (/). This term was initially coined
by John Funkhouser in a 1998 press release in connection with
personalized treatment. Translating theranostics to the field of
nuclear medicine means labeling of a compound with different
radionuclides for both diagnostic and therapeutic purposes for a
specific target. Ideally, the radionuclides used for both diagnostic
and therapeutic purposes are derived from the same element, but
for chemical and physical reasons this is often not practicable. In
this mini review, we provide a brief survey of 2 theranostic ap-
proaches for neuroendocrine tumors and prostate cancer, with a
focus on targeting of the sodium—iodine symporter (NIS) in thy-
roidal disorders, and we discuss issues regarding 241 and 1311
targeting of the NIS in extrathyroidal disorders.
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CLINICAL USE OF THERANOSTIC AGENTS OTHER
THAN IODINE

Neuroendocrine neoplasms and prostate cancer are currently the
most prominent targets of nonthyroidal theranostic agents (2—4).
Because of a lack of efficient treatment options, metastatic, well-
differentiated neuroendocrine neoplasms are challenging tumors.
These tumors express somatostatin receptors, which can be imaged
by PET with, for instance, °®Ga-labeled DOTATATE, DOTATOC,
or DOTANOC (5). PET enables in vivo quantification of the tumoral
expression level and of the background uptake level in the surround-
ing tissues or organs at risk. For treatment, the same compound can
be labeled with a B-particle emitter (!7’Lu or *°Y) to target meta-
static sites. The higher the level of expression in the tumor (and, thus,
the higher the tumor-to-background ratio), the lower the radiation-
related toxicity effects in the surrounding tissues.

Regarding toxicity, protection of the kidneys is important, because
a large portion of the injected amount of a radiolabeled compound is
eliminated via renal excretion. To address this issue, patients receive
an infusion of an amino acid cocktail during treatment to saturate
renal reabsorption mechanisms (6). The efficacy of this approach
was recently shown in a prospective multicenter trial (2).

Another promising theranostic approach is being used for meta-
static castration-resistant prostate cancer. The target in this chal-
lenging disease is the prostate-specific membrane antigen (PSMA),
which is expressed at high levels, particularly in recurrent prostate
cancer; additionally, expression is not lost with dedifferentiation,
making it an ideal target. PSMA-targeting molecules can be labeled
with different positron emitters, such as 241, 18F, ¢*Cu, or °8Ga
(3,7). At present, PSMA ligands are more frequently labeled with
68Ga for PET imaging. For therapeutic purposes, they are usually
labeled with the B-particle emitter !”’Lu. However, there has even
been a report on the labeling of a PSMA ligand with the a-particle
emitter 22 Ac for the treatment of patients whose disease progressed
after '77Lu-PSMA ligand treatment (8).

THERANOSTICS WITH IODINE

Radioiodine treatment (using !3'1) has been the main pillar of
nuclear medicine for more than 60 y. 13! not only is a B-particle
emitter but also has penetrating ~y-radiation, which makes this
tracer trackable in vivo through imaging. However, 3! is not
the ideal tracer for quantitative imaging purposes because of poor
spatial resolution and quantification capacity using SPECT (Table
1). With the increasing availability of PET scanners during the last
15 y, 1241 became the tracer of first choice for the imaging of
thyroid disorders, mainly in patients with high-risk and recurrent
thyroid cancer (9,10). The properties of 2] and 3! are juxta-
posed in Table 1, demonstrating the superiority of 24 for imag-
ing. Moreover, 2*I allows more reliable dosimetry, the 2 main
pillars of which are shown in Figure 1.
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TABLE 1
Physical Half-Lives and Qualitative Comparison of Common
Radioiodine Isotopes for Imaging in Theranostics

Property 124 131
Physical half-life (h) 100.22 192.50
Radiation Bt e B~y
Availability Limited Common
Cost Expensive Low
Imaging system PET/CT SPECT/CT
System sensitivity (cps/Bq) High Low
Quantification (attenuation, scatter) Good Limited
Image quality High Low
Clinical spatial resolution (mm) 6-8 14-17
Late imaging (=96 h) Yes Yes
“Stunning effect” ? (No) High

Most patients typically undergo several radioiodine treatments
during their disease history, and each additional radioiodine
treatment increases the risk of radiation-associated detrimental effects.
To reduce or at least estimate the risks, as well as to increase the
efficacy of radioiodine treatment, an individual assessment of absorbed
radiation doses to the tumors and the organs at risk is crucial.
According to Maxon et al., an absorbed dose of 85 Gy or higher is
associated with an 80%—90% likelihood of a therapy response in
lymph node metastases (Table 2) (/7). The absorbed dose thresholds
for other metastatic tissues (and thyroid remnants), derived from cur-
rent '2*I PET dosimetry studies, are also shown in Table 2 (12,13). Of
note, a response to radioiodine is already expected for absorbed doses
exceeding 20 Gy (/1,12). Moreover, the bone marrow is often the
dose-limiting organ in the application of high therapy activities.

