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they become radioiodine-refractory. The diagnostics of radioiodine-refractory disease are extensively
debated. The introduction of novel tracers besides radioiodine isotopes (1311, 1231 and 124I) and
2-[18F]fluoro-2-deoxy-D-glucose (['®FJFDG) opens new options for the diagnostics and therapy of
this subgroup of DTC patients. Prostate-specific membrane antigen (PSMA) ligands, fibroblast
activation protein inhibitors (FAPI), and somatostatin receptor-targeted radiopharmaceuticals appear
to be new potential theranostics tracers. In this review, we will elaborate on the role of these
radiopharmaceuticals in the management of radioiodine-refractory disease.
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other radiopharmaceuticals may be used as well, with different diagnostic performances. This review
article aims to summarize radiopharmaceuticals used in patients with radioiodine-refractory DTC
(RAI-R DTC), focusing on their different molecular pathways. Additionally, it will demonstrate
possible applications of the theranostics approach to this subgroup of metastatic DTC.

Keywords: radioiodine-refractory DTC; molecular imaging; FDG; PSMA; FAPI; somatostatin
analogues; PRRT; radioligand therapy; theranostics

This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license (https:// . o . . X . . X
creativecommons.org/licenses,/by/ The 5-year disease-specific survival in DTC patients is excellent in those with local-

10/). ized and regional disease (above 98%). However, it is significantly lower in patients with

1. Introduction

Cancers 2023, 15, 4290. https:/ /doi.org/10.3390/ cancers15174290 https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers15174290
https://doi.org/10.3390/cancers15174290
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0003-1946-2128
https://orcid.org/0000-0002-6270-9483
https://orcid.org/0000-0001-5905-6015
https://orcid.org/0000-0001-5316-7697
https://orcid.org/0000-0003-2352-3587
https://orcid.org/0000-0003-0230-0974
https://doi.org/10.3390/cancers15174290
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers15174290?type=check_update&version=1

Cancers 2023, 15, 4290

20f 15

distant metastases (approximately 50%) [1]. Radioiodine therapy is the cornerstone of
metastatic DTC, which accounts for 10% of patients. Half of the metastatic patients achieve
complete or partial remission or have stable disease over a long period following radioio-
dine therapy. Unfortunately, in the remaining patients, the disease progresses despite the
therapy [2]. Post-therapeutic radioiodine whole-body imaging is crucial for staging and
evaluating radioiodine avidity in recurrent or metastatic disease [3]. Approximately 70% of
patients with metastatic disease demonstrate radioiodine uptake, whereas the remaining
develop non-radioiodine-avid metastases or have progressive disease despite radioiodine
treatment [3].

There is increasing evidence that treatment response in advanced and metastatic
disease is related to tumor-absorbed doses, leading to the need for personalized therapy.
Beyond iodine-131 (131 I) uptake, several other factors, such as the molecular pathogenesis
and mechanisms of DTC, specific patients’ characteristics, and disease presentation, should
be taken into account and considered on an individual basis [4].

Imaging has a crucial role in the diagnostics, therapeutic approaches, and monitoring
of radioiodine-refractory (RAI-R) DTC patients. Computed tomography (CT) and magnetic
resonance imaging (MRI) are anatomical imaging modalities that may be used for the
detection of residual or recurrent disease in patients with high serum thyroglobulin (Tg) [1].
Nuclear medicine functional imaging, i.e., single photon emission computed tomography
(SPECT) and positron emission tomography (PET), in combination with CT or MRI, besides
anatomical, provides the evaluation and quantification of DTC lesions at the molecular
level.

This review article aims to summarize currently used radiopharmaceuticals in RAI-R
DTC, their molecular uptake mechanisms, and their possible use in therapy, i.e., theranostics.

2. Radioiodine-Refractory Differentiated Thyroid Cancer: Definition and Criteria

Among DTC patients, about 30% have or will develop metastatic disease at loco-
regional lymph nodes (5-year survival rate > 90%) or, more rarely, in distant organs (mainly
lungs and bones) with a significantly worse prognosis (5-year survival approx. 55%).
Additionally, an increase in the overall mortality rate of DTC patients has been observed
lately, probably due to an increased incidence of metastatic DTC patients [5]. Luckily, many
patients with advanced DTC still exhibit 13!T avidity, and therefore approximately 40% will
achieve remission after '3'I treatment [6-9]. Consequently, repeated courses of 13!1 therapy,
in addition to TSH suppression, are the standard of care to manage metastasized DTC
when the disease remains iodine-avid [10,11].

