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Simple Summary: Few therapies are available for patients with aggressive or metastatic pituitary
neuroendocrine tumours (PitNETs). Peptide receptor radionuclide therapy (PRRT), widely used to
treat gastroenteropancreatic neuroendocrine tumours, has been emerging as a potential option for
aggressive or metastatic PitNETSs if other treatment approaches are not feasible or failed in controlling
the disease progression. However, the data regarding the use of PRRT in this setting is scarce, and
mainly derives from few case reports or small series of cases. Here, we review the published data
regarding the effectiveness and safety of PRRT in the management of aggressive or metastatic PitNETs,
as well as the effects of PRRT on the pituitary function in other cancer patients.

Abstract: Pituitary neuroendocrine tumours (PitNETs) are usually benign and slow-growing; how-
ever, in some cases, they may behave aggressively and become resistant to conventional treatments.
Therapeutic options for aggressive or metastatic PitNETs are limited, and currently mainly consist
of temozolomide, with little experience of other emerging approaches, including peptide receptor
radionuclide therapy (PRRT). Somatostatin receptor expression in PitNETs explains the effectiveness
of somatostatin analogues for treating PitNETs, particularly those hypersecreting pituitary hormones,
such as growth hormone or adrenocorticotropic hormone. The expression of such receptors in pi-
tuitary tumour cells has provided the rationale for using PRRT to treat patients with aggressive or
metastatic PitNETs. However, the PRRT efficacy in this setting remains unestablished, as knowledge
check for on this today is based only on few case reports and small series of cases, which are reviewed here.

dat
updates A total of 30 PRRT-treated patients have been thus far reported: 23 aggressive PitNETs, 5 carcinomas,
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conditions of the Creative Commons Pituitary neuroendocrine tumours (PitNETs) originate from the adenohypophysis
Attribution (CC BY) license (https://  cells, and account for about 15% of all intracranial neoplasms [1,2]. Although PitNETs are
creativecommons.org/licenses /by / usually benign, up to 30-45% of them invade the cavernous or sphenoid sinus [1,3,4], and
40/). occasionally, they also behave aggressively, invading other surrounding tissues, growing
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rapidly, recurring multiple times and/or becoming resistant to conventional treatments.
Rarely, PitNETs may also metastasise [1,2].

Nuclear medicine employs radiopharmaceuticals for imaging and treatment purposes,
and plays a key role in the management of patients with endocrine-related cancers, most
notably neuroendocrine tumours (NETs). The therapeutic approach based on peptide
receptor radionuclide therapy (PRRT), specifically directed to neoplasms expressing high
levels of somatostatin receptors (SSTRs), has proven effective and safe in patients with
NETs, and has now been emerging as a potential treatment option also for patients with
aggressive PitNETs or pituitary carcinomas, now known as metastatic PitNETs.

Here, the existing clinical data regarding the effectiveness and safety of targeted PRRT
in the management of aggressive or metastatic PitNETs are reviewed, as well as the effects
of PRRT on the pituitary function in other cancer patients submitted to PRRT.

2. Principles, Usefulness and Safety of Peptide Receptor Radionuclide Therapy (PRRT)

PRRT is designed to deliver cytotoxic radiation locally and selectively, comprising
a radionuclide linked by a chelator to a somatostatin receptor ligand that binds cell sur-
face SSTRs (Figure 1). The two most used radiopeptides for therapeutic purpose are
P0Y-DOTATOC (90Yttrium-DOTA-tyr3-octreotide) and 7”Lu-DOTATATE (177Lutetium-
DOTA-tyr3-octreotate) [5,6]. On the other hand, functional SSTR imaging using gamma-
emitting isotopes such as ®Ga or '!'In may be of great theranostic interest, as it may
predicts the behaviour and effectiveness of therapeutic radiopharmaceuticals, and also
allow biodistribution assessments, beyond its recognised usefulness in the diagnosis and
staging of several cancers, particularly NETs [6,7].
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Figure 1. Principles of peptide receptor radionuclide therapy (PRRT). Therapeutic radiopharma-
ceuticals (177Lu or 2°Y) are linked to the somatostatin receptor ligand (TOC or TATE) by a binding
chelator (DOTA or DTPA), which stabilises the radioisotope and avoids its dissociation in vivo before
targeting the SSTR-positive tumour tissues. The somatostatin receptor ligand will then bind to the
SSTRs in the surface of the tumour cell, after which the complex is internalized. Once inside of the
cell, degradation of the SSTR and the somatostatin receptor ligand will occur, and the radiation will
be delivered to the double stranded DNA causing damage and cell death. DNA, deoxyribonucleic
acid; DOTA, tetraazacyclododecane-tetraacetic acid; DTPA, diethylenetriamine pentaacetic acid;
Lu, Lutetium; SRL, somatostatin receptor ligand; SSTR, somatostatin receptor; TATE, tyr3-octreotate;
TOC, tyr3-octreotide; Y, Yttrium.
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DOTANOC shows a very high affinity for SSTR2 and low affinity for SSTR3 and SSTR5,
whereas DOTATATE only binds to SSTR2; thus, the main target of PRRT with radiolabelled
somatostatin analogues is represented by SSTR2 [5,7]. PRRT has been successfully used
to treat NETs due to their high expression levels of SSTR2 [8-10], but PRRT may also be
effective for other cancers, such as primary brain tumours [5], paragangliomas [11-14], or
thyroid cancer [15-18].

PRRT has emerged as a crucial treatment for advanced NETs [8-10,19], and it is
now approved for metastatic SSTR-positive gastroenteropancreatic NETs based on the
NETTER-1 trial [10]. PRRT is effective and safe when employed in the re-treatment of
NET patients [20], and also for bronchopulmonary NETs expressing SSTRs [21]. The
high expression of SSTRs in other tumours has expanded the clinical use of PRRT [19,22].
Brain tumours may express high levels of SSTRs, in particular meningiomas (90% of
them express SSTR?2) [5,23-25], but also astrocytomas and gliomas [5,26-29], making such
tumours amenable to PRRT. PRRT has also been effective for treating paragangliomas, with
disease control rates of 67-80% [12,13], including a malignant primary sellar paraganglioma
case [11]. Additionally, PRRT has been used with variable efficacy for medullary and non-
medullary thyroid cancer [15-18].

Because PRRT is a targeted therapy, the risk of systemic adverse effects is lower com-
pared to other conventional forms of radiotherapy or chemotherapy. In general, PRRT is
safe; however, there are few side effects that may occur. Nephrotoxicity is the most common
adverse effect due to the kidney excretion of the radiolabelled somatostatin analogues.
Amin-acid infusion should be given in order to reduce the renal uptake of radiopharmaceu-
ticals, and thereby to minimise the occurrence of kidney injury [5,19,22]. Other common
side effects include transitory and often mild haematotoxicity, such as anaemia, leukopenia
or thrombocytopenia [5,22]. Grade 34 haematological toxicities were not observed in an
open-label prospective phase II trial using ””Lu-DOTATATE [30], but in another study,
these toxicities occurred in 32.1% of patients, although none developed myelodysplasia
or haematological neoplasms [31]. In a different series including 1631 PRRT-treat pa-
tients, 1.8% had therapy-related myeloid neoplasms after a median time of 43 months [32].
Other adverse effects of PRRT include nausea (mainly caused by the amino-acid infusion),
vomiting, mild abdominal pain and temporary hair loss [22,33].

3. PRRT for Aggressive or Metastatic Pituitary Neuroendocrine Tumours (PitNETs)
3.1. Aggressive and Metastatic PitNETs

Aggressive PitNETs are tumours that display an unusually rapid growth rate or clini-
cally relevant growth rate despite the optimal use of conventional therapies [34]. However,
an agreed definition for aggressive PitNET is currently still lacking [1,2]. The prevalence of
aggressive PitNETs varies across studies, but overall, such cases remain relatively rare with
less than 2% of pituitary macroadenomas showing an aggressive course [35]. In rare circum-
stances, PitNETs develop either craniospinal or systemic metastasis (more commonly to
the liver, followed by cervical lymph nodes, bones and lungs), being commonly known as
pituitary carcinomas, or more recently as metastatic PitNETs. Metastatic PitNETs represent
<0.2% of all pituitary tumours, mainly derive from corticotroph or lactotroph tumours, and
are associated with a poor prognosis [1,2,34].

Many studies have sought to identify markers of aggressive PitNET behaviour; how-
ever, only few aggressiveness markers are recognised, including radiological invasion (into
the cavernous/sphenoid sinus or bone erosion), the proliferation markers Ki-67, mitotic
count and p53 staining, as well as some histotypes such as sparsely granulated somatotroph
tumours, null-cell or Crooke’s tumours [1,36-39]. To improve the prognostic assessment of
PitNETs, a clinicopathological classification was proposed [37], and validated in further
studies [37,40-44]. Other markers of aggressive PitNET disease have been investigated,
including in the following domains: (i) genetics, with germline mutations in AIP and
MENT genes, or duplications in GPR101, as well as somatic mutations in genes ATRX
or TP53, leading to more invasive and resistant PitNETs [45-50]; (ii) transcriptional and



Cancers 2023, 15, 2710

4 0f 21

post-transcriptional regulation [51-54]; (iii) serum inflammation-based biomarkers [55-57];
and (iv) tumour microenvironment [58-60]. Nevertheless, no single marker is able to
predict aggressive or recurrent PitNETs, and most of the above-mentioned markers still
need validation in predicting aggressive or malignant PitNET disease.

The therapeutic goals in patients with aggressive or metastatic PitNETs are to control
tumour growth and mass effects, as well as to control pituitary hormone excess syndromes,
while at same time, preserving as much as possible, the patient’s quality of life and prolong-
ing the progression-free survival (PFS) and overall survival. The management of aggressive
or metastatic PitNETs is challenging as, by definition, such cases do not optimally respond
to conventional treatments such as surgery, standard medical therapy or radiotherapy [2,34].
Further options beyond conventional treatments are limited, and at present, mainly include
temozolomide [2,34,61]. Other unconventional medications currently being investigated
and/or experimentally used are anti-angiogenic drugs such as bevacizumab, mTOR in-
hibitors (everolimus), tyrosine kinase inhibitors (lapatinib and sunitinib), and more recently,
immune checkpoint inhibitors such as ipilimumab and nivolumab [58,61-69]. Due to
PRRT'’s effectiveness in the management of NETs and other SSTR-expressing tumours, as
well as to the high expression of SSTRs in PitNETs, PRRT has emerged as a possible option
to treat patients with aggressive or metastatic PitNETs.

3.2. Somatostatin, Somatostatin Receptors (SSTRs) and Somatostatin Analogues for PitNETs

The discovery of somatostatin as an inhibitory polypeptide hormone was soon fol-
lowed by its therapeutic use in the form of somatostatin analogues, which are now widely
used to treat gastroenteropancreatic NETs, as well as patients with certain subtypes of
PitNETs, particularly those hypersecreting growth hormone (GH), adrenocorticotropic
hormone (ACTH) or thyroid-stimulating hormone (TSH) [70,71]. Somatostatin is an ubiq-
uitous neuropeptide produced by the hypothalamus, which has inhibitory effects on the
secretion of several hormones [70,71], as well as inhibits many biological functions like
exocrine secretion, cell proliferation and angiogenesis [72,73]. The action of somatostatin
is mediated by SSTRs [74-77]. There are five different SSTR subtypes (SSTR1 to SSTR5)
widely expressed in many different tissues and organs, all of them bind to somatostatin
with high affinity [70-72,77].

The anti-proliferative and anti-secretory effects of somatostatin raised great interest in
the oncology field, particularly for NETs. The usefulness of somatostatin itself is limited
due to its short half-life (~1.5 min), which has led to the development of somatostatin
analogues with a higher stability and longer half-life. Despite their lower affinity for SSTRs
in comparison to somatostatin, such analogues are effective in treating NETs [78], and
also PitNETs [71]. Currently, there are three somatostatin analogues approved for clinical
practice: octreotide, lanreotide and pasireotide [71,77,79,80].

The normal pituitary, as well as PitNET tissues, express in general all five SSTRs
(Table 1). The expression of the different SSTR subtypes varies according to the subtype of
PitNET [70,81-88]. GH- and TSH-secreting PitNETs mainly express SSTR2 (with more than
90% expressing SSTR2), but they also express SSTRS to a lesser extent. The predominant
subtype in ACTH-secreting PitNETs is SSTR5, but they also express SSTR2. Gonadotroph
tumours mainly express SSTR3, and in prolactinomas, SSTR1 and SSTR5 are the most
representative subtypes (Table 1) [70,89,90]. Expression levels of SSTRs, namely SSTR?2,
correlate with the response to somatostatin analogues [86-88,91,92], while resistance to
these drugs was predominantly found in PitNETs lacking SSTR2 [91,92].