TABLE 2
Relationship Between Absorbed Dose Thresholds and
Associated Complete Response Rates for Metastases and
Thyroid Remnants

Target
Lesion dose (Gy) 124] PET* 131 wBSt
Lymph node =85 75%* 80%-90%
metastases
Pulmonary =85 95% Unknown
metastases
Bone =85 46% Unknown
metastases
350-650 70%-80% Unknown
Thyroid =300 91% 80%-90%
remnants

*Data are from Jentzen et al. (72,13).

TData are from Maxon and Smith (26). WBS = whole-body
scintigraphy.

1Lymph node metastases with follow-up times of less than
4 mo are included.

Pretherapy blood dosimetry has been developed to estimate
the toxicity of radioiodine with the aim of avoiding possible
life-threatening, radiation-induced bone marrow suppression
(Fig. 1). In this organ-at-risk dosimetry approach, the maximum
tolerable '3'I activity that can be safely administered without pro-
ducing toxic effects is calculated. Through collection of blood
samples and determination of external whole-body counts over
a period of 4 d or longer, the maximum tolerable '3'I activity
can be estimated using an absorbed dose limit of 2 Gy to blood

(as a surrogate for bone marrow toxicity)
(14-16). The key quantities for estimating

the absorbed dose to the tumor are mass

Application of approximately 25 MBq 124l

(or volume), the initial uptake value (for
instance, at 24 h), and the effective '3'I
half-life. The mass can be estimated

Blood dosimetry

Lesion dosimetry

from CT or '?*I PET using sophisticated
threshold-based segmentation algorithms.

Prediction of the toxicity using
the maximum tolerable 31|

activity (MTA)

2
550
-

'S ~5
Whole body )
) Blood sampling
counting (1, 4, 24,
(1, 4, 24, 48, 296 h)
48, 296 h)

Prediction of the absorbed
dose per unit 13| activity
(LDpA)

Determination of the 24-h uptake—mainly
mediated through the NIS—and the pre-
dicted effective '3'1 half-life requires serial
124] PET/CT scans (7). Pretherapy dosim-
etry results enable the selection of an op-
timized therapeutic activity—that is, the

Serial o P '
P:';;:T activity achieving a high tumor dose
Imagin (such as 85 Gy for lymph node metastases)
(24 isi) while maintaining a dose less than the

2-Gy limit to blood (Fig. 1). Thus, '>*I
dosimetry is suitable for individual therapy

assessment.

Determination of the individualized therapy activity to deliver a
high absorbed dose to metastases without exceeding the MTA

IODINE METABOLISM

A better understanding of '>*I PET do-

FIGURE 1.

1241/131T por TODINE SYMPORTER TARGETING  *

Simplified illustration of 2 main pillars of 124 dosimetry concept. LDpA = lesion-
absorbed dose per administered activity; MTA = maximum tolerable activity.

simetry can be gained through an examina-
tion of iodine metabolism (Fig. 2). In brief,
iodide is transported actively into the cell
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FIGURE 2. Thyroid follicle showing iodine uptake and residence.
Expression of NIS is essential for iodide uptake. lodide is transported
via pendrin to colloid in which iodide is bound to thyroglobulin. The latter
is crucial to increasing average time on site of radioiodide in the follicle,
which is associated with an increased absorbed radiation dose. Non-
thyroidal cells expressing NIS lack this storing mechanism. DIT = diiodo-
tyrosine; MIT = monoiodotyrosine; TSH = thyroid-stimulating hormone;
TSH-R = TSH receptor. The function of TSH is to stimulate NIS expression.

via the NIS, which is located in the basolateral membrane of
thyrocytes. Next, this iodide enters the colloid on the apical
membrane, located on the opposite side, via pendrin or other

unspecified channels (/8). In the colloid, iodide is oxidized, is
bound to thyroglobulin (via the enzyme thyroid peroxidase), and
either remains in the colloid or exits the cell as the end product—
the thyroid hormone triiodothyronine or tetraiodothyronine. The
active transport of iodide into the cell via the NIS is correlated
with the level of expression of this symporter and can be estimated
in vivo through ?*I PET imaging. The effective half-life—that is,
the decrease in accumulated radioiodine uptake over time—
cannot be quantified on the basis of a single PET scan. Therefore,
serial PET scans over time are needed to estimate the kinetics of
radioiodine. Even though the precision of the quantification of
radioiodine accumulation over time increases with the number
of PET scans, these scans are limited in clinical settings for time
and economic reasons. Therefore, a 2-time-point model that rea-
sonably balances precision and effort or cost in clinical settings
has been developed (19).