Unfortunately, 1311 therapy becomes ineffective in a fraction of patients and should be
stopped when a patient no longer responds to treatment. However, considering that RAI-R
DTC patients still have limited therapeutic options, premature stopping of 13'I therapy
(i.e., when still able to obtain disease stabilization and symptom relief) should be avoided.

The correct identification of RAI-R disease remains controversial (Table 1). Currently,
different criteria to define an RAI-R disease are reported in the literature. In 2014, an inter-
national expert panel proposed stopping '3'I therapy when “at least one lesion becomes 13'1
negative and continues to grow” [2]. Sacks and colleagues supported stopping 3!1 therapy
when diagnostic scintigraphy (i.e., low T or 12°I activity administered) is negative in the
presence of structural disease, in the case of a positive ['®F]FDG PET scan or cumulative
administered activities of >18.5-22 GBq 1BIT[12].

Finally, the American Thyroid Association 2015 Guidelines propose criteria sum-
marized in Recommendation 91. “Radioiodine-refractory, structurally evident DTC is
classified in patients with appropriate TSH stimulation and iodine preparation in four
basic ways: (i) the malignant/metastatic tissue does not ever concentrate RAI (no up-
take outside the thyroid bed at the first therapeutic WBS); (ii) the tumor tissue loses the
ability to concentrate RAI after previous evidence of RAl-avid disease (in the absence of
stable iodine contamination); (iii) RAI is concentrated in some lesions but not in others;
and (iv) metastatic disease progresses despite significant concentration of RAI” [3].
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Table 1. Criteria to define radioiodine-refractory differentiated thyroid cancer.

Main Criteria

No 13! uptake in malignant metastatic tissue outside the thyroid bed on the first post-therapeutic WBS

1317 uptake is lost after previous evidence of 13T avid disease

1317 is concentrated in some but not in other lesions

Disease progresses despite 13'T avidity

Patients have already received 22 GBq or more of 13T

Other Potential Criteria

No 31T uptake in malignant tissue on diagnostic WBS

Significant uptake on ['"8F][FDG PET/CT

Aggressive tumor histology

Legend: WBS—whole body scan; GBq—Gigabecquerel; ['8FJFDG—2-['8F]fluoro-2-deoxy-D-glucose;
PET/CT—positron emission tomography/computed tomography.

Furthermore, the BRAFV600E gene mutation seems to exhibit more aggressive tumor
behavior and is more often associated with RAI-R disease; it also carries an increased risk
of recurrence and a higher disease-specific mortality [13].

However, as discussed by Giovanella and van Nostrand, any classification is only
conditionally appropriate for managing individualized patient care [11]. Notably, the
absence of visualization of malignant tissues on a diagnostic and/or post-therapy whole-
body scintigraphy greatly increases the likelihood that DTC metastases are RAI-R. However,
a careful standardization of imaging in terms of preparation, prescribed activity, and
imaging technique is pivotal to avoiding false-negative results and, consequently, an
inappropriate discontinuation of (still active) '*'I therapy [14,15].

After assessment of multiple factors and aiming to personalize the patient’s care,
at the time that a patient is declared RAI-R, 13'1 therapy is discontinued and alternative
therapies are considered. A careful staging of RAI-R disease is integral to deciding on
further therapeutic strategies, monitoring treatment efficacy, and detecting progressive
disease. In addition to conventional cross-sectional imaging (i.e., CT, MRI), various positron-
emitting radiopharmaceuticals enable the use of PET in combination with CT (PET/CT) or
MR (PET/MR) to characterize different biological and molecular characteristics of RAI-R
disease. This is highly relevant to personalizing the management of RAI-R disease, and, in
addition, some radiopharmaceuticals open the door to theranostics applications by using
companion beta- or alpha-emitting radiopharmaceuticals.

3. Radiopharmaceuticals Used for Radioiodine-Refractory Differentiated Thyroid
Cancer Imaging and Therapy

3.1. [18FIFDG

['8F]FDG is, besides radioiodine, the most commonly employed molecular imaging
tracer in RAI-R DTC. It is considered especially appropriate in DTC patients with elevated
serum Tg and negative radioiodine whole-body imaging [16], and its sensitivity depends on
tumor differentiation, which has a superior detection rate in DTC patients with aggressive
histopathology /biological behavior.