Effective targeting of SSTRs with high-affinity somatostatin analogues allowed the
emergence of a theranostic approach centred on radiolabelled somatostatin analogues
using radioisotopes with diagnostic purpose (!!In and ®Ga), but also with therapeutic
intention (*°Y and "’Lu) [5,6]. The expression of SSTRs in PitNETs can be effectively
evaluated using functional SSTR imaging, which helps predicting the applicability of
PRRT [5,6]. Positive uptake on !In-octreotide-scintigraphy has been reported in more
than two-thirds of patients with GH- and TSH-secreting PitNETs, in at least half of the
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patients with non-functioning PitNETs (NF-PitNETs), and in about 40% of prolactinoma
patients [93]. ®®Ga-DOTATOC and ®Ga-DOTATATE positron emission tomography imag-
ing represent a major advance when compared to '!In-octreotide-scintigraphy [6,93], with
the quantitative radioisotope uptake correlating positively with SSTR2 expression in the
respective tissues [94].

Table 1. Expression pattern of somatostatin receptors in the normal and neoplastic pituitary.

SSTR1 SSTR2 SSTR3 SSTR4 SSTR5

Normal pituitary gland
Foetal pituitary + + + + +
Adult pituitary + + + - +
Pituitary tumour

GH-secreting PitNET 60% 90% 45% <5% 90%
ACTH-secreting PitNET 60% 75% 10% 30% 75%
Prolactin-secreting PitNET 90% 60% 20% 0% 80%
TSH-secreting PitNET 100% 100% 0% 0% 50%
Non-functioning PitNET 25% 55% 45% 0% 50%

Adapted from Cuevas-Ramos D and Fleseriu M 2014 | Mol Endocrinol [70]. For the normal pituitary gland, data
are shown as positive expression (+) or negative expression (—) of somatostatin receptors (SSTRs). For pituitary
neuroendocrine tumours (PitNETs), data are shown as values representing the percentage of PitNETs per tumour
type expressing each SSTR subtype. ACTH, adrenocorticotropic hormone; GH, growth hormone; PitNET, pituitary
neuroendocrine tumour; SSTR, somatostatin receptor; TSH, thyroid-stimulating hormone.

3.3. Data on Clinical Use of PRRT for Aggressive or Metastatic PitNETs

Despite the wide evidence of SSTRs expression in PitNETs, PRRT has been rarely
used in the management of patients with aggressive or metastatic PitNETs. To the best of
our knowledge, so far, the employment of PRRT has been reported only in 30 published
cases [61,95-108], summarised in Table 2. From the 30 reported patients treated with
PRRT, 23 (82%) had aggressive PitNETs and 5 (18%) had carcinomas (malignancy status
was not provided in 2 cases [103]): 11 had NF-PitNETs [61,96,97,99,101,102,104,105]; 5,
lactotroph tumours [61,95,96,101]; 3, somatotroph tumours [101,106,107]; 2, corticotroph
tumours [98,108]; 1, somatolactotroph tumour [102]; 1, thyrotroph tumour [61,104]; and 9,
unknown subtype (Figure 2).

Pituitary adenomas vs carcinomas Pituitary tumour subtypes Response to PRRT

Partial response.
n=5 (18%)

Pituitary carcinoma

n=5 (18%)

Progressive disease

Aggressive PitNET n=14 (52%)

n=23 (82%)

Unknown in 2 published cases Unknown in 7 published cases Unknown in 3 published cases

Figure 2. Aggressive or metastatic pituitary tumours treated with PRRT. Data were compiled and
analysed considering three aspects: (i) pituitary adenomas vs. carcinomas; (ii) pituitary tumour
subtype; and (iii) response to PRRT. Data are depicted in the graphs as the absolute number of patients
and the respective percentages in brackets, concerning only the cases where that specific information
were available; published case reports that omitted the respective data were not considered in the
graphs, and were counted as “unknown”. The number of cases with “unknown” data are shown
below each graph. ACTH, ACTH-secreting pituitary tumour; GH, GH-secreting pituitary tumour;
PitNET, pituitary neuroendocrine tumour; PRL, PRL-secreting pituitary tumour; PRL + GH, PRL and
GH co-secreting pituitary tumour; PRRT, peptide receptor radionuclide therapy; TSH, TSH-secreting
pituitary tumour.
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Table 2. Summary of the published patients with aggressive or metastatic pituitary tumours treated with PRRT.

Reference (PMID) Age/Sex Tumour Previous Functional Imaging T £ PRRT Acti TOt;g 1 Response in Tumour RI?ISPr(I):SZ in PFS
eterence gelse Type Treatments Prior to PRRT ypeo ctivity/Cycles Growth ormone (Months)
Number Reduction
Baldari 2012 Pituitary [95] .
(PMID: 22222543) # PR-significant Séircl;cil;s;l ;rI:)I;lL
e My, ‘de- 1], , )
Giuffrida 2019 Endocr Connect 58/F PRLoma DA, Op, RT, SSA Ir.l qctreotlde In DTPA 37 GBq/5 cycles shrinkage over 9 yrs 350,000 before PRRT 108
[96] (PMID: 30939449) # scintigraphy octreotide
- (from 63 to 3.1 mL) vs. 30,310 U/L at
Priola 2017 World Neurosurg last visit
[100] (PMID: 27713064) ¥ astvis
Kumar Gupta 2012 Int | 68
Endocrinol Metab [99] (PMID: 71/F  NF-PitNET None GaDOTA-NOC 1771\ DOTA-TATE 150 mCi/1 cycle na na -
PET/CT
23843835)
Kovacs 2013 Eur | Clin Invest . M n-octreotide- 90 . PD-died within the
[98] (PMID: 23134557) 16/F ACTH-PitCa 8xOp, BA, 3xRT scintigraphy Y-DOTA-TATE 400 mCi/2 cycles following year No response na
Komor 2014 Pituitary [97] D M n-octreotide- 177 . .
(PMID: 23740146) 56/M NEF-PitNET Op, RT scintigraphy Lu-DOTA-TOC 600 mCi/3 cycles SD > 8 yrs not applicable 96
i SD for 40 months
Maclean 2014 Pituitary [102] . 8Ga-DOTA-TATE 5, . . ’ .
(PMID: 24323313) 63/M NE-PitCa 2xOp, RT PET/CT Lu-DOTA-TATE =~ 29.6 GBq/4 cycles with CR in some not applicable 40
metastatic nodules
L GH/PRL- PD-died shortly
Maclean 2014 Pituitary [102] . 5xOp, RT, DA, 8Ga-DOTA-TATE 17y .
. 42/M secreting Lu-DOTA-TATE  15.3 GBq/2 cycles afterwards (prior to na 0
(PMID: 24323313) PitNET SSA, TMZ PET/CT cycle 3 of PRRT)
. . 7.4 GBq?/1 cycle PD-died ~9 months
68Ca- K q Y
Maclean 2014 Pituitary [102] 32/M Silent 4xOp, RT, TMZ Ga-DOTA-TATE 177Lu-DOTA-TATE  only due to facial later despite further not applicable 0
(PMID: 24323313) ACTHoma PET/CT .
pain Ctx, Op, TMZ and RT
Bengtsson 2015 ] Clin
Endocrinol Metab [101] (PMID: 59/F NE-PitNET T™MZ na 771u-DOTA-TATE na na na na
25646794)
Bengtsson 2015 | Clin
Endocrinol Metab [101] (PMID: Activity na/1
25646794) 46/M GH-PitCa T™Z Octreoscan 0Y-DOTA-TATE Cygie PD na na

Burman 2022 Eur | Endocrinol
[61] (PMID: 36018781) §
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Table 2. Cont.

Tumour Previous Functional Imaging Total Response in Tumour Response in PFS
Reference (PMID) Age/Sex Type Treatments Prior to PRRT Type of PRRT Activity/Cycles Growth Hormo‘ne (Months)
Number Reduction
Bengtsson 2015 ] Clin
Endocrinol Metab [101] (PMID: Activity na/2
25646794) 23/M PRLoma RT, TMZ 8Ga-PET 68Ga-DOTA-TATE { PD na na
Burman 2022 Eur | Endocrinol cycles
[61] (PMID: 36018781) §
i 68(3- R
Noﬁgﬁ’&ﬁg%’;%ﬁé&” 68/M NF-PitCa Op, RT GaI%CT);‘éTTATE 177Lu-DOTA-TATE ~ 22.2 GBq/3 cycles SD for 4 yrs not applicable 48
Waligorska-Stachura 2016 | g . 68 PR-significant
Newrosurg [106] (PMID: 26/M  CTLSCEUNg op RT, S5A Gaﬁ%’é}mﬁ %Y.DOTA-TATE 400 mCi/4 cycles shrinkage at 12 IGF-1 decreased 12
26636388) months
Lasolle 2017 Eur ] Endocrinol
[103] (PMID: 28432119) na na na na DOTA-NOC na PD PD na
Laﬁ) (l)lge] Z(giilgﬂzjsiggf ; gz)nol na na na na DOTA-NOC na Ongoing Ongoing na
McCormack 2018 Eur |
Endocrinol [104] (PMID: Activity na/2
29330228) na NF-PitNET ™Z Octreoscan 0Y-DOTA-TOC v i] SD at 12 months not applicable 12
Burman 2022 Eur | Endocrinol cycles
[61] (PMID: 36018781) §
McCormack 2018 Eur |
Endocrinol [104] (PMID: TSH- Activity na/1
29330228) na secreting ™Z Octreoscan 177Lu-DOTA-TATE e }i PD na na
Burman 2022 Eur ] Endocrinol PitNET cycle
[61] (PMID: 36018781) §
McCormack 2018 Eur | Aggressive
Endocrinol [104] (PMID: na PitNET (type None na na na PR na na
29330228) not specified)
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Table 2. Cont.

Tumour Previous Functional Imaging Total Response in Tumour Response in PFS
Reference (PMID) Age/Sex Type Treatments Prior to PRRT Type of PRRT Activity/Cycles Growth Hormo‘ne (Months)
Number Reduction
McCormack 2018 Eur | Aggressive
Endocrinol [104] (PMID: na PitNET (type None na na na SD na na
29330228) not specified)
McCormack 2018 Eur | Aggressive
Endocrinol [104] (PMID: na PitNET (type T™Z na na na PD na na
29330228) not specified)
McCormack 2018 Eur | Aggressive
Endocrinol [104] (PMID: na PitNET (type ™Z na na na PD na na
29330228) not specified)
McCormack 2018 Eur | Aggressive
Endocrinol [104] (PMID: na PitNET (type ™Z na na na PD na na
29330228) not specified)
Giuffrida 2019 Endocr Connect I;E;z;ﬁ:sfi;ﬁegottf
. 1117, oo
[96] (PMID: 30939449) 54/M PRLoma DA, 3xOp, RT In-octreotide- 1770\ bOTATOC 126 GBq/2cycles  83.6 mL; then, TMZ na 0
Priola 2017 World Neurosurg scintigraphy nd Ctx without
[100] (PMID: 27713064) ¥ . Wniade
benefit
Giuffrida 2019 Endocr Connect
[96] (PMID: 30939449) . M n-octreotide- 177 PD-increase from 7.7 )
Priola 2017 World Neurosurg 53/F NEF-PitNET 5xOp, RT, TMZ scintigraphy Lu-DOTA-TOC  29.8 GBq/5 cycles t0 141 mL not applicable 0
[100] (PMID: 27713064) ¥
. 99
Assadi 2020 Eur | Nucl Med . .
. i GH-secreting Op, unspecific m-EDDA-HYNIC- SD over 1 year, then GH decreased; but
Mol Imugi’;‘il[(l)gg (PMID: 48/M PitNET medical therapy tyr3-octreotide Lu-DOTA-TATE 222 GBq/3 cycles pituitary apoplexy IGF-1 remained high 12
scintigraphy
SD immediately after
Lin 2021  Endocr Soc [108] DA, ketoconarole 28.07 PRRL; nivolumab
(PMID: 34466766) 45/F ACTH-PitCa CAPTEM, BA, Ctx, GBq/4 cycles resumed after with ACTH decreased 6

ICI

shrinkage 6 months
later (61% reduction)
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Table 2. Cont.

Reference (PMID) Age/Sex Tumour Previous Functional Imaging Tvpe of PRRT Acti ?Ot/% 1 Response in Tumour RIEEISPI‘(::SE in PFS
elerence gelse Type Treatments Prior to PRRT ype ¢ l:I,utr};lbzrc es Growth Re(:luc?ioi (Months)

Burman 2022 Eur | Endocrinol D 68 177 Activity na/ .

[61] (PMID: 36018781) na NF-PitNET 2xTMZ Ga-PET Lu-DOTA-TATE 4cydles PR at 8 months not applicable 8
Burman 2022 Eur | Endocrinol . 177 Activity na/ .

[61] (PMID: 36018781) na NF-PitNET ™Z Octreoscan Lu-DOTA-TATE 4cydles PR > 26 months not applicable >26
Burman 2022 Eur | Endocrinol . 177 Activity na/ .