An example is provided in Figure 3, which shows 24l PET/CT
images of a thyroid cancer patient and describes the lesions along
with their predicted absorbed doses. 41 PET was capable of
quantifying the increase in NIS expression in this patient with
radioiodine-refractory thyroid cancer after redifferentiation treat-
ment with trametinib, a mitogen-activated extracellular signal-
related kinase kinase inhibitor. This is the first report of trametinib
treatment of a patient with radioiodine-refractory thyroid cancer.
Basically, as shown by the 241 PET results, the effective half-lives
of the lesions remained similar (Fig. 4). Because of previous
experience with mitogen-activated extracellular signal-related
kinase kinase inhibition in this setting, we expected an increase in
NIS expression without a significant increase in the effective half-
lives, as shown in Figure 4 (17). The effects in our patient with
radioiodine-refractory thyroid cancer were in line with this expec-
tation. The 241 PET results revealed a 10-fold increase in iodide
uptake with a nonsignificant change in the
effective half-life.

A B C

These findings were most likely due to
the fact that in such tumors, mitogen-
activated extracellular signal-related kinase
kinase inhibition alone is not sufficient to
reestablish the polarity of the cells and, thus,
reshape a functioning colloidal structure.
The latter is crucial for proper binding of
iodide to thyroglobulin, resulting in an in-
creased effective half-life. Nevertheless, the
increased level of NIS expression alone
was sufficient to increase the estimated
absorbed dose significantly. The dosime-
try results showed that the patient should
have been treated with 17 GBq of 3L
However, the decision about a treatment
must also be based on the blood dosimetry

FIGURE 3. PET/CT images of 69-y-old patient with follicular thyroid carcinoma diagnosed in
1999. Patient underwent surgery and many treatments with radioiodine and experienced dis-
ease progression involving bone and lymph node metastases. Patient had undergone tyrosine
kinase inhibitor treatment with sorafenib and lenvatinib but discontinued treatment because of
disease progression. Patient was introduced to our hospital for redifferentiation therapy. After
confirmation of BRAF-WT mutation status using archival tumor tissue, patient underwent pretreat-
ment lesion dosimetry under thyrotropin stimulation with recombined human thyrotropin (A and C).
Target lesions showed absorbed doses of 1-10 Gy/GBq. After 4 wk of trametinib treatment, 124| PET
lesion dosimetry revealed absorbed doses of 10-322 Gy/GBq for most metastases (B and D). Blood
dosimetry estimated maximum tolerable activity of 7 GBq. Patient was treated with 6 GBq of 31I.
This example demonstrates importance of in vivo dosimetry in estimating redifferentiation effects

and evaluating radioiodine treatment of nonthyroidal tumors.
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results, which limited the amount of treat-
ment activity to 7 GBq of '3'I. Even
though there is no single clinical study
analyzing the predictive value of prether-
apeutic '?*I PET dosimetry, the common
consensus is that '2*I PET dosimetry con-
tributes significantly to pretherapeutic
absorbed dose estimations. The example
provided here not only illustrates the po-
tential of '2*I PET dosimetry but also un-
derlines the importance of applying this
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of the NIS in nonthyroidal tumor cells
should compensate for these shortcomings
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to achieve a significant absorbed dose. This
goal is challenging and is probably the
main reason why no clinical data showing
the efficacy of radioiodine in nonthyroidal
tumors have yet been published.

Another issue is the presence of thyroid
in patients with nonthyroidal cancer. Be-
cause these patients have a functioning
thyroid, the applied radioiodine will be ac-
tively transported into thyroid cells; there-
fore, the amount of radioiodine delivered to
the targeted tumor cells will be reduced.
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More important than this reduced efficacy
is unintended radiation damage to thyroid
cells. However, thyroid uptake can be re-

FIGURE 4. Predicted 13| uptake curve derived from 24| PET-based lesion dosimetry before
(A) and after (B) redifferentiation. Lines were calculated using 2-point approach (79), and
symbols represent measured PET-derived uptake values. Uptake values before differentiation
were lower by factor of 10, demonstrating similar effective half-lives but 10-fold-lower 24-h

uptake per gram.

dosimetry approach to redifferentiation treatments in clinical
routines (20).