['®F]FDG, as a glucose analogue, is transported into the cells across the glucose
transporter (GLUT) protein and phosphorylated by hexokinase into ['® FJFDG-6-phosphate,
which is not metabolized but trapped within the cell (Figure 1).
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Figure 1. Mechanism of uptake of different radiopharmaceuticals in radioiodine-refractory dif-
ferentiated thyroid cancer. Legend: FAP—fibroblast activation protein; GLUT—glucose trans-
porter; SSTR—somatostatin receptors; [18F]FDG—2—[18F]ﬂuoro-2—de0xy—D—glucose; [8Ga]Ga-PSMA—
[%8Ga]gallium-prostate-specific membrane antigen; ['®F]F-PSMA—['8F]fluoro-prostate-specific mem-
brane antigen; [68Ga]Ga-DOTA-TATE—[éSGa]Gallium-DOTA-Tyr3—octreotate; [®8Ga]Ga-DOTA-
NOC—[%®Ga]Gallium-DOTA-Nal*-octreotide; [*®Ga]Ga-DOTA-TOC—[*¥Ga]Gallium-DOTA-Tyr3-
octreotide; [#8Ga]Ga-DOTA-FAPI- [*8Ga]Gallium-DOTA-fibroblast activation protein inhibitor.

Cancer cells have a higher concentration of membranous GLUT proteins, such as
GLUT1 and GLUTS3, and more enzymes involved in the glycolytic pathway, which is even
more pronounced in undifferentiated cancer cells. Therefore ['8F]FDG is more intensely
accumulated in cancer cells as compared to normal cells [17]. In undifferentiated DTC
cells, iodine accumulation is decreased or lost, but GLUT proteins are upregulated, and
consequently, ['8F]JFDG uptake is higher [18]. Feine et al. demonstrated the “flip-flop” phe-
nomenon, i.e., the reverse uptake of 1*'T and ['8F]FDG in metastatic DTC patients. Patterns
marked with *'I-negative and ["®FJFDG-positive uptake represent the most common type
in patients with increased Tg and negative '*! scintigraphy [19,20]. A prospective study
that included 122 metastatic DTC patients demonstrated an association between ['8F]FDG
uptake and loss of iodine avidity. The maximum standardized uptake value (SUVmax)
cut-off of 4.0 provided a sensitivity and a specificity of 75.3% and 56.7%, respectively, for
identifying 13!I-negative metastatic disease [21].

In a clinical setting, ['*8FJFDG PET/CT is useful as a prognostic factor for RAI treat-
ment response in metastatic DTC patients. High [!®F]JFDG uptake is an independent
negative prognostic factor for overall survival [22]. A retrospective study that enrolled
80 patients with metastatic DTC showed that ['®F]JFDG uptake is the only significant
prognostic factor for disease-specific survival. A higher SUVmax and a larger number
of ['®8F]FDG-avid metastases were also associated with a poor prognosis. Additionally,
patients with ['8F]FDG and RAI avid lesions had a similar prognosis as those with ['8F]FDG-
only avid metastases [23]. A recent study that involved 62 patients with RAI-refractory
metastatic DTC showed that ['8F]FDG is a predictive biomarker for progression-free sur-
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vival (PFS) and overall survival (OS). Higher than median values of metabolic tumor
volume (MTV) and total lesion glycolysis (TLG) correlated with worse PFS and OS. Addi-
tionally, a higher risk of death was demonstrated in patients with lesions having higher
values of log-MTV and log-TLG [24]. Albano et al., in a study that included 122 patients
with ['8F]JFDG-positive/!*!I-negative lesions and Tg > 10 ng/mL, found that the total MTV
and total TLG were the only independent prognostic factors for OS, and the best cut-offs
for MTV and TLG were 6.6 cm® and 119.4, respectively [25]. ['8F]FDG PET could also
predict patients with certain clinicopathological features and aggressive mutations that are
reported to be related to radioiodine refractoriness [26,27].

A meta-analysis by Santhanam and colleagues showed that DTC patients with a
BRAFV6%E mutation have a higher likelihood of having [®FJFDG-avid disease, with a
pooled odds ratio (OR) of 2.12. The pooled mean SUV value was significantly higher in
BRAFV0E_positive patients, with a pooled mean difference of 5.1, compared to BRAFV600E-
negative DTC patients [28].

['8F]FDG PET/CT can also be used for follow-up and to predict the success of rediffer-
entiation therapies with BRAF, MEK, or RET inhibitors [29,30]. Weber et al. used MAPK
inhibitors in a prospective study to enhance radioiodine uptake in RAI-R DTC (ERRITI
trial) [30]. They demonstrated that the peak SUV < 10.0 on ['8F]FDG PET/CT is associ-
ated with successful redifferentiation, presumably due to the known positive correlation
between [8F]FDG uptake and dedifferentiation of the tumor.