[61] (PMID: 36018781) na NEF-PitNET RT Octreoscan Lu-DOTA-TOC 6 cycles SD not applicable na
Burman 2022 Eur | Endocrinol TMZ+ 68 177 Activity na/

[61] (PMID: 36018781) na PRLoma Bevacizumab Ga-PET Lu-DOTA-TATE 1 cycle PD na na

i 90 K . i

Burman 2022 Eur | Endocrinol na PRLoma I TMZ 68Ca-PET Y-DOTA-TOC; Activity na/ PD na na

[61] (PMID: 36018781)

177Lu-DOTA-TATE

2 cycles; 1 cycle

# This patient has been reported on two different publications: in Baldari 2012 Pituitary, the short-term effectiveness of PRRT after 4 cycles was shown; in Giuffrida 2019 Endocr Connect, the

long-term efficacy of PRRT during the following 7 years of this same patient was shown. ¥ Some data regarding these patients were briefly given in Priola 2017 World Neurosurg; however,
the most detailed follow-up data concerning these were provided later in Giuffrida 2019 Endocr Connect. § These patients were first reported in other papers; however, further clinical
and follow-up details were provided later in Burman 2022 Eur | Endocrinol. ACTHoma, corticotrophinoma; BA, bilateral adrenalectomy; CAPTEM, temozolomide + capecitabine; Ctx,
chemotherapy; CR, complete response; CT, computed tomography; DA, dopamine agonists; GBq, gigabecquerel; GH, growth hormone; ICIs, immune checkpoint inhibitors; IGF-1, insulin-like
growth factor 1; na, not available; NF-PitCa, non-functioning pituitary carcinoma; NF-PitNET, non-functioning pituitary neuroendocrine tumour; Op, operation; PD, progressive disease; PET,
positron emission tomography; PFS, progression-free survival; PitCa, pituitary carcinoma; PitNET, pituitary neuroendocrine tumour; PMID, PubMed identifier; PR, partial response; PRL,
prolactin; PRLoma, prolactinoma; PRRT, peptide receptor radionuclide therapy; RT, radiotherapy; SD, stable disease; SSA, somatostatin analogues; TMZ, temozolomide.
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Of the 27 published cases with available information regarding the response to PRRT,
5 (18%) showed a partial response [61,95,104,106], 8 (30%) demonstrated stable disease,
and 14 patients (52%) had progressive disease (Figure 2 and Table 2). Notably, some re-
sponses to PRRT are remarkable and long-lasting, as illustrated in a female patient with
an aggressive prolactinoma that shrunk markedly following five cycles of PRRT, reducing
from 63.1 mL (volume pre-PRRT) to 28.2 mL (after two cycles) and then to 15.3 mL (after
four cycles) [95]; the long-term efficacy of PRRT was proven in this case, with a further
noteworthy reduction down to 3.1 mL over the following 7 years, with a PFS after PRRT
estimated at 108 months [96]. In this case, the initial tumour was resistant to cabergoline
(0.5 mg/daily); however, cabergoline was resumed in the same dosage after PRRT [95,96].
Thus, it is unclear as to whether the observed long-term efficacy is only attributable to
PRRT, or there may be a synergistic effect between PRRT and cabergoline. Interestingly,
a synergic effect between PRRT and checkpoint inhibitors was documented in a patient
with a multi-treated corticotroph carcinoma [69,108]. This case initially responded well
to ipilimumab and nivolumab [69], but eventually escaped and the disease progressed,
requiring a new therapeutic approach that consisted of four cycles of PRRT [108]. Imme-
diately following the fourth cycle, her disease stabilised and nivolumab was resumed;
remarkably, a 60% reduction of the tumour mass was seen 6 months later, accompanied
by a decrease in serum ACTH levels [108]. This case suggests that checkpoint inhibitors
(which have been increasingly used in pituitary tumours [58,62,63]) and PRRT-derived
radiation may be complementary for the management of aggressive or metastatic PitNETs.
It is possible that PRRT radiation-related cell lysis uncovers antigenic sites, triggers the
release of proinflammatory cytokines, and/or has immunomodulatory effects, resulting
in an immunogenic phenotype and sensitising PitNETs to checkpoint inhibitors, thereby
augmenting the effectiveness of immunotherapy in PitNET patients, as already seen for
other cancers [109,110].

More than 50% of the published cases had progressive disease after PRRT (i.e., did not
respond to PRRT), despite these pituitary tumours had, in general, a significant expression
of SSTRs on functional imaging prior to PRRT [93,96,111], suggesting that other properties
than tumour surface SSTR2 expression and binding are needed for the tumouricidal effects
of PRRT. SSTR functional imaging before PRRT is still needed to identify the expression of
SSTRs in aggressive PitNETs, thus confirming the suitability for the treatment; however,
challenges remain in predicting its efficacy as functional imaging is not able to adequately
predict the response to PRRT. Another observation that can be made from the published
non-responder cases is that PRRT seems to show no benefit for rapidly progressive disease,
which often undergo few PRRT cycles (one or two) that may be insufficient to stabilise
the disease or induce a response; consistently, a low Ki-67 proliferation index has been
associated with better PRRT outcomes [112]. Maclean et al. reported a patient with an
aggressive GH/PRL-secreting PitNET who had significant progressive disease and died
prior to the third PRRT cycle, and another case of a silent corticotroph tumour “unsuc-
cessfully’ treated with PRRT for rapidly progressive disease, although only one cycle was
given [102]. Six more cases labelled as progressive after only 1 or 2 PRRT cycles were
reported [61,96,98,100,101]. Therefore, in total, 8 of 14 cases with progressive disease after
PRRT (57%) were actually submitted to only 1 or 2 cycles of PRRT, which may reflect
a fruitless selection for PRRT in highly aggressive and rapidly progressive tumours that
possibly would progress regardless of the type of treatment. Ultimately, this may lead to
a critical underestimation of the efficacy and usefulness of PRRT in the management of
aggressive (but not rapidly progressive) pituitary tumours. Conversely, patients with good
performance status and slowly progressive disease may have more potential to benefit
from PRRT, including stabilising tumour growth if shrinkage is not achieved [102].

The response or resistance to PRRT appears not to be related with patient’s age
or gender, neither with the radionuclide/peptide or dosage used [96,111], nor with the
PitNET subtype [61]. In fact, partial responses were observed in functioning and non-
functioning tumours [61,95,96,106]. However, Giuffrida et al. described an association
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between PRRT resistance and previous treatment with temozolomide [96]. Currently, 3 out
of 5 published patients with partial response after PRRT (60%), and 6 out of 8 patients
with stable disease after PRRT (75%) were actually naive for temozolomide, whereas
among the 14 cases with progressive disease, at least 11 (79%) had previous temozolomide.
These figures align with the Giuffrida et al. findings correlating a previous exposure
to temozolomide with less responsiveness to PRRT. Although it is unclear if there is
a biological mechanism explaining this association, or if instead, there is some sort of
patient selection bias as tumours previously unresponsive to temozolomide might be more
aggressive and less sensitive to other forms of treatment, including PRRT. Theoretically,
PitNETs that progressed despite recent radiotherapy may be relatively radio-resistant,
and thus less likely of benefiting from PRRT; additionally, changes in the blood supply
following radiotherapy may also limit the delivery of PRRT to the pituitary tumour [102].
Nevertheless, prior radiotherapy should not preclude the use of PRRT, as there are cases
previously submitted to external radiotherapy who had a partial response or stable disease
after PRRT [61,95,97,102,106].

In general, PRRT has been well tolerated, and no major side effects are reported in
patients with aggressive or metastatic PitNETs submitted to PRRT [61,104], apart from
transient cytopenia [102,106], and an increase in facial pain following the first PRRT cycle in
one case, although imaging studies pointed the PitNET progression as its likely cause [102].
There is also a report of a patient who suffered pituitary apoplexy about 1 year after
PRRT [107], raising the question as to whether apoplexy could be a late consequence of the
radiation exposure during PRRT. However, no other reports of pituitary apoplexy following
PRRT have been described, namely in PitNET patients with follow-up longer than 3 years
after PRRT [95,97,102,105]. Komor et al. reported intact pituitary function in a NF-PitNET
patient more than 8 years after PRRT [97], while Maclean et al. described a patient with
a non-functioning carcinoma who had PRRT remaining with stable disease for 40 months
and required no adjustment to his replacement therapy [102]; also, the residual pituitary
function has not changed over the course of 9 years since the administration of PRRT to an
aggressive prolactinoma [95,96]. These reports, together with the data from studies on NET
patients (discussed below) [33,113-115], suggest that the residual pituitary function may
not be significantly affected in patients with aggressive or metastatic PitNETs after PRRT.

According to the latest guidelines on aggressive or metastatic PitNETs, PRRT may
be considered as a therapeutic option for a patient with an aggressive tumour in case
other treatments are not feasible or have failed in controlling the disease progression [34].
Overall, 30% of the published cases achieved stable disease while 18% showed partial
response (Figure 2); hence, the likelihood of a positive outcome following PRRT (i.e., stable
disease or partial response) for a patient with an aggressive, refractory and progressive
pituitary tumour may be as high as near 50%, with up to one-fifth of cases potentially
showing tumour reduction. Such a response rate is not very different from the other
(few) therapeutic options for patients with aggressive PitNETs, including temozolomide
and other systemic therapies [34,61,96,103]. Thus, PRRT can be regarded a safe option to
consider in a patient with an aggressive or metastatic PitNET after demonstrating high
expression of SSTRs through pre-PRRT functional imaging.

In order to further understand the role and usefulness of PRRT in this setting, as well
as to optimise PRRT-related response rates and outcomes, clinical research and prospective
studies are needed. Future research could potentially explore different avenues, includ-
ing: (i) the role of the earlier use of PRRT in the management algorithm of patients with
aggressive PitNETs; (ii) the use of new radioligands such as radiolabelled somatostatin
antagonists or radioligands with affinity for other SSTRs rather than only SSTR2 (possibly
an universal radioligand able to bind all SSTRs); (iii) the combined use of PRRT with other
medications, such as drugs able to upregulate the expression of SSTRs or drugs that may
have synergic effects such as immunotherapy; (iv) the potential interaction and effects of
previous exposure to temozolomide and other treatments such as radiotherapy in determin-
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ing the efficacy and safety of PRRT; (v) the assessment as to whether the extent of isotope
uptake on pre-PRRT functional imaging correlates or predicts the therapeutic response.

4. Pituitary Function following PRRT

SSTR density in normal endocrine organs is not as high as in NETs; however, the existence
of SSTRs in such organs expose them to some degree of radiation during PRRT [77,115]. The
normal anterior pituitary express SSTRs (Table 1), mainly SSTR2, SSTR5 and SSTR1 [74-76].
The expression of different SSTR subtypes varies according to the pituitary cell type, with
rat studies suggesting that the highest expression of SSTR2 can be found in somatotrophs
and thyrotrophs [74,116]. Consistently, the anterior pituitary shows the uptake on SSTR
imaging, suggesting that pituitary cells may be exposed to radiation during PRRT [6,93].
Hypopituitarism secondary to external beam radiotherapy is widely recognised, and the
risk increases proportionally with higher doses and long periods following the irradiation,
with GH and gonadotrophin axes being more radiosensitive, whereas ACTH and TSH
axes are significantly more resistant [117,118]. Hence, patients who received PRRT may
be theoretically at risk of developing hypopituitarism, which has prompted some groups
to investigate the effects of PRRT on the pituitary function. Four studies, summarised
in Table 3, have assessed the PRRT effects on pituitary function in patients with non-
pituitary neuroendocrine neoplasms who received PRRT [33,113-115]. Overall, the data
from these studies suggest that there is no significant increased risk of clinically relevant
hypopituitarism in patients exposed to PRRT [33,113-115].

4.1. Gonadal Axis

In post-menopausal women, two studies showed a decrease in serum follicle-stimulating
hormone (FSH) and luteinising hormone (LH) levels following PRRT [114,115], which
may suggest a potential effect of PRRT on gonadotrophs, although hypogonadotropic
hypogonadism in post-menopausal women is not clinically relevant. In contrast, a previous
study showed unchanged levels of LH and FSH (as well as oestradiol and inhibin B) before
and 24 months after PRRT [33], and another study with a longer follow-up showed no
differences in secondary hypogonadism rates between PRRT-treated and control females,
with no differences in FSH levels between these two subgroups; moreover, none of the
PRRT-treated post-menopausal women had inappropriately low levels of FSH and LH [113].

In men, gonadotrophins rise shortly after PRRT, accompanied by a decrease of inhibin
B; however, both returned to baseline 18-24 months after PRRT [33,115]. Total testosterone
decreases during the follow-up after PRRT [33,115], coincident with a decrease in sex
hormone binding globulin (SHBG), but the biochemically active non-SHBG-bound testos-
terone does not change [115]. Elston et al. found no differences in the rates of secondary
hypogonadism between PRRT-treated vs. control males, and PRRT was not a predictor of
male hypogonadism [113].

Taking together these data, gonadal function may be subject to subtle changes follow-
ing PRRT, but in the long-term, clinically relevant secondary hypogonadism seems not to
be an issue for PRRT-treated patients. Men undergoing PRRT may suffer from a transient
and reversible impairment of spermatogenesis [33,115], similar to male patients with thy-
roid cancer who undergo radioiodine therapy [119,120]. Although sperm analyses have
not been systematically performed in the studies, the observation of remarkable decrease
in inhibin B with concomitant raise in FSH, both returning to baseline several months
after PRRT [33,115], suggest a temporarily impaired spermatogenesis. In fact, inhibin B,
produced by the testicular Sertoli cells, plays a crucial role in the spermatogenesis, and is
also a major (negative) feedback regulator of FSH [121-123].
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Table 3. Studies investigating the pituitary function following PRRT.