THERANOSTICS WITH IODINE IN NONTHYROIDAL CANCER

The simplicity and efficacy of radioiodine for the imaging and
treatment of thyroid cancer patients attracted many research
groups to investigate NIS expression in nonthyroidal tumor
entities with the aim of treating these entities with radioiodine
as well (27,22). In this context, some research groups investigated
the efficacy of transfection of the NIS gene to tumor cells to make
them targets for radioiodine. Table 3 shows the results of a study
in which NIS expression in nonthyroidal tumors was investigated.
Investigating radioiodine accumulation in nonthyroidal tissue re-
quires an appreciation of the lack of a colloidal structure in the
tumor cells and, thus, the absence of an ability to metabolize
iodine and the consequent negative impact on the effective half-
life of iodine. Given these circumstances, the level of expression

TABLE 3
Extrathyroidal Tissues Expressing NIS

Primary cancer  No. of specimens NIS expression (%)

Bladder 24 42
Colon 75 63
Lung 58 66
Pancreas 11 64
Prostate 34 74
Ovary 37 73
Testis 107 64
Stomach 27 59
Cervix 11 100

Data are from Wapnir et al. (27).

1241/131T por TODINE SYMPORTER TARGETING  *

duced through the coapplication of triiodo-
thyronine (or tetraiodothyronine) and methi-
mazole. Triiodothyronine downregulates the
thyrotropin level (through a feedback loop),
resulting in a reduction in NIS expression
and, consecutively, a reduction in iodine
uptake. Methimazole inhibits the enzyme
thyroperoxidase, which catalyzes the binding of iodine to thyro-
globulin and, thus, reduces the effective half-life of iodine (23).

IODINE AND BREAST CANCER

Breast cancer was one of the first nonthyroidal tumor entities in
which NIS expression was convincingly shown (by messenger
RNA levels and immunohistochemical staining). Therefore, many
groups proposed radioiodine treatment for patients with breast
cancer expressing the NIS (24,25). However, the in vivo imaging
of NIS expression (131 or ®™Tc scans) in the tumor cells did not
correlate with NIS expression shown by messenger RNA levels
and immunohistochemical staining. This apparently contradictory
result is more likely to be due to the fact that the increased ex-
pression of the NIS on messenger RNA and protein levels is
not translated into a functioning NIS located on the basolateral
membrane. The latter is crucial for proper functioning of this
symporter.

There are few reports on the imaging of increased NIS expression
in breast cancer xenografts and in brain metastases of breast cancer
in mice. Kelkar et al. discussed a potential treatment for patients
(25). However, no data analyzing this hypothesis in clinical settings
have yet been published. The main shortcoming of the published in
vivo data is that the role of tumor dosimetry—that is, an estimation
of the absorbed doses delivered to tumors—was not analyzed. As
described earlier, quantifying the uptake, effective half-life, and
tumor mass is crucial for calculating the doses delivered to tumors;
these data, in turn, predict the response to radioiodine.

Figure 5 shows an estimation of the model-based absorbed doses
for a spheric tumor as a function of 24-h 13! uptake per gram and
at various effective half-lives. As shown in Figure 4, the 24-h 1311
uptake per gram was approximately 0.16%/g after redifferentiation,
and the effective half-life was estimated to be 1 d. As shown in
Figure 5, the estimated absorbed dose was about 10 Gy/GBq, a
value that was similar to the calculated one. This approach may
suggest the extent to which the iodide uptake must be increased to
achieve a tumoricidal absorbed dose.
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FIGURE 5. Model-based relationship between absorbed dose and
actual 24-h 31| uptake per gram of tissue for 1-mL spheric lesion at
different effective half-lives (in days) (shown close to straight lines);
values within parentheses are estimated slopes (in Gy/GBq per unit
percentage uptake per gram) for assessing absorbed doses beyond
axis scale limit. Uptake curves decreased monoexponentially using
the respective effective half-lives. For volumes ranging from 0.1 to
5 mL, absolute percentage absorbed dose deviations from 1-mL vol-
ume were less than or equal to 5%. Nonlinear relationship between
slope and half-life resulted from extrapolation from 24-h uptake value
to zero time point.

CONCLUSION

Theranostics with the matched pair '2#1/!3 in high-risk or pro-
gressive thyroid cancer enables an individualized dosimetry ap-
proach to delivering high absorbed doses to tumors and reducing
radiation-related toxicity primarily to bone marrow. The target
dose delivered through 3T depends on iodine uptake and effective
half-life. In this context, NIS expression is critical for iodine up-
take and a colloidal configuration with polarized thyrocytes for the
effective half-life of radioiodine. Therefore, applying radioiodine
isotopes to nonthyroidal tumor cells remains challenging, but in-
dividualized dosimetry at least facilitates proper analysis of the
expected effectiveness.
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