Regarding the optimal preparation protocol for ['® FJFDG imaging on levothyroxine vs.
after stimulation with recombinant human thyrotropin (rhTSH), there is still an academic
discussion ongoing. Leboulleux and colleagues performed a prospective study with 63 DTC
patients (52 with papillary thyroid cancer and 11 with follicular thyroid cancer). All patients
underwent both basal and rhTSH-stimulated (24 and 48 h before tracer administration)
['8F]FDG PET/CT. The colleagues found that the per-patient sensitivity was not different
between basal and rhTSH-stimulated imaging studies [31]. On the other hand, the use of
rhTSH significantly increased the per-lesion sensitivity (i.e., the number of detected lesions).
However, this resulted in a change of treatment plan in only 6% of the cases.

3.2. PSMA-Targeting Radiopharmaceuticals

Prostate-specific membrane antigen (PSMA) is a transmembrane glycoprotein type
II encoded by the Folate Hydrolase 1 gene [32] expressed in prostate cancer but also on
the membrane of neovascular endothelial cells of various solid tumors, such as thyroid,
head, bladder, lung, breast, gynecologic, gastric, and colorectal cancers [33] (Figure 1).
Immunohistochemical studies have demonstrated that high PSMA expression in the neo-
vasculature of thyroid cancer positively correlates with a more clinically aggressive course
of the disease. Moreover, it was shown that DTC patients with lesions of moderate and
strong PSMA expression have a higher risk of developing radioiodine-refractory disease or
a higher risk of disease-specific mortality [34,35] (Figure 2).

This finding opens the door for the use of PSMA-targeting tracers for diagnostic but
also therapeutic purposes. PSMA-targeting tracers are usually labeled with ®®Ga and '3F.
From a technical point of view, PET performs better with 8F as compared to ®®Ga due to
the shorter positron range, lower maximum *energy, and higher positron yield, which
leads to better spatial resolution [36]. ®®Ga has an 88% abundance of positron emission
and a higher maximum energy than 8F, which gives more noise to images and leads to a
lower resolution [37]. Other major advantages of 18F over %8Ga-labeled PSMA tracers are
the longer physical half-life of 8F and its higher availability. In the end, it leads to fewer
technical challenges. However, due to defluorination, '8F-labeled PSMA compounds have
higher bone uptake [38,39]. A recent multicenter study that enrolled 348 prostate cancer
patients demonstrated unspecific bone uptake of ['8F]F-PSMA-1007 in 217 (51.4%) patients,
of which in 80 (44.7%) patients it was crucial for further therapeutic approaches and was
considered clinically important [40]. Similar results were found in a recent retrospective
study that included 214 patients. Ninety-four (43.9%) patients had at least one non-specific
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bone lesion. An SUVmax cut-off of 7.2 was set to distinguish between benign and metastatic
lesions [41].

Figure 2. Radioiodine-refractory metastatic differentiated thyroid cancer with positive lesions on
['8F]FDG PET and [®®Ga]Ga-PSMA PET Legend: example of a 65-year-old female patient with
lung metastases and lymph node neck metastases maximum intensity projection (MIP) of 1241 (left),
['8F]FDG PET (middle), and [*®Ga]Ga-PSMAPET (right). No uptake is seen in the metastases on
1241 PET, and high uptake is seen in lung metastases on [8F]JFDG and [*8Ga]Ga-PSMA PET. On
[8Ga]Ga-PSMA PET, lymph node metastases on the left side of the neck are also visible. The patient
was treated with 2 cycles of 6 GBq [Y”7Lu]Lu-PSMA-617, unfortunately without an objective response.

Besides PET tracers, there are also more affordable 2™ Tc-labeled PSMA SPECT tracers.
However, they have lower sensitivity due to the lower performance of SPECT compared to
PET technology. Still, a very recent Australian study demonstrated that [*™Tc]Tc-PSMA
SPECT/CT with an improved reconstruction algorithm has a diagnostic performance
similar to [®®Ga]Ga-PSMA PET/CT in a daily clinical setting [42].

Recent studies examined the performance of PSMA-targeting radiopharmaceuticals
in DTC patients. Rizzo et al. performed a systematic review of six studies, including
49 patients, to evaluate the diagnostic performance of PSMA-targeted radiopharmaceuticals
in RAI-R DTC [43]. Reported detection rates varied significantly from 25% to 100% and
were overall lower as compared to ['®F][FDG PET/CT in comparative studies. On a per-
patient-based analysis, detection rates in 4 studies were 25-83%, whereas on a lesion-based
analysis, they were around 65%. Only two studies demonstrated a 100% detection rate on
the patient-based analysis. Additionally, heterogeneity between SUVmax values was also
observed in the per-lesion analysis (1.0-39.7).