Activity/

Reference (PMID) Study Population Gend:;/eMean Tf::t‘; (:slrllsts Type of PRRT Nlé;n;,l:lirs of :f(:lell?l"’vI;IIi"Il’" Main Findings Regarding the Pituitary Function Post-PRRT
Serum TSH did not change during or after PRRT, while FT4 levels
decreased significantly (mean 18.3 pmol/L before PRRT; and 15.5 to
131 pts with 17.5 pmol/L 3- to 24-months after PRRT)
Kwekkeboom 2005 metastasized or 48% had surgery; In women: LH, FSH, estradiol and inhibin B levels did not change
J Clin Oncol [33] inoperable 65 M, 5% EBRT; 77 Lu- 600800 mCi 24 months In men: serum testosterone decreased in the follow-up period (from
(PMID: 15837990) gastroentero- 66 F/56 years 15% chemotherapy; DOTATATE a mean of 14.4 nmol/L before PRRT to 10.4 nmol/L 24 months after
’ pancreatic 50% SSA the last cycle of PRRT; p < 0.01), while LH did not change. Serum
NETs inhibin B also decreased (from a mean of 179 ng/L before PRRT to
23 ng/L 3 months after the last cycle) accompanied by a rise in FSH,
both returning to baseline at 18-24 months after the last PRRT cycle.
15 of 35 male pts (43%) had hypogonadism prior to PRRT
In men: serum inhibin B decreased 3 months after PRRT (205 + 16
to 25 £ 4 ng/L; p < 0.05), suggesting transient spermatogenesis
impairment; there was also an increase in FSH (5.9 £ 0.5t022.7 &
1.410/L; p <0.05)and LH (5.2 £ 0.6 to 7.7 = 0.7 IU/L; p < 0.05);
these returned later near to the baseline level. Total testosterone and
SHBG decreased (respectively, 15.0 & 0.9 to 10.6 &= 1.0 nmol/L;
p <0.05, and 61.8 + 8.7 to 33.2 £ 3.7 nmol/L; p < 0.05) while
79 pts with various non-SHBG-bound testosterone did not change.
Teunissen 2009 Eur types of 46% had surgery: 600-800 mCi In post-menopausal women: serum FSH and LH decreased
J Nucl Med Mol endocrine-related 38 M, 41 8% chemo the%‘a Y 77 Lu- (G4cyceswith ), L 24 months after PRRT (respectively, 74.4 £ 5.6 to 62.4 + 7.7 IU/L;
Imaging [115] cancers (74 NETs, F/54.8 years 4% EBRT: 46% SI;}X DOTATATE 6- or 9-week p<0.05,and 21.1 £ 3.0 t0 21.1 £ 3.0 IU/L; p < 0.05)
(PMID: 19471926) 4 thyroid cancers, ! intervals) Thyroid axis: FT4 decreased 24 months after PRRT (17.7 + 0.4 to

1 paraganglioma)

15.6 £ 0.6 pmol/L; p < 0.05), but TSH and T3 did not change
(although tended to increase and decrease, respectively). rT3
decreased from 0.38 =+ 0.03 to 0.30 = 0.01 nmol/L (p < 0.05). Two of
66 pts (3%) developed primary hypothyroidism.

Adrenal axis: adequate cortisol response on ACTH stimulation tests
in all pts before and after PRRT. Mean peak cortisol response before
PRRT was higher than after PRRT (909 + 57 vs. 822 4 35 nmol/L;
p < 0.001)

GH/IGF-1 axis was not evaluated
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Table 3. Cont.

Activity/

Reference (PMID) Study Population Genct:;/ivlean Tf::t‘; (:slrllsts Type of PRRT Nlé;n;,l:lirs of :f(:lell?l"’vI;IIi"Il’" Main Findings Regarding the Pituitary Function Post-PRRT
- IGF-1 decreased during follow-up (p < 0.005): a decrease of —15%
and —30% at 19-24 months and >48 months of follow-up,
" 80% had SSA; . respectively.
N, Sundlov 2021 68 pts with 12% chemotherapy; 177 Median Median - Extl:,nt of IéF—l decrease correlated with the number of cycles
euroendocrinology . d 37M, 31 15% biologics: Lu- 37.0 GB 30 months = 0.008) and with the absorbed radiation d = 0.03
[114] (PMID: progressive grade F/66 years o iologics; DOTATATE . q (range: (p = 0.008) and wi e absorbed radiation dose (p = 0.03)
32259830) 1-2 NETs 1% MIBG; (IQR: 14.8-66.6) 11-89) - In post-menopausal women, serum LH and FSH tended to decrease
40% liver- therapies (p value NS) during follow-up, while in men, they increased in the
first year following PRRT, after which returned to baseline
- No changes in the adrenal or thyroid axes
- There were no differences in male hypogonadism or other hormone
deficiencies between PRRT-treated pts vs. controls
- 16 of 38 pts (42%) men from the whole cohort had hypogonadism:
7 pts had primary hypogonadism (5 from the PRRT group); 9 pts
had secondary hypogonadism (6 from the PRRT group)
- No differences in the proportion of pts with secondary
hypogonadism between PRRT-treated vs. control males (48 vs. 33%;
' PRRT group: P j 0.51), as well as among PRRT—'treated vs. control fgmales (0 vs.
Elston 2021 Cancer 66 pts w1tk11 23 M, Median 12 0/0; p = 0.51). PRRT did not predict male hypogonadism (OR = 1.8,
Med unresectable 11F/65.1years  53% had SSA; Mean31.8GBq 68 months 95% C105-7.1).
. metastatic NETs: o na . . - No differences in median FSH between post-menopausal women
[113] (PMID: 34 received PRRT vS- 50% chemotherapy (IQR: 31.2-35) (IOR: who had PRRT vs. those who did not (61.5 vs. 66 U/L)
34697905) Controls: 15 M, 51.3-102) : .

vs. 32 controls

17 F/61.6 years

No differences in the total dose received between PRRT-treated pts
who developed secondary hypogonadism vs. those who did not
(32.1vs. 32.5 GBq; p = 1.000)

One of 34 PRRT-treated pts (3%) developed GH deficiency
confirmed by both low IGF-1 and glucagon stimulation testing

(65 months after PRRT, cumulative dose 33.7 GBq)

No differences in the proportion of pts with hyperprolactinaemia
between PRRT-treated pts vs. controls (12 vs. 7%; p = 0.67)

No diabetes insipidus

ACTH, adrenocorticotropic hormone; CI, confidence interval; EBRT, external beam radiotherapy; F, females; FSH, follicle-stimulating hormone; FT4, free thyroxine; GBq, gigabecquerel;
GH, growth hormone; IGF-1, insulin-like growth factor 1; IQR, interquartile range; LH, luteinising hormone; M, males; mCi, millicurie; MIBG, metaiodobenzylguanidine; na, not available;
NET, neuroendocrine tumour; NS, not significant; OR, odds ratio; PMID, PubMed identifier; PRRT, peptide receptor radionuclide therapy; pts, patients; rT3, reverse triiodothyronine;
SHBG, sex hormone binding globulin; SSA, somatostatin analogues; T3, triiodothyronine; TSH, thyroid-stimulating hormone.
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4.2. Somatotroph Axis

The somatotroph axis, recognised as the most radiosensitive and the first pituitary
axis to reflect the radiation effects [117,118], was assessed in PRRT-treated patients in
two studies [113,114]. Sundlov et al. showed a decrease in serum insulin-like growth
factor 1 (IGF-1) levels following PRRT, estimated at —15% and —30% at 19-24 months and
>48 months of follow-up, respectively, which correlated with the number of PRRT cycles
and the absorbed radiation doses. This was interpreted as pituitary-related GH deficiency,
as albumin levels during the follow-up did not change, making unlikely that IGF-1 decrease
would be a result of liver damage; moreover, most patients were already receiving a fixed
dose of somatostatin analogues at baseline which remained stable, therefore not explaining
either the decrease of IGF-1 during the follow-up [114]. On a different study, 1 of 34 patients
(3%) developed GH deficiency 55 months after PRRT, and Elston et al. reported a trend for
GH deficiency based on lower IGF-1 Z-scores in PRRT-treated vs. control patients [113].
Whilst the development of GH deficiency may eventually explain constitutional symptoms,
such as fatigue or body composition changes that might be reported by PRRT-treated
patients, a finding of GH deficiency post-PRRT would not alter the management, as GH
replacement therapy is contraindicated in patients with active malignancy [124], and neither
should it preclude clinicians prescribing PRRT for a progressive and potentially threating
neuroendocrine neoplasm.

4.3. Thyroid Axis

Sundlov et al. and Elston et al. reported no changes in the thyroid axis as a result of
PRRT [113,114], while two earlier studies showed that free thyroxine (FT4) levels decrease
3 to 24 months after PRRT with no changes in TSH and T3 [33,115]. The development of
primary hypothyroidism is also uncommon in PRRT-treated patients, occurring in only 3%
of cases [115]. The levels of reverse triiodothyronine (rT3) also decrease after PRRT [115].
Considering the chronicity and severity of the underlying malignant disease and their
impact on the thyroid axis, it is currently unknown as to whether such changes, particularly
in serum FT4, are secondary to the effects of PRRT or instead due to a cancer-related
non-thyroidal illness [115], neither it is clear if these patients at a longer term will evolve to
hypothyroidism requiring thyroxine replacement therapy.

4.4. Hypothalamo—Pituitary—Adrenal Axis

The hypothalamo—pituitary—adrenal axis remained intact in patients submitted to
PRRT across three studies investigating the adrenal function post-PRRT [113-115]. These
studies mainly relied on measuring basal serum ACTH and cortisol, while Teunissen
et al. studied the adrenal reserve with low dose ACTH stimulation tests. An adequate
cortisol response (>550 nmol/L) on the ACTH stimulation test was seen in all patients
before and 24 months after PRRT; however, the mean peak cortisol response before PRRT
was higher than that after PRRT (909 £ 57 vs. 822 £ 35 nmol/L; p < 0.001). Whether
this subtle difference in the mean peak stimulated cortisol after PRRT reflects any partial
radiation-induced adrenal insufficiency or just a less stressful state of patients remains
unclear; nevertheless, such a difference is not clinically relevant as any of the patients
failed the ACTH stimulation test, and thus none of them would be diagnosed with adrenal
insufficiency nor require glucocorticoid replacement therapy [115].

5. Conclusions

Aggressive pituitary tumours can be resistant to conventional treatments, including
surgery, radiotherapy or medical therapy. Temozolomide is recommended as first-line
therapy for aggressive or metastatic PitNETs, when conventional means failed; however, the
rate of relapse after temozolomide in the long-term is high. Other therapeutic approaches
are emerging as possible options for selected cases, including PRRT. The expression of
SSTRs in PitNETs, together with the effectiveness of somatostatin analogues in some
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subtypes of PitNETs, paved the way for employing PRRT for aggressive or metastatic
PitNETs. However, there are only a few cases where such treatment has been used; hence,
data about efficacy and safety of PRRT in this setting are scarce. From the 30 published
cases, it seems that PRRT may induce a partial response in up to a fifth of cases, stabilise the
disease in about a third, while the majority of patients will not respond to PRRT and will
have progressive disease (Figure 2). Regarding safety, PRRT seems to be safe for PitNET
patients, and there is no increased risk for new-onset (or worsening) of clinically relevant
hypopituitarism in patients with PitNETs or non-pituitary NETs who undergo PRRT. At
present, PRRT can be considered as a therapeutic option for patients with aggressive
or metastatic PitNETs if other approaches are not feasible or have failed in controlling
the disease progression. However, to fully establish the role and usefulness of PRRT
in the management of patients with aggressive pituitary tumours, further research and
prospective studies, in particular, are needed.

Funding: PM. is supported by the Neuroendocrine Tumor Research Foundation (NETRF).
Acknowledgments: PM. is grateful to Ashley B. Grossman for his critical review of the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Melmed, S.; Kaiser, U.B.; Lopes, M.B.; Bertherat, J.; Syro, L.V.; Raverot, G.; Reincke, M.; Johannsson, G.; Beckers, A.; Fleseriu, M.;
et al. Clinical Biology of the Pituitary Adenoma. Endocr. Rev. 2022, 43, 1003-1037. [CrossRef] [PubMed]

Raverot, G.; Ilie, M.D.; Lasolle, H.; Amodru, V.; Trouillas, J.; Castinetti, F,; Brue, T. Aggressive pituitary tumours and pituitary
carcinomas. Nat. Rev. Endocrinol. 2021, 17, 671-684. [CrossRef] [PubMed]

Meij, B.P;; Lopes, M.B.; Ellegala, D.B.; Alden, T.D.; Laws, E.R,, Jr. The long-term significance of microscopic dural invasion in
354 patients with pituitary adenomas treated with transsphenoidal surgery. J. Neurosurg. 2002, 96, 195-208. [CrossRef] [PubMed]
Zada, G.; Woodmansee, W.W.; Ramkissoon, S.; Amadio, J.; Nose, V.; Laws, E.R., Jr. Atypical pituitary adenomas: Incidence,
clinical characteristics, and implications. J. Neurosurg. 2011, 114, 336-344. [CrossRef] [PubMed]

Cimini, A.; Ricci, M.; Russo, E; Egidi, M.; Calabria, F.; Bagnato, A.; Schillaci, O.; Chiaravalloti, A. Peptide Receptor Radionuclide
Therapy and Primary Brain Tumors: An Overview. Pharmaceuticals 2021, 14, 872. [CrossRef]

Chevalier, B.; Jannin, A.; Espiard, S.; Merlen, E.; Beron, A ; Lion, G.; Vantyghem, M.C.; Huglo, D.; Cortet-Rudelli, C.; Baillet, C.
Pituitary adenoma & nuclear medicine: Recent outcomes and ongoing developments. Presse Med. 2022, 51, 104144.

Bodei, L.; Mueller-Brand, J.; Baum, R.P; Pavel, M.E.; Horsch, D.; O’Dorisio, M.S.; O’Dorisio, T.M.; Howe, J.R.; Cremonesi, M.;
Kwekkeboom, D.J.; et al. The joint IAEA, EANM, and SNMMI practical guidance on peptide receptor radionuclide therapy
(PRRNT) in neuroendocrine tumours. Eur. J. Nucl. Med. Mol. Imaging 2013, 40, 800-816. [CrossRef]

Garske-Roman, U.; Sandstrom, M.; Fross Baron, K.; Lundin, L.; Hellman, P.; Welin, S.; Johansson, S.; Khan, T.; Lundqvist,
H.; Eriksson, B.; et al. Prospective observational study of (177)Lu-DOTA-octreotate therapy in 200 patients with advanced
metastasized neuroendocrine tumours (NETs): Feasibility and impact of a dosimetry-guided study protocol on outcome and
toxicity. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 970-988. [CrossRef]

Kim, S.J.; Pak, K,; Koo, PJ.; Kwak, ].].; Chang, S. The efficacy of (177)Lu-labelled peptide receptor radionuclide therapy in patients
with neuroendocrine tumours: A meta-analysis. Eur. J. Nucl. Med. Mol. Imaging 2015, 42, 1964-1970. [CrossRef]

Strosberg, J.; El-Haddad, G.; Wolin, E.; Hendifar, A.; Yao, J.; Chasen, B.; Mittra, E.; Kunz, PL.; Kulke, M.H.; Jacene, H.; et al. Phase
3 Trial of (177)Lu-Dotatate for Midgut Neuroendocrine Tumors. N. Engl. ]. Med. 2017, 376, 125-135. [CrossRef]

Stojanoski, S.; Boldt, H.B.; Kozic, D.; Patocs, A.; Korbonits, M.; Medic-Stojanoska, M.; Casar-Borota, O. Case Report: Malignant
Primary Sellar Paraganglioma With Unusual Genetic and Imaging Features. Front. Oncol. 2021, 11, 739255. [CrossRef] [PubMed]
Parghane, R.V,; Talole, S.; Basu, S. (131)I-MIBG negative progressive symptomatic metastatic paraganglioma: Response and
outcome with (177)Lu-DOTATATE peptide receptor radionuclide therapy. Ann. Nucl. Med. 2021, 35, 92-101. [CrossRef] [PubMed]
Severi, S.; Bongiovanni, A.; Ferrara, M.; Nicolini, S.; Di Mauro, F; Sansovini, M.; Lolli, I.; Tardelli, E.; Cittanti, C.; Di Iorio, V,;
et al. Peptide receptor radionuclide therapy in patients with metastatic progressive pheochromocytoma and paraganglioma:
Long-term toxicity, efficacy and prognostic biomarker data of phase II clinical trials. ESMO Open 2021, 6, 100171. [CrossRef]
[PubMed]

Tsang, E.S.; Funk, G.; Leung, ].; Kalish, G.; Kennecke, H.F. Supportive Management of Patients with Advanced Pheochromocy-
tomas and Paragangliomas Receiving PRRT. Curr. Oncol. 2021, 28, 2823-2829. [CrossRef]

Hayes, A.R.; Crawford, A.; Al Riyami, K.; Tang, C.; Bomanyji, ].; Baldeweg, S.E.; Wild, D.; Morganstein, D.; Harry, A.; Grozinsky-
Glasberg, S.; et al. Metastatic Medullary Thyroid Cancer: The Role of 68Gallium-DOTA-Somatostatin Analogue PET/CT and
Peptide Receptor Radionuclide Therapy. J. Clin. Endocrinol. Metab. 2021, 106, e4903—4916. [CrossRef]


https://doi.org/10.1210/endrev/bnac010
https://www.ncbi.nlm.nih.gov/pubmed/35395078
https://doi.org/10.1038/s41574-021-00550-w
https://www.ncbi.nlm.nih.gov/pubmed/34493834
https://doi.org/10.3171/jns.2002.96.2.0195
https://www.ncbi.nlm.nih.gov/pubmed/11838791
https://doi.org/10.3171/2010.8.JNS10290
https://www.ncbi.nlm.nih.gov/pubmed/20868211
https://doi.org/10.3390/ph14090872
https://doi.org/10.1007/s00259-013-2454-3
https://doi.org/10.1007/s00259-018-3945-z
https://doi.org/10.1007/s00259-015-3155-x
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.3389/fonc.2021.739255
https://www.ncbi.nlm.nih.gov/pubmed/34888235
https://doi.org/10.1007/s12149-020-01541-z
https://www.ncbi.nlm.nih.gov/pubmed/33135123
https://doi.org/10.1016/j.esmoop.2021.100171
https://www.ncbi.nlm.nih.gov/pubmed/34139487
https://doi.org/10.3390/curroncol28040247
https://doi.org/10.1210/clinem/dgab588

Cancers 2023, 15, 2710 17 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Maghsoomi, Z.; Emami, Z.; Malboosbaf, R.; Malek, M.; Khamseh, M.E. Efficacy and safety of peptide receptor radionuclide
therapy in advanced radioiodine-refractory differentiated thyroid cancer and metastatic medullary thyroid cancer: A systematic
review. BMC Cancer 2021, 21, 579. [CrossRef]

Gubbi, S.; Koch, C.A.; Klubo-Gwiezdzinska, J. Peptide Receptor Radionuclide Therapy in Thyroid Cancer. Front. Endocrinol. 2022,
13, 896287. [CrossRef]

Versari, A.; Sollini, M.; Frasoldati, A.; Fraternali, A.; Filice, A.; Froio, A.; Asti, M.; Fioroni, F.; Cremonini, N.; Putzer, D.; et al.
Differentiated thyroid cancer: A new perspective with radiolabeled somatostatin analogues for imaging and treatment of patients.
Thyroid 2014, 24, 715-726. [CrossRef]

Hofland, J.; Brabander, T.; Verburg, F.A.; Feelders, R.A.; de Herder, W.W. Peptide Receptor Radionuclide Therapy. J. Clin.
Endocrinol. Metab. 2022, 107, 3199-3208. [CrossRef]

Strosberg, J.; Leeuwenkamp, O.; Siddiqui, M.K. Peptide receptor radiotherapy re-treatment in patients with progressive neuroen-
docrine tumors: A systematic review and meta-analysis. Cancer Treat. Rev. 2021, 93, 102141. [CrossRef]

Zidan, L.; Iravani, A.; Kong, G.; Akhurst, T.; Michael, M.; Hicks, R.J. Theranostic implications of molecular imaging phenotype of
well-differentiated pulmonary carcinoid based on (68)Ga-DOTATATE PET/CT and (18)F-FDG PET/CT. Eur. ]. Nucl. Med. Mol.
Imaging 2021, 48, 204-216. [CrossRef]

Puliani, G.; Chiefari, A.; Mormando, M.; Bianchini, M.; Lauretta, R.; Appetecchia, M. New Insights in PRRT: Lessons from 2021.
Front. Endocrinol. 2022, 13, 861434. [CrossRef] [PubMed]

Hartrampf, P.E.; Hanscheid, H.; Kertels, O.; Schirbel, A.; Kreissl, M.C.; Flentje, M.; Sweeney, R.A.; Buck, A.K,; Polat, B.; Lapa,
C. Long-term results of multimodal peptide receptor radionuclide therapy and fractionated external beam radiotherapy for
treatment of advanced symptomatic meningioma. Clin. Transl. Radiat. Oncol. 2020, 22, 29-32. [CrossRef] [PubMed]

Mirian, C.; Duun-Henriksen, A.K.; Maier, A.; Pedersen, M.M.; Jensen, L.R.; Bashir, A.; Graillon, T.; Hrachova, M.; Bota, D.; van
Essen, M.; et al. Somatostatin Receptor-Targeted Radiopeptide Therapy in Treatment-Refractory Meningioma: Individual Patient
Data Meta-analysis. . Nucl. Med. 2021, 62, 507-513. [CrossRef] [PubMed]

Parghane, R.V,; Talole, S.; Basu, S. Prevalence of hitherto unknown brain meningioma detected on (68)Ga-DOTATATE positron-
emission tomography/computed tomography in patients with metastatic neuroendocrine tumor and exploring potential of
(177)Lu-DOTATATE peptide receptor radionuclide therapy as single-shot treatment approach targeting both tumors. World J.
Nucl. Med. 2019, 18, 160-170.

Lange, F.; Kaemmerer, D.; Behnke-Mursch, J.; Bruck, W.; Schulz, S.; Lupp, A. Differential somatostatin, CXCR4 chemokine and
endothelin A receptor expression in WHO grade I-IV astrocytic brain tumors. J. Cancer Res. Clin. Oncol. 2018, 144, 1227-1237.
[CrossRef] [PubMed]

Cordier, D.; Forrer, F; Kneifel, S.; Sailer, M.; Mariani, L.; Macke, H.; Muller-Brand, J.; Merlo, A. Neoadjuvant targeting of
glioblastoma multiforme with radiolabeled DOTAGA-substance P—Results from a phase I study. ]. Neurooncol. 2010, 100, 129-136.
[CrossRef]

Heute, D.; Kostron, H.; von Guggenberg, E.; Ingorokva, S.; Gabriel, M.; Dobrozemsky, G.; Stockhammer, G.; Virgolini, L].
Response of recurrent high-grade glioma to treatment with (90)Y-DOTATOC. |. Nucl. Med. 2010, 51, 397-400. [CrossRef]
Schumacher, T.; Hofer, S.; Eichhorn, K.; Wasner, M.; Zimmerer, S.; Freitag, P.; Probst, A.; Gratzl, O.; Reubi, ].C.; Maecke, R.; et al.
Local injection of the *Y-labelled peptidic vector DOTATOC to control gliomas of WHO grades IT and III: An extended pilot
study. Eur. J. Nucl. Med. Mol. Imaging 2002, 29, 486-493. [CrossRef]

Paganelli, G.; Sansovini, M.; Nicolini, S.; Grassi, I.; Ibrahim, T.; Amadori, E.; Di Iorio, V.; Monti, M.; Scarpi, E.; Bongiovanni, A.;
et al. (177)Lu-PRRT in advanced gastrointestinal neuroendocrine tumors: 10-year follow-up of the IRST phase II prospective
study. Eur. ]. Nucl. Med. Mol. Imaging 2021, 48, 152-160. [CrossRef]

Kipnis, S.T.; Hung, M.; Kumar, S.; Heckert, ] M.; Lee, H.; Bennett, B.; Soulen, M.C.; Pryma, D.A.; Mankoff, D.A.; Metz, D.C,;
et al. Laboratory, Clinical, and Survival Outcomes Associated with Peptide Receptor Radionuclide Therapy in Patients with
Gastroenteropancreatic Neuroendocrine Tumors. JAMA Netw. Open 2021, 4, €212274. [CrossRef] [PubMed]

Chantadisai, M.; Kulkarni, H.R.; Baum, R.P. Therapy-related myeloid neoplasm after peptide receptor radionuclide therapy
(PRRT) in 1631 patients from our 20 years of experiences: Prognostic parameters and overall survival. Eur. J. Nucl. Med. Mol.
Imaging 2021, 48, 1390-1398. [CrossRef] [PubMed]

Kwekkeboom, D.J.; Teunissen, ].J.; Bakker, W.H.; Kooij, PP; de Herder, WW.; Feelders, R.A.; van Eijck, C.H.; Esser, ].P.; Kam, B.L,;
Krenning, E.P. Radiolabeled somatostatin analog [/ Lu-DOTA?, Tyr®]octreotate in patients with endocrine gastroenteropancreatic
tumors. J. Clin. Oncol. 2005, 23, 2754-2762. [CrossRef] [PubMed]

Raverot, G.; Burman, P.; McCormack, A.; Heaney, A.; Petersenn, S.; Popovic, V.; Trouillas, J.; Dekkers, O.M.; European Society of
Endocrinology. European Society of Endocrinology Clinical Practice Guidelines for the Management of Aggressive Pituitary
Tumours and Carcinomas. Eur. J. Endocrinol. 2018, 178, G1-G24. [CrossRef]

Dekkers, O.M.; Karavitaki, N.; Pereira, A.M. The epidemiology of aggressive pituitary tumors (and its challenges). Rev. Endocr.
Metab. Disord. 2020, 21, 209-212. [CrossRef]