Diagnostic PSMA-targeted tracers are crucial to evaluating potential candidates for
radioligand therapy. Theoretically, only those with significant uptake in tumor lesions are
suitable to undergo PSMA-targeted radioligand therapy. Two studies reported the use of
[77Lu]Lu-PSMA-targeted therapies in three patients. Two of the three included patients
had a temporary partial response to therapy, while in the third case, the disease progressed
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one month following the treatment [44,45]. Regarding the side effects, temporary nausea
was noted after the second course of therapy in one patient [45].

In comparison to ["®FJFDG PET/CT, PSMA-targeted tracers have a lower detection
rate, and their use generally does not affect further patient management, at least according
to the currently available data in a limited number of patients [43]. Therefore, in its current
setting, PSMA-targeted diagnostics cannot be suggested as an alternative imaging method
for restaging patients with RAI-R DTC.

Waichter and colleagues investigated the correlation between the expression of PSMA
on histological samples and PSMA-positive lesions on PET/CT scans. Surprisingly, only
three patients had concordant results. Ciappuccini et al. evaluated PSMA expression in
44 DTC patients with persistent and/or recurrent neck disease using immunohistochem-
istry [33]. Expression of PSMA was quantified using the immunoreactive score (IRS). Ap-
proximately 68% of the patients demonstrated at least one PSMA-positive lesion showing
IRS > 2,i.e., 66% and 75% in RAl-negative patients and RAI-positive patients, respectively.
In RAI-negative patients, higher expression of PSMA was found in [18F]FDG—positive (79%)
patients as compared to ['®F]FDG-negative patients (25%), and the mean value of IRS was
higher in ['8F]FDG-positive (4.0) patients as compared to ['8F][FDG-negative patients (1.0).
In addition, patients > 55 years old, with a primary tumor > 40 mm, or with an aggressive
subtype had a higher mean IRS. Strong expression of PSMA, i.e., IRS > 9, was correlated
with shorter progression-free survival. Further studies on a molecular level are needed to
evaluate these contradictory results.

Although the application of ['7Lu]Lu-PSMA-targeting radioligand therapy in treating
DTC patients has been limited, parallels can be drawn with the experiences of prostate
cancer patients in terms of toxicity [46]. If ['77Lu]Lu-PSMA treatment is administered to
individuals with thyroid cancer, the likelihood of encountering xerostomia is probably
further elevated due to potential residual damage to the thyroid glands from prior 131
therapies.

The literature data in the setting of radioiodine-refractory DTC are limited. Currently,
the limited use of PSMA-targeting radiopharmaceuticals does not significantly affect further
patient management. Prospective multicentric studies are needed to evaluate its potential
role in RAI-R DTC patients.

3.3. Somatostatin Receptor-Targeting Radiopharmaceuticals

Somatostatin receptor-targeting radiopharmaceuticals are used for imaging tumors
with high expression of somatostatin receptors (SSTR) (Figure 1). Most commonly, somato-
statin analogs are labeled with %8Ga, such as [*®Ga]Ga-DOTA-TATE, [®®Ga]Ga-DOTA-NOC,
and [®Ga]Ga-DOTA-TOC. They have different binding affinities for different SSTR sub-
types. [®8Ga]Ga-DOTA-TATE has a quite selective and very high affinity for SSTR 2,
[©3Ga]Ga-DOTA-NOC binds SSTR 2 and 3, while [®3Ga]Ga-DOTA-TOC has an affinity for
SSTR 2 and SSTR 5 [47]. DTC cells may exhibit high expression of SSTR 2, 3, and 5 [48,49]
(Figure 3).

Therefore, radiolabeled somatostatin analogs may detect DTC recurrence or metas-
tases, which are especially noted in patients with RAl-refractory disease. Ocak and col-
leagues enrolled 13 patients with RAI-refractory DTC (nine with papillary thyroid cancer,
one with follicular thyroid carcinoma, and three with Hurthle cell carcinoma) to evaluate
and compare the performance of [68Ga]Ga-DOTA-TATE and [*8Ga]Ga-DOTA-NOC in the
detection of RAI-R DTC lesions [50]. Somatostatin-positive lesions were found in eight
(62%) patients. Forty-five lesions were detected with [¢8Ga]Ga-DOTA-TATE and 42 with
[8Ga]Ga-DOTA-NOC. Lesion uptake was significantly higher on [®®Ga]Ga-DOTA-TATE
(SUVmax 12.9 £ 9.1) compared to [#8Ga]Ga-DOTA-NOC (SUVmax 6.3 + 4.1), suggesting
its potential advantage in RAI-R DTC imaging.
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Figure 3. Radioiodine-refractory metastatic differentiated thyroid cancer with positive lesions on
['8F]FDG PET and [*8Ga]Ga-DOTANOC PET. Legend: Eighty-four-year-old patient with advanced
follicular thyroid cancer and (new) pulmonary and lymph node metastases, after 17 GBq 31,
Tg: 8660 ng/mL. (Left): diagnostic '*'T imaging showing radioiodine-avid lymph node metas-
tases (yellow arrows) in the chest. (Middle): [\8F]FDG PET depicts discordance with RAI-
imaging lymph node metastases in the upper mediastinum and lung metastases (blue arrows).
(Right): [®®Ga]Ga-DOTANOC PET shows SSTR-expression in some but not all lymph node metas-
tases in the upper mediastinum; additionally, visualization of a lesion in the left neck not seen with