Chatzellis, E.; Alexandraki, K.I.; Androulakis, II; Kaltsas, G. Aggressive pituitary tumors. Neuroendocrinology 2015, 101, 87-104.
[CrossRef]


https://doi.org/10.1186/s12885-021-08257-x
https://doi.org/10.3389/fendo.2022.896287
https://doi.org/10.1089/thy.2013.0225
https://doi.org/10.1210/clinem/dgac574
https://doi.org/10.1016/j.ctrv.2020.102141
https://doi.org/10.1007/s00259-020-04915-7
https://doi.org/10.3389/fendo.2022.861434
https://www.ncbi.nlm.nih.gov/pubmed/35450421
https://doi.org/10.1016/j.ctro.2020.03.002
https://www.ncbi.nlm.nih.gov/pubmed/32195377
https://doi.org/10.2967/jnumed.120.249607
https://www.ncbi.nlm.nih.gov/pubmed/32859705
https://doi.org/10.1007/s00432-018-2645-1
https://www.ncbi.nlm.nih.gov/pubmed/29696364
https://doi.org/10.1007/s11060-010-0153-5
https://doi.org/10.2967/jnumed.109.072819
https://doi.org/10.1007/s00259-001-0717-x
https://doi.org/10.1007/s00259-020-04873-0
https://doi.org/10.1001/jamanetworkopen.2021.2274
https://www.ncbi.nlm.nih.gov/pubmed/33755166
https://doi.org/10.1007/s00259-020-05127-9
https://www.ncbi.nlm.nih.gov/pubmed/33247328
https://doi.org/10.1200/JCO.2005.08.066
https://www.ncbi.nlm.nih.gov/pubmed/15837990
https://doi.org/10.1530/EJE-17-0796
https://doi.org/10.1007/s11154-020-09556-7
https://doi.org/10.1159/000371806

Cancers 2023, 15, 2710 18 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Trouillas, J.; Roy, P.; Sturm, N.; Dantony, E.; Cortet-Rudelli, C.; Viennet, G.; Bonneville, ].E; Assaker, R.; Auger, C.; Brue, T.; et al.
A new prognostic clinicopathological classification of pituitary adenomas: A multicentric case-control study of 410 patients with
8 years post-operative follow-up. Acta Neuropathol. 2013, 126, 123-135. [CrossRef]

de Aguiar, PH.; Aires, R.; Laws, E.R.; Isolan, G.R.; Logullo, A.; Patil, C.; Katznelson, L. Labeling index in pituitary adenomas
evaluated by means of MIB-1: Is there a prognostic role? A critical review. Neurol. Res. 2010, 32, 1060-1071. [CrossRef]

Zaidi, H.A.; Cote, D.]J.; Dunn, LF,; Laws, E.R., Jr. Predictors of aggressive clinical phenotype among immunohistochemically
confirmed atypical adenomas. J. Clin. Neurosci. 2016, 34, 246-251. [CrossRef]

Raverot, G.; Dantony, E.; Beauvy, J.; Vasiljevic, A.; Mikolasek, S.; Borson-Chazot, F; Jouanneau, E.; Roy, P; Trouillas, J. Risk of
Recurrence in Pituitary Neuroendocrine Tumors: A Prospective Study Using a Five-Tiered Classification. J. Clin. Endocrinol.
Metab. 2017, 102, 3368-3374. [CrossRef]

Asioli, S.; Righi, A.; ITommi, M.; Baldovini, C.; Ambrosi, F.; Guaraldi, F; Zoli, M.; Mazzatenta, D.; Faustini-Fustini, M.; Rucci, P;
et al. Validation of a clinicopathological score for the prediction of post-surgical evolution of pituitary adenoma: Retrospective
analysis on 566 patients from a tertiary care centre. Eur. |. Endocrinol. 2019, 180, 127-134. [CrossRef]

Guaraldi, F; Zoli, M.; Righi, A.; Gibertoni, D.; Marino Picciola, V.; Faustini-Fustini, M.; Morandi, L.; Bacci, A.; Pasquini, E.;
Mazzatenta, D.; et al. A practical algorithm to predict postsurgical recurrence and progression of pituitary neuroendocrine
tumours (PitNET)s. Clin. Endocrinol. 2020, 93, 36-43. [CrossRef] [PubMed]

Lelotte, J.; Mourin, A.; Fomekong, E.; Michotte, A.; Raftopoulos, C.; Maiter, D. Both invasiveness and proliferation criteria predict
recurrence of non-functioning pituitary macroadenomas after surgery: A retrospective analysis of a monocentric cohort of 120
patients. Eur. |. Endocrinol. 2018, 178, 237-246. [CrossRef] [PubMed]

Sahakian, N.; Appay, R.; Resseguier, N.; Graillon, T.; Piazzola, C.; Laure, C.; Figarella-Branger, D.; Regis, J.; Castinetti, F; Brue, T.;
et al. Real-life clinical impact of a five-tiered classification of pituitary tumors. Eur. . Endocrinol. 2022, 187, 893-904. [CrossRef]
[PubMed]

Daly, A.E; Tichomirowa, M.A.; Petrossians, P.; Heliovaara, E.; Jaffrain-Rea, M.L.; Barlier, A.; Naves, L.A.; Ebeling, T.; Karhu, A;
Raappana, A.; et al. Clinical characteristics and therapeutic responses in patients with germ-line AIP mutations and pituitary
adenomas: An international collaborative study. J. Clin. Endocrinol. Metab. 2010, 95, E373-E383. [CrossRef]

Marques, P.; Caimari, F.; Hernandez-Ramirez, L.C.; Collier, D.; lacovazzo, D.; Ronaldson, A.; Magid, K.; Lim, C.T; Stals, K.; Ellard,
S.; et al. Significant Benefits of AIP Testing and Clinical Screening in Familial Isolated and Young-Onset Pituitary Tumors. J. Clin.
Endocrinol. Metab. 2020, 105, €2247-€2260. [CrossRef]

Beckers, A.; Lodish, M.B; Trivellin, G.; Rostomyan, L.; Lee, M.; Faucz, ER.; Yuan, B.; Choong, C.S.; Caberg, ].H.; Verrua, E.; et al.
X-linked acrogigantism syndrome: Clinical profile and therapeutic responses. Endocr. Relat. Cancer 2015, 22, 353-367. [CrossRef]
Salenave, S.; Ancelle, D.; Bahougne, T.; Raverot, G.; Kamenicky, P.; Bouligand, J.; Guiochon-Mantel, A.; Linglart, A.; Souchon,
PFE; Nicolino, M.; et al. Macroprolactinomas in children and adolescents: Factors associated with the response to treatment in
77 patients. . Clin. Endocrinol. Metab. 2015, 100, 1177-1186. [CrossRef]

Trouillas, J.; Labat-Moleur, E; Sturm, N.; Kujas, M.; Heymann, M.E; Figarella-Branger, D.; Patey, M.; Mazucca, M.; Decullier, E.;
Verges, B.; et al. Pituitary tumors and hyperplasia in multiple endocrine neoplasia type 1 syndrome (MEN1): A case-control
study in a series of 77 patients versus 2509 non-MENT1 patients. Am. |. Surg. Pathol. 2008, 32, 534-543. [CrossRef]

Casar-Borota, O.; Boldt, H.B.; Engstrom, B.E.; Andersen, M.S.; Baussart, B.; Bengtsson, D.; Berinder, K.; Ekman, B.; Feldt-
Rasmussen, U.; Hoybye, C.; et al. Corticotroph Aggressive Pituitary Tumors and Carcinomas Frequently Harbor ATRX Mutations.
J. Clin. Endocrinol. Metab. 2021, 106, 1183-1194. [CrossRef]

Miyake, Y.; Adachi, ].I.; Suzuki, T.; Mishima, K.; Araki, R.; Mizuno, R.; Nishikawa, R. TERT promoter methylation is significantly
associated with TERT upregulation and disease progression in pituitary adenomas. J. Neurooncol. 2019, 141, 131-138. [CrossRef]
[PubMed]

Pease, M.; Ling, C.; Mack, W.J.; Wang, K.; Zada, G. The role of epigenetic modification in tumorigenesis and progression of
pituitary adenomas: A systematic review of the literature. PLoS ONE 2013, 8, e82619. [CrossRef] [PubMed]

Stilling, G.; Sun, Z.; Zhang, S.; Jin, L.; Righi, A.; Kovacs, G.; Korbonits, M.; Scheithauer, B.W.; Kovacs, K.; Lloyd, R.V. MicroRNA
expression in ACTH-producing pituitary tumors: Up-regulation of microRNA-122 and -493 in pituitary carcinomas. Endocrine
2010, 38, 67-75. [CrossRef] [PubMed]

Vicchio, TM.; Aliquo, F; Ruggeri, R.M.; Ragonese, M.; Giuffrida, G.; Cotta, O.R.; Spagnolo, F,; Torre, M.L.; Alibrandi, A.;
Asmundo, A.; et al. MicroRNAs expression in pituitary tumors: Differences related to functional status, pathological features,
and clinical behavior. J. Endocrinol. Investig. 2020, 43, 947-958. [CrossRef]

Marques, P; de Vries, F.; Dekkers, O.M.; Korbonits, M.; Biermasz, N.R.; Pereira, A.M. Serum Inflammation-based Scores in
Endocrine Tumors. J. Clin. Endocrinol. Metab. 2021, 106, €3796-e3819. [CrossRef]

Marques, P.; de Vries, E; Dekkers, O.M.; van Furth, W.R.; Korbonits, M.; Biermasz, N.R.; Pereira, A.M. Pre-operative serum
inflammation-based scores in patients with pituitary adenomas. Pituitary 2021, 24, 334-350. [CrossRef]

Mangion, J.; Imbroll, M.G.; Craus, S.; Vassallo, J.; Gruppetta, M. Epidemiology and blood parameter changes in Cushing’s
syndrome—A population-based study. Hormones 2022, 21, 467-476. [CrossRef]

Ilie, M.D.; Vasiljevic, A.; Bertolino, P.; Raverot, G. Biological and Therapeutic Implications of the Tumor Microenvironment in
Pituitary Adenomas. Endocr. Rev. 2022, 44, 297-311. [CrossRef]


https://doi.org/10.1007/s00401-013-1084-y
https://doi.org/10.1179/016164110X12670144737855
https://doi.org/10.1016/j.jocn.2016.09.014
https://doi.org/10.1210/jc.2017-00773
https://doi.org/10.1530/EJE-18-0749
https://doi.org/10.1111/cen.14197
https://www.ncbi.nlm.nih.gov/pubmed/32306401
https://doi.org/10.1530/EJE-17-0965
https://www.ncbi.nlm.nih.gov/pubmed/29259039
https://doi.org/10.1530/EJE-22-0812
https://www.ncbi.nlm.nih.gov/pubmed/36315463
https://doi.org/10.1210/jc.2009-2556
https://doi.org/10.1210/clinem/dgaa040
https://doi.org/10.1530/ERC-15-0038
https://doi.org/10.1210/jc.2014-3670
https://doi.org/10.1097/PAS.0b013e31815ade45
https://doi.org/10.1210/clinem/dgaa749
https://doi.org/10.1007/s11060-018-03016-8
https://www.ncbi.nlm.nih.gov/pubmed/30392088
https://doi.org/10.1371/journal.pone.0082619
https://www.ncbi.nlm.nih.gov/pubmed/24367530
https://doi.org/10.1007/s12020-010-9346-0
https://www.ncbi.nlm.nih.gov/pubmed/20960104
https://doi.org/10.1007/s40618-019-01178-4
https://doi.org/10.1210/clinem/dgab238
https://doi.org/10.1007/s11102-020-01112-5
https://doi.org/10.1007/s42000-022-00384-9
https://doi.org/10.1210/endrev/bnac024

Cancers 2023, 15, 2710 19 of 21

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Marques, P.; Grossman, A.B.; Korbonits, M. The tumour microenvironment of pituitary neuroendocrine tumours. Front.
Neuroendocr. 2020, 58, 100852. [CrossRef]

Marques, P; Silva, A.L.; Lopez-Presa, D.; Faria, C.; Bugalho, M.J. The microenvironment of pituitary adenomas: Biological, clinical
and therapeutical implications. Pituitary 2022, 25, 363-382. [CrossRef]

Burman, P; Trouillas, J.; Losa, M.; McCormack, A.; Petersenn, S.; Popovic, V.; Theodoropoulou, M.; Raverot, G.; Dekkers, O.M.;
Guenego, A.; et al. Aggressive pituitary tumours and carcinomas, characteristics and management of 171 patients. Eur. J.
Endocrinol. 2022, 187, 593-605. [CrossRef] [PubMed]

Ilie, M.D.; Vasiljevic, A.; Jouanneau, E.; Raverot, G. Inmunotherapy in aggressive pituitary tumors and carcinomas: A systematic
review. Endocr. Relat. Cancer 2022, 29, 415-426. [CrossRef] [PubMed]

Ilie, M.D,; Villa, C.; Cuny, T.; Cortet, C.; Assie, G.; Baussart, B.; Cancel, M.; Chanson, P.; Decoudier, B.; Deluche, E.; et al. Real-life
efficacy and predictors of response to immunotherapy in pituitary tumors: A cohort study. Eur. J. Endocrinol. 2022, 187, 685-696.
[CrossRef] [PubMed]