['®F]FDG and 31 (red arrow). However, no SSTR expression in the lung metastases was observed.

Positive RAI-R DTC lesions on somatostatin receptor imaging open the possibility of
treating these patients with peptide receptor radionuclide therapy (PRRT) based on the
theranostic approach. The theranostic approach with radiolabeled somatostatin analogs
is important in the management of metastatic SSTR-positive tumors, nowadays mostly
neuroendocrine tumors. ”/Lu-labeled or *’Y-labeled somatostatin analogs are the most
common therapeutic radiopharmaceuticals.

Versari and colleagues used [#8Ga]Ga-DOTA-TOC PET/CT to select patients for PRRT
and to evaluate treatment response and its toxicity in RAI-R DTC patients [51]. They
enrolled 41 patients, out of which 24 were [®®Ga]Ga-DOTA-TOC positive. Thirteen patients
demonstrated high expression of SSTR, and 11 underwent PRRT with [*°Y]Y-DOTATOC
according to additional inclusion criteria. Partial response and stable disease were induced
in approximately 64% of patients (7/11) during the 3.5-11.5-month period. The main
adverse events were transient hematologic toxicity, nausea, and asthenia, while one patient
experienced permanent renal toxicity.

Maghsoomi et al., in a recent meta-analysis, evaluated the efficacy and safety of PRRT
in patients with advanced RAI-R DTC and metastatic medullary thyroid carcinoma (MTC).
Forty-one out of 2284 related papers were included in the analysis. One hundred fifty-seven
RAI-R DTC patients had undergone PRRT. Biochemical response was determined in 25.3%
of patients, while objective response, both partial and complete, was noted in 10.5% of
patients [52]. The most common side effects were nausea, asthenia, and increased liver
enzymes, while major side effects, e.g., nephrotoxicity and hematologic adverse effects,
were rare and mostly transient.

A recent meta-analysis by Lee and colleagues also evaluated the therapeutic effect of
PRRT in metastatic RAI-R, DTC, and MTC [53]. They involved 67 DTC patients. The pooled
objective response rate was 8.5-15.6%, the disease control rate was 54-60.0%, and major
adverse effects were observed in 2.79-2.82% of cases. !”’Lu-based somatostatin analogs
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(ORR, 11.48-24.52%; DCR, 61.47-67.26%) demonstrated better therapeutic efficiency than
9Y-based analogs (ORR, 6.98-13.82%; DCR, 50.86-57.29%).

Budiawan et al. studied the toxicity of Y and ”/Lu-labeled somatostatin analogs in
16 RAI-R DTC patients receiving 45 PRRT courses [54]. Hematological and kidney functions
were evaluated following the treatment. Only mild and reversible hematotoxicity (grade 1)
and nephrotoxicity (grade 1) were detected. An elevation in liver enzymes of grades 1-3
(only one case with a grade 3 elevation, but a reversible one) was observed in six patients.

Despite the heterogeneous response, PRRT may be an alternative treatment option
for advanced and metastatic RAI-R DTC with sufficient expression of SSTRs owing to its
efficacy and promising safety profile, especially in those patients experiencing progression
under the standard treatment options, i.e., tyrosine kinase inhibitors.

3.4. Fibroblast Activation Protein—Targeting Radiopharmaceuticals

Fibroblast activation protein (FAP) expression is very low in normal human fibroblasts.
However, cancer-related fibroblasts are characterized by high expression of FAP (Figure 1)
since they carry both exopeptidase and endopeptidase activity [17]. A large fraction of
the total mass in various tumors is made of tumor fibroblasts and extracellular fibrosis,
while on many occasions less than 10% of tumor cells are involved [55]. Thus, radiolabeled
fibroblast activation protein inhibitors (FAPIs) are suitable for tumor imaging.