Ilie, M.D.; Vasiljevic, A.; Raverot, G.; Bertolino, P. The Microenvironment of Pituitary Tumors-Biological and Therapeutic
Implications. Cancers 2019, 11, 1605. [CrossRef]

Cooper, O.; Mamelak, A.; Bannykh, S.; Carmichael, J.; Bonert, V.; Lim, S.; Cook-Wiens, G.; Ben-Shlomo, A. Prolactinoma ErbB
receptor expression and targeted therapy for aggressive tumors. Endocrine 2014, 46, 318-327. [CrossRef]

Ortiz, L.D,; Syro, L.V.; Scheithauer, B.W.; Ersen, A.; Uribe, H.; Fadul, C.E.; Rotondo, F.; Horvath, E.; Kovacs, K. Anti-VEGF therapy
in pituitary carcinoma. Pituitary 2012, 15, 445-449. [CrossRef]

Dutta, P; Reddy, K.S.; Rai, A.; Madugundu, A K.; Solanki, H.S.; Bhansali, A.; Radotra, B.D.; Kumar, N.; Collier, D.; lacovazzo, D.;
et al. Surgery, Octreotide, Temozolomide, Bevacizumab, Radiotherapy, and Pegvisomant Treatment of an AIP MutationPositive
Child. J. Clin. Endocrinol. Metab. 2019, 104, 3539-3544. [CrossRef]

Donovan, L.E.; Arnal, A.V,; Wang, S.H.; Odia, Y. Widely metastatic atypical pituitary adenoma with mTOR pathway STK11
(F298L) mutation treated with everolimus therapy. CNS Oncol. 2016, 5, 203-209. [CrossRef]

Lin, A.L,; Jonsson, P; Tabar, V.; Yang, T.J.; Cuaron, J.; Beal, K.; Cohen, M.; Postow, M.; Rosenblum, M.; Shia, ]J.; et al. Marked
Response of a Hypermutated ACTH-Secreting Pituitary Carcinoma to Ipilimumab and Nivolumab. J. Clin. Endocrinol. Metab.
2018, 103, 3925-3930. [CrossRef]

Cuevas-Ramos, D.; Fleseriu, M. Somatostatin receptor ligands and resistance to treatment in pituitary adenomas. J. Mol. Endocrinol.
2014, 52, R223-R240. [CrossRef]

Ibanez-Costa, A.; Korbonits, M. AIP and the somatostatin system in pituitary tumours. J. Endocrinol. 2017, 235, R101-R116.
[CrossRef]

Gadelha, M.R.; Kasuki, L.; Korbonits, M. Novel pathway for somatostatin analogs in patients with acromegaly. Trends Endocrinol.
Metab. 2013, 24, 238-246. [CrossRef] [PubMed]

Moatassim-Billah, S.; Duluc, C.; Samain, R.; Jean, C.; Perraud, A.; Decaup, E.; Cassant-Sourdy, S.; Bakri, Y.; Selves, J.; Schmid, H.;
et al. Anti-metastatic potential of somatostatin analog SOM230: Indirect pharmacological targeting of pancreatic cancer-associated
fibroblasts. Oncotarget 2016, 7, 41584-41598. [CrossRef] [PubMed]

Day, R.; Dong, W.; Panetta, R.; Kraicer, ].; Greenwood, M.T.; Patel, Y.C. Expression of mRNA for somatostatin receptor (sstr) types
2 and 5 in individual rat pituitary cells. A double labeling in situ hybridization analysis. Endocrinology 1995, 136, 5232-5235.
[CrossRef] [PubMed]

Panetta, R.; Patel, Y.C. Expression of mRNA for all five human somatostatin receptors (hSSTR1-5) in pituitary tumors. Life Sci.
1995, 56, 333-342. [CrossRef]

Unger, N.; Ueberberg, B.; Schulz, S.; Saeger, W.; Mann, K.; Petersenn, S. Differential expression of somatostatin receptor subtype
1-5 proteins in numerous human normal tissues. Exp. Clin. Endocrinol. Diabetes 2012, 120, 482-489. [CrossRef] [PubMed]
Gunther, T,; Tulipano, G.; Dournaud, P.; Bousquet, C.; Csaba, Z.; Kreienkamp, H.J.; Lupp, A.; Korbonits, M.; Castano, ].P.; Wester,
H.J.; et al. International Union of Basic and Clinical Pharmacology. CV. Somatostatin Receptors: Structure, Function, Ligands,
and New Nomenclature. Pharmacol. Rev. 2018, 70, 763-835. [CrossRef]

Barbieri, F.; Albertelli, M.; Grillo, F.; Mohamed, A.; Saveanu, A.; Barlier, A.; Ferone, D.; Florio, T. Neuroendocrine tumors:
Insights into innovative therapeutic options and rational development of targeted therapies. Drug Discov. Today 2014, 19, 458—468.
[CrossRef]

Fleseriu, M.; Petersenn, S. Medical management of Cushing’s disease: What is the future? Pituitary 2012, 15, 330-341. [CrossRef]
Schmid, H.A. Pasireotide (SOM230): Development, mechanism of action and potential applications. Mol. Cell. Endocrinol. 2008,
286, 69-74. [CrossRef]

Babu, A.; Luque, RM.; Glick, R.; Utset, M.; Fogelfeld, L. Variability in quantitative expression of receptors in nonfunctioning
pituitary macroadenomas—An opportunity for targeted medical therapy. Endocr. Pract. 2014, 20, 15-25. [CrossRef] [PubMed]
Behling, F.; Honegger, J.; Skardelly, M.; Gepfner-Tuma, I.; Tabatabai, G.; Tatagiba, M.; Schittenhelm, J. High Expression of
Somatostatin Receptors 2A, 3, and 5 in Corticotroph Pituitary Adenoma. Int. J. Endocrinol. 2018, 2018, 1763735. [CrossRef]
[PubMed]

Chinezu, L.; Vasiljevic, A.; Jouanneau, E.; Francois, P.; Borda, A.; Trouillas, J.; Raverot, G. Expression of somatostatin receptors,
SSTR2A and SSTR5, in 108 endocrine pituitary tumors using immunohistochemical detection with new specific monoclonal
antibodies. Hum. Pathol. 2014, 45, 71-77. [CrossRef] [PubMed]


https://doi.org/10.1016/j.yfrne.2020.100852
https://doi.org/10.1007/s11102-022-01211-5
https://doi.org/10.1530/EJE-22-0440
https://www.ncbi.nlm.nih.gov/pubmed/36018781
https://doi.org/10.1530/ERC-22-0037
https://www.ncbi.nlm.nih.gov/pubmed/35521777
https://doi.org/10.1530/EJE-22-0647
https://www.ncbi.nlm.nih.gov/pubmed/36111659
https://doi.org/10.3390/cancers11101605
https://doi.org/10.1007/s12020-013-0093-x
https://doi.org/10.1007/s11102-011-0346-8
https://doi.org/10.1210/jc.2019-00432
https://doi.org/10.2217/cns-2016-0011
https://doi.org/10.1210/jc.2018-01347
https://doi.org/10.1530/JME-14-0011
https://doi.org/10.1530/JOE-17-0254
https://doi.org/10.1016/j.tem.2012.11.007
https://www.ncbi.nlm.nih.gov/pubmed/23270713
https://doi.org/10.18632/oncotarget.9296
https://www.ncbi.nlm.nih.gov/pubmed/27177087
https://doi.org/10.1210/endo.136.11.7588263
https://www.ncbi.nlm.nih.gov/pubmed/7588263
https://doi.org/10.1016/0024-3205(94)00956-2
https://doi.org/10.1055/s-0032-1314859
https://www.ncbi.nlm.nih.gov/pubmed/22976314
https://doi.org/10.1124/pr.117.015388
https://doi.org/10.1016/j.drudis.2013.10.015
https://doi.org/10.1007/s11102-012-0397-5
https://doi.org/10.1016/j.mce.2007.09.006
https://doi.org/10.4158/EP12411.OR
https://www.ncbi.nlm.nih.gov/pubmed/24013975
https://doi.org/10.1155/2018/1763735
https://www.ncbi.nlm.nih.gov/pubmed/30627156
https://doi.org/10.1016/j.humpath.2013.08.007
https://www.ncbi.nlm.nih.gov/pubmed/24182563

Cancers 2023, 15, 2710 20 of 21

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Fuchs, T.L,; Sioson, L.; Sheen, A.; Clarkson, A.; Gill, A.J. Immunohistochemical expression of somatostatin receptors SSTR2A and
SSTR5 in 299 pituitary adenomas. Pathology 2018, 50, 472-474. [CrossRef] [PubMed]

Gabalec, F,; Drastikova, M.; Cesak, T.; Netuka, D.; Masopust, V.; Machac, J.; Marek, J.; Cap, J.; Beranek, M. Dopamine 2 and
somatostatin 1-5 receptors coexpression in clinically non-functioning pituitary adenomas. Physiol. Res. 2015, 64, 369-377.
[CrossRef]

Kiseljak-Vassiliades, K.; Xu, M.; Mills, T.S.; Smith, E.E.; Silveira, L.].; Lillehei, K.O.; Kerr, ] M.; Kleinschmidt-DeMasters, B.K,;
Wierman, M.E. Differential somatostatin receptor (SSTR) 1-5 expression and downstream effectors in histologic subtypes of
growth hormone pituitary tumors. Mol. Cell. Endocrinol. 2015, 417, 73-83. [CrossRef]

Taboada, G.F,; Luque, R M.; Bastos, W.; Guimaraes, R.F.; Marcondes, ].B.; Chimelli, L.M.; Fontes, R.; Mata, P]J.; Filho, PN.; Carvalho,
D.P; et al. Quantitative analysis of somatostatin receptor subtype (SSTR1-5) gene expression levels in somatotropinomas and
non-functioning pituitary adenomas. Eur. J. Endocrinol. 2007, 156, 65-74. [CrossRef]

Venegas-Moreno, E.; Vazquez-Borrego, M.C.; Dios, E.; Gros-Herguido, N.; Flores-Martinez, A.; Rivero-Cortes, E.; Madrazo-Atutxa,
A,; Japon, M.A.; Luque, R.M.; Castano, J.P.; et al. Association between dopamine and somatostatin receptor expression and
pharmacological response to somatostatin analogues in acromegaly. J. Cell. Mol. Med. 2018, 22, 1640-1649. [CrossRef]

Hofland, L.J.; Lamberts, S.W. The pathophysiological consequences of somatostatin receptor internalization and resistance. Endocr.
Rev. 2003, 24, 28-47. [CrossRef]

Reubi, J.C.; Waser, B.; Schaer, J.C.; Laissue, ].A. Somatostatin receptor sst1-sst5 expression in normal and neoplastic human tissues
using receptor autoradiography with subtype-selective ligands. Eur. J. Nucl. Med. 2001, 28, 836-846. [CrossRef]

Casar-Borota, O.; Heck, A.; Schulz, S.; Nesland, ].M.; Ramm-Pettersen, J.; Lekva, T.; Alafuzoff, I.; Bollerslev, J. Expression of
SSTR2a, but not of SSTRs 1, 3, or 5 in somatotroph adenomas assessed by monoclonal antibodies was reduced by octreotide
and correlated with the acute and long-term effects of octreotide. J. Clin. Endocrinol. Metab. 2013, 98, E1730-E1739. [CrossRef]
[PubMed]

Plockinger, U.; Albrecht, S.; Mawrin, C.; Saeger, W.; Buchfelder, M.; Petersenn, S.; Schulz, S. Selective loss of somatostatin
receptor 2 in octreotide-resistant growth hormone-secreting adenomas. J. Clin. Endocrinol. Metab. 2008, 93, 1203-1210. [CrossRef]
[PubMed]

Petersenn, S.; Heaney, A.P. Targeted systemic and peptide radio-ligand therapy for aggressive pituitary tumors and carcinomas.
Rev. Endocr. Metab. Disord. 2020, 21, 277-286. [CrossRef] [PubMed]

Boy, C.; Heusner, T.A.; Poeppel, T.D.; Redmann-Bischofs, A.; Unger, N.; Jentzen, W.; Brandau, W.; Mann, K.; Antoch, G.; Bockisch,
A etal. %¥Ga-DOTATOC PET/CT and somatostatin receptor (sst1-sst5) expression in normal human tissue: Correlation of sst2
mRNA and SUVax. Eur. J. Nucl. Med. Mol. Imaging 2011, 38, 1224-1236. [CrossRef]

Baldari, S.; Ferrau, F; Alafaci, C.; Herberg, A.; Granata, F; Militano, V.; Salpietro, EM.; Trimarchi, F; Cannavo, S. First
demonstration of the effectiveness of peptide receptor radionuclide therapy (PRRT) with 111In-DTPA-octreotide in a giant
PRL-secreting pituitary adenoma resistant to conventional treatment. Pituitary 2012, 15 (Suppl. 1), 57-60. [CrossRef]

Giuffrida, G.; Ferrau, F; Laudicella, R.; Cotta, O.R.; Messina, E.; Granata, F.; Angileri, F.F; Vento, A.; Alibrandi, A.; Baldari, S,;
et al. Peptide receptor radionuclide therapy for aggressive pituitary tumors: A monocentric experience. Endocr. Connect. 2019, 8,
528-535. [CrossRef]