Chen et al. recently conducted a study to evaluate the performance of [*®Ga]Ga-DOTA-
FAPI-04 PET/CT in the detection of RAI-R DTC lesions [56]. They enrolled 24 RAI-R DTC
patients and demonstrated that 21 (87.5%) patients have FAPI-positive lesions, with a mean
SUVmax of 4.25 and a growth rate of 6.51%. SUVmax was positively correlated with the
lesions’” growth rates.

In certain cases, [*3Ga]Ga-DOTA-labeled FAPI radiopharmaceuticals showed better
detection of metastatic RAI-R DTC lesions compared to ['8F]FDG, also due to a better
target-to-background ratio [57]. Detectable strong expression of FAP opens an opportunity
for new therapeutic options in RAI-R DTC patients.

Like PSMA labeling, several attempts have been made for '8F labeling of FAPI ligands
to overcome ®8Ga limitations as stated above (e.g., longer positron range, higher maximum
*energy, lower positron yield, higher costs, etc.), with ['®FJFAPI-74 being the most promising
candidate. Studies are currently ongoing, e.g., for the diagnostic comparison of ['F][FDG
with [¥®F]JFAPI-74 in patients with TENIS syndrome (EudraCT Number: 2022-001997-70;
Figure 4).

Ballal et al. performed a study to evaluate the efficiency and safety of [7”Lu]Lu-
DOTAGA.(SA.FAPi), in metastatic RAI-R DTC patients who progressed on TKI therapy
(sorafenib/lenvatinib) [58]. They prospectively enrolled 15 metastatic patients who had
moderate-to-strong uptake of [Ga]Ga-DOTA.SA .FAPi. Serum Tg levels significantly
decreased following the treatment with ['7Lu]Lu-DOTAGA.(SA.FAPi),. The baseline
median Tg level was 10,549 ng/mL, while posttherapy it was 5649 ng/mL. Although there
was no molecular complete response, partial responses were achieved in four patients and
stable disease in three RAI-R DTC patients. The maximal visual analog score before the
therapy was 9, while on post-therapeutic imaging it was 6. Likewise, Eastern Cooperative
Oncology Group performance status was initially 3, and after the therapy it was 2, thus
showing significant improvement after the [1”/Lu]Lu-DOTAGA.(SA.FAPi), treatment. In
the safety profile evaluation, there was no grade III or IV hematological, renal, or liver
toxicity detected. The results demonstrate that FAPI-based theranostics could provide
an additional treatment option for patients with metastatic RAIR-DTC who progress on
standard therapeutic strategies.
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Figure 4. Radioiodine-refractory metastatic differentiated thyroid cancer with positive lesions on
['8F]FDG PET and negative ['®F]JFAPI-74 PET. Legend: Sixty-four-year-old patient with RAI-negative
(not shown) papillary thyroid cancer after 15 GBq 1311, (Left): [\8F]FAPI-74 PET shows a physiological
tracer distribution. (Right): ['8F]FDG PET depicts in discordance with [18F]FAPI-74 local relapse and
multiple pulmonary metastases (red arrows).

4. Tumor Heterogeneity

Tumorigenesis usually starts with a single mutated cell, evolving with sequential
clonal mutations leading to the occurrence of genetically distinct tumor subpopulations.
Cancers generally become more heterogeneous with a longer duration of the disease,
and intratumoral heterogeneity is a result of the accumulation of mutations during the
progression of the disease [59]. Different cell clones with differing molecular signatures
are observed in many cancer patients during follow-up. These undesirable events result
in a heterogeneous distribution of tumor clones in different disease sites and even within
the same lesion. Various tumor subclones may further influence the course of the disease,
as some may be more aggressive than others. All subclones usually do not have the same
response to the treatment, i.e., some may respond well while others do not respond at all.

Cancer resistance to therapy can be primary, due to initially resistant disease, or sec-
ondary, occurring after a certain period in tumors that were primarily treatment-sensitive.
Therefore, an assessment of tumor heterogeneity is crucial for the development of effective,
targeted, and individualized therapies [60]. A personalized therapeutic approach may
potentially target various tumor clones with a better therapeutic outcome compared to
standard treatment options.

Regarding the DTC, its heterogeneity presents a clinical challenge, particularly taking
into account the intratumor variability. DTC cell phenotypes are the product of a genotype,
stochastic effects, and environmental factors. Genetic and epigenetic modulations occurring
during cancer growth and progression result in different cell phenotypes [61]. The existence
of intratumor heterogeneity is well known in advanced and metastatic thyroid DTC, and it
can occur at any step of the cancer’s development, including early-stage tumors [62]. The
high heterogeneity profile associated with these clinical stages may be responsible for the
resistance to the theranostic approach and poor outcomes in some patients.
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Intratumor heterogeneity presents an obstacle to revealing all the mechanisms of
disease progression and adequate patient management. Furthermore, intratumor hetero-
geneity may be spatial, i.e., between different lesions, or temporal, which occurs between
different lesions over time, representing additional clinical challenges [63].

Allin all, as metastases in DTC may be present for a very long time, sometimes even
decades, it may lead to the development of very different cell clones, which in turn result
in a differential expression of theranostic targets (Figures 2 and 3). Therefore, it is highly
advisable to always include ['8F]FDG imaging when considering theranostics in RAI-R
DTC. ['"®F]FDG itself is not used as a theranostic tracer but may reveal lesions that may
not respond to a personalized theranostic approach. It usually reveals highly aggressive
DTC clones that may be treated with other local and/or systemic therapies. Novel cancer
therapies need to be highly selective, targeting crucial genetic and epigenetic alterations.
Due to the tumor escape mechanism usually occurring during long-term disease, therapies
covering multiple cancer growth pathways are likely, at least in theory, to be more efficient
compared to standard treatment options.

5. Available Evidence and Cost-Effectiveness

A significant body of evidence supports the use of ['F]FDG PET/CT for the local-
ization of thyroid cancer lesions in patients with negative RAI imaging if residual disease
is suspected. Indeed, solitary ['8F]FDG-avid metastasis can be successfully treated by
curative surgery. Moreover, the detection of disseminated ['®F]JFDG-avid metastasis may
assist in performing a targeted biopsy if needed and suggesting systemic therapies. Fi-
nally, the determination of the tumor burden and the response assessment can support
changes in treatment management. Cost-effectiveness data comparing ['®F]FDG PET/CT
to conventional imaging in detecting recurrent DTC are sparse [64,65]. Notably, the authors
included all patients with a negative RAI scan (either diagnostic or post-therapy), and
thyroglobulin levels were not considered. Vice versa, different clinical guidelines and
the Society of Nuclear Medicine and Molecular Imaging Thyroid Carcinoma Appropri-
ate Use Criteria [66] strongly support a patient-based use of ['®F]FDG PET/CT, taking
into account the histotype, the clinical history, the absolute thyroglobulin value, and the
thyroglobulin doubling time [67]. This approach is able to restrict the number of patients
submitted to the examination and optimize clinical accuracy [68]. Further cost-effectiveness
studies on the selective use of ['®FJFDG PET/CT in patients with suspected RAI-negative
DTC recurrences are needed, but, for the moment, the procedure is relevant in clinical
practice. Besides ['®F]FDG, imaging with SSTR-ligands also showed good sensitivity in
detecting RAI-negative and [\8F]FDG-negative recurrences. Even if DTCs are not classified
as neuroendocrine tumors, a relevant proportion of them show cellular expression of SSTRs
independently from GLUT1 overexpression. Accordingly, some authors demonstrated in
a small series of patients the good sensitivity of SSTR-ligand imaging in recurrent DTC,
also allowing the detection of [18F]FDG—negative lesions [69,70]. Although there is sparse
support in the literature, the Society of Nuclear Medicine and Molecular Imaging Thyroid
Carcinoma Appropriate Use Criteria panel also supports the selective use of SSTR-ligand
PET/CT in the presence of suspected RAl-negative recurrence and negative results of
conventional imaging and ['8F]FDG PET/CT [66]. Remarkably, no evidence is available to
support other radiopharmaceuticals (PSMA analogs, FAP-targeting radiopharmaceuticals)
illustrated in our present paper. They show promising results, but larger prospective
studies are needed to confirm these data, and their use should be restricted, for now, to
experimental trials. Another problem is the availability and cost of these tracers. SSTR and
PSMA analogs are more widely available nowadays compared to novel FAP-targeting ones,
which unfortunately have very limited availability across the world, and, finally, we lack
complete cost-effectiveness data for these tracers.
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6. Conclusions

In RAI-R DTC, the role of ['"®F]JFDG PET/CT imaging is well-established for diagnostic
and prognostic purposes. The role of SSTR should be considered by the treating team in
highly selected cases when other imaging procedures are not conclusive. New promising
radiopharmaceuticals, PSMA, and FAP-targeting tracers were recently tested in DTC
patients and opened new diagnostic and therapeutic perspectives in the field. Their role,
however, is not completely clarified, and well-designed studies are warranted to evaluate
their potential in critical RAI-R DTC patients.

Still, these tracers offer the potential for a theranostic approach, which is of incremental
value in RAI-R DTC patients who underwent progression despite standard treatment
regimens.
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