Komor, J.; Reubi, ].C.; Christ, E.R. Peptide receptor radionuclide therapy in a patient with disabling non-functioning pituitary
adenoma. Pituitary 2014, 17, 227-231. [CrossRef]

Kovacs, G.L.; Goth, M.; Rotondo, E,; Scheithauer, B.W.; Carlsen, E.; Saadia, A.; Hubina, E.; Kovacs, L.; Szabolcs, I.; Nagy, P; et al.
ACTH-secreting Crooke cell carcinoma of the pituitary. Eur. J. Clin. Investig. 2013, 43, 20-26. [CrossRef]

Kumar Gupta, S.; Singla, S.; Damle, N.A.; Agarwal, K.; Bal, C. Diagnosis of Men-I Syndrome on (68)Ga-DOTANOC PET-CT and
Role of Peptide Receptor Radionuclide Therapy With (177)Lu-DOTATATE. Int. |. Endocrinol. Metab. 2012, 10, 629-633. [CrossRef]
Priola, S.M.; Esposito, F.; Cannavo, S.; Conti, A.; Abbritti, R.V.; Barresi, V.; Baldari, S.; Ferrau, F; Germano, A.; Tomasello, F; et al.
Aggressive Pituitary Adenomas: The Dark Side of the Moon. World Neurosurg. 2017, 97, 140-155. [CrossRef]

Bengtsson, D.; Schroder, H.D.; Andersen, M.; Maiter, D.; Berinder, K.; Feldt Rasmussen, U.; Rasmussen, A.K.; Johannsson,
G.; Hoybye, C.; van der Lely, A.]; et al. Long-term outcome and MGMT as a predictive marker in 24 patients with atypical
pituitary adenomas and pituitary carcinomas given treatment with temozolomide. J. Clin. Endocrinol. Metab. 2015, 100, 1689-1698.
[CrossRef] [PubMed]

Maclean, J.; Aldridge, M.; Bomanyji, J.; Short, S.; Fersht, N. Peptide receptor radionuclide therapy for aggressive atypical pituitary
adenoma/carcinoma: Variable clinical response in preliminary evaluation. Pituitary 2014, 17, 530-538. [CrossRef] [PubMed]
Lasolle, H.; Cortet, C.; Castinetti, F.; Cloix, L.; Caron, P.; Delemer, B.; Desailloud, R.; Jublanc, C.; Lebrun-Frenay, C.; Sadoul, ].L.;
et al. Temozolomide treatment can improve overall survival in aggressive pituitary tumors and pituitary carcinomas. Eur. J.
Endocrinol. 2017, 176, 769-777. [CrossRef] [PubMed]

McCormack, A.; Dekkers, O.M.; Petersenn, S.; Popovic, V.; Trouillas, J.; Raverot, G.; Burman, P.; ESE Survey Collaborators.
Treatment of aggressive pituitary tumours and carcinomas: Results of a European Society of Endocrinology (ESE) survey 2016.
Eur. J. Endocrinol. 2018, 178, 265-276. [CrossRef]

Novruzov, E; Aliyev, J.A.; Jaunmuktane, Z.; Bomanji, J.B.; Kayani, I. The use of (68)Ga DOTATATE PET/CT for diagnostic
assessment and monitoring of (177)Lu DOTATATE therapy in pituitary carcinoma. Clin. Nucl. Med. 2015, 40, 47-49. [CrossRef]


https://doi.org/10.1016/j.pathol.2017.10.024
https://www.ncbi.nlm.nih.gov/pubmed/29731144
https://doi.org/10.33549/physiolres.932821
https://doi.org/10.1016/j.mce.2015.09.016
https://doi.org/10.1530/eje.1.02313
https://doi.org/10.1111/jcmm.13440
https://doi.org/10.1210/er.2000-0001
https://doi.org/10.1007/s002590100541
https://doi.org/10.1210/jc.2013-2145
https://www.ncbi.nlm.nih.gov/pubmed/24092823
https://doi.org/10.1210/jc.2007-1986
https://www.ncbi.nlm.nih.gov/pubmed/18198230
https://doi.org/10.1007/s11154-020-09554-9
https://www.ncbi.nlm.nih.gov/pubmed/32415583
https://doi.org/10.1007/s00259-011-1760-x
https://doi.org/10.1007/s11102-011-0373-5
https://doi.org/10.1530/EC-19-0065
https://doi.org/10.1007/s11102-013-0494-0
https://doi.org/10.1111/eci.12010
https://doi.org/10.5812/ijem.4313
https://doi.org/10.1016/j.wneu.2016.09.092
https://doi.org/10.1210/jc.2014-4350
https://www.ncbi.nlm.nih.gov/pubmed/25646794
https://doi.org/10.1007/s11102-013-0540-y
https://www.ncbi.nlm.nih.gov/pubmed/24323313
https://doi.org/10.1530/EJE-16-0979
https://www.ncbi.nlm.nih.gov/pubmed/28432119
https://doi.org/10.1530/EJE-17-0933
https://doi.org/10.1097/RLU.0000000000000589

Cancers 2023, 15, 2710 21 of 21

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Waligorska-Stachura, J.; Gut, P.; Sawicka-Gutaj, N.; Liebert, W.; Gryczynska, M.; Baszko-Blaszyk, D.; Blanco-Gangoo, A.R,;
Ruchala, M. Growth hormone-secreting macroadenoma of the pituitary gland successfully treated with the radiolabeled somato-
statin analog (90)Y-DOTATATE: Case report. J. Neurosurg. 2016, 125, 346-349. [CrossRef]

Assadi, M.; Nemati, R.; Shooli, H.; Rekabpour, S.J.; Nabipour, I.; Jafari, E.; Gholamrezanezhad, A.; Amini, A.; Ahmadzadehfar, H.
An aggressive functioning pituitary adenoma treated with peptide receptor radionuclide therapy. Eur. J. Nucl. Med. Mol. Imaging
2020, 47, 1015-1016. [CrossRef]

Lin, A.L,; Tabar, V.; Young, R.J.; Cohen, M.; Cuaron, J.; Yang, T.].; Rosenblum, M.; Rudneva, V.A.; Geer, E.B.; Bodei, L. Synergism
of Checkpoint Inhibitors and Peptide Receptor Radionuclide Therapy in the Treatment of Pituitary Carcinoma. J. Endocr. Soc.
2021, 5, bvab133. [CrossRef]

Kleinendorst, S.C.; Oosterwijk, E.; Bussink, J.; Westdorp, H.; Konijnenberg, M.W.; Heskamp, S. Combining Targeted Radionuclide
Therapy and Immune Checkpoint Inhibition for Cancer Treatment. Clin. Cancer Res. 2022, 28, 3652-3657. [CrossRef]

Azghadi, S.; Daly, M.E. Radiation and immunotherapy combinations in non-small cell lung cancer. Cancer Treat. Res. Commun.
2021, 26, 100298. [CrossRef]

Nakano-Tateno, T.; Lau, K.J.; Wang, J.; McMahon, C.; Kawakami, Y.; Tateno, T.; Araki, T. Multimodal Non-Surgical Treatments of
Aggressive Pituitary Tumors. Front. Endocrinol. 2021, 12, 624686. [CrossRef] [PubMed]

Burman, P.; Casar-Borota, O.; Perez-Rivas, L.G.; Dekkers, O.M. Aggressive pituitary tumors and pituitary carcinomas: From
pathology to treatment. J. Clin. Endocrinol. Metab. 2023, dgad098. [CrossRef] [PubMed]

Elston, M.S.; Love, A.; Kevat, D.; Carroll, R.; Siow, Z.R.; Pattison, S.; Boyle, V.; Segelov, E.; Strickland, A.H.; Wyld, D.; et al.
Pituitary function following peptide receptor radionuclide therapy for neuroendocrine tumours. Cancer Med. 2021, 10, 8405-8411.
[CrossRef] [PubMed]

Sundlov, A.; Sjogreen-Gleisner, K.; Tennvall, J.; Dahl, L.; Svensson, J.; Akesson, A.; Bernhardt, P.; Lindgren, O. Pituitary Function
after High-Dose 7”Lu-DOTATATE Therapy and Long-Term Follow-Up. Neuroendocrinology 2021, 111, 344-353. [CrossRef]
[PubMed]

Teunissen, ].].; Krenning, E.P,; de Jong, FH.; de Rijke, Y.B.; Feelders, R.A.; van Aken, M.O.; de Herder, WW.; Kwekkeboom, D.]J.
Effects of therapy with [177Lu-DOTAO,Tyr3]octreotate on endocrine function. Eur. J. Nucl. Med. Mol. Imaging 2009, 36, 1758-1766.
[CrossRef]

O’Carroll, A.M.; Krempels, K. Widespread distribution of somatostatin receptor messenger ribonucleic acids in rat pituitary.
Endocrinology 1995, 136, 5224-5227. [CrossRef]

Darzy, K.H. Radiation-induced hypopituitarism after cancer therapy: Who, how and when to test. Nat. Clin. Pract. Endocrinol.
Metab. 2009, 5, 88-99. [CrossRef]

Marques, P.; Van Huellen, H.; Fitzpatrick, A.; Druce, M. Late endocrine effects of cancer and cancer therapies in survivors of
childhood malignancies. Minerva Endocrinol. 2016, 41, 78-104.

Rosario, PW.; Barroso, A.L.; Rezende, L.L.; Padrao, E.L.; Borges, M.A.; Guimaraes, V.C.; Purisch, S. Testicular function after
radioiodine therapy in patients with thyroid cancer. Thyroid 2006, 16, 667—670. [CrossRef]

Wichers, M.; Benz, E.; Palmedo, H.; Biersack, H.J.; Grunwald, F,; Klingmuller, D. Testicular function after radioiodine therapy for
thyroid carcinoma. Eur. J. Nucl. Med. 2000, 27, 503-507. [CrossRef]

Anawalt, B.D.; Bebb, R.A.; Matsumoto, A.M.; Groome, N.P,; Illingworth, PJ.; McNeilly, A.S.; Bremner, W.]. Serum inhibin B levels
reflect Sertoli cell function in normal men and men with testicular dysfunction. . Clin. Endocrinol. Metab. 1996, 81, 3341-3345.
[PubMed]

Hayes, EJ.; Pitteloud, N.; DeCruz, S.; Crowley, W.E,, Jr.; Boepple, P.A. Importance of inhibin B in the regulation of FSH secretion in
the human male. J. Clin. Endocrinol. Metab. 2001, 86, 5541-5546. [CrossRef] [PubMed]

Jensen, TK.; Andersson, A.M.; Hjollund, N.H.; Scheike, T.; Kolstad, H.; Giwercman, A.; Henriksen, T.B.; Ernst, E.; Bonde,
J.P; Olsen, ].; et al. Inhibin B as a serum marker of spermatogenesis: Correlation to differences in sperm concentration and
follicle-stimulating hormone levels. A study of 349 Danish men. J. Clin. Endocrinol. Metab. 1997, 82, 4059-4063.

Hoffman, A.R.; Mathison, T.; Andrews, D.; Murray, K.; Kelepouris, N.; Fleseriu, M. Adult Growth Hormone Deficiency: Diagnostic
and Treatment Journeys from the Patients’ Perspective. . Endocr. Soc. 2022, 6, bvac077. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3171/2015.6.JNS15363
https://doi.org/10.1007/s00259-019-04578-z
https://doi.org/10.1210/jendso/bvab133
https://doi.org/10.1158/1078-0432.CCR-21-4332
https://doi.org/10.1016/j.ctarc.2020.100298
https://doi.org/10.3389/fendo.2021.624686
https://www.ncbi.nlm.nih.gov/pubmed/33841328
https://doi.org/10.1210/clinem/dgad098
https://www.ncbi.nlm.nih.gov/pubmed/36856733
https://doi.org/10.1002/cam4.4345
https://www.ncbi.nlm.nih.gov/pubmed/34697905
https://doi.org/10.1159/000507761
https://www.ncbi.nlm.nih.gov/pubmed/32259830
https://doi.org/10.1007/s00259-009-1151-8
https://doi.org/10.1210/endo.136.11.7588261
https://doi.org/10.1038/ncpendmet1051
https://doi.org/10.1089/thy.2006.16.667
https://doi.org/10.1007/s002590050535
https://www.ncbi.nlm.nih.gov/pubmed/8784094
https://doi.org/10.1210/jcem.86.11.8031
https://www.ncbi.nlm.nih.gov/pubmed/11701733
https://doi.org/10.1210/jendso/bvac077
https://www.ncbi.nlm.nih.gov/pubmed/35673404

	Introduction 
	Principles, Usefulness and Safety of Peptide Receptor Radionuclide Therapy (PRRT) 
	PRRT for Aggressive or Metastatic Pituitary Neuroendocrine Tumours (PitNETs) 
	Aggressive and Metastatic PitNETs 
	Somatostatin, Somatostatin Receptors (SSTRs) and Somatostatin Analogues for PitNETs 
	Data on Clinical Use of PRRT for Aggressive or Metastatic PitNETs 

	Pituitary Function following PRRT 
	Gonadal Axis 
	Somatotroph Axis 
	Thyroid Axis 
	Hypothalamo–Pituitary–Adrenal Axis 

	Conclusions 
	References

