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Abstract

Medullary thyroid carcinoma (MTC) is a rare type of thyroid malignancy that accounts for approximately 1-2% of all
thyroid cancers (TCs). MTC include hereditary and sporadic cases, the former derived from a germline mutation

of rearrangement during transfection (RET) proto-oncogene, whereas somatic RET mutations are frequently pre-

sent in the latter. Surgery is the standard treatment for early stage MTC, and the 10-year survival rate of early MTC

is over 80%. While for metastatic MTC, chemotherapy showing low response rate, and there was a lack of effective
systemic therapies in the past. Due to the high risk (ca. 15-20%) of distant metastasis and limited systemic therapies,
the 10-year survival rate of patients with advanced MTC was only 10-40% from the time of first metastasis. Over

the past decade, targeted therapy for RET has developed rapidly, bringing hopes to patients with advanced and pro-
gressive MTC. Two multi-kinase inhibitors (MKIs) including Cabozantinib and Vandetanib have been shown to increase
progression-free survival (PFS) for patients with metastatic MTC and have been approved as choices of first-line
treatment. However, these MKIs have not prolonged overall survival (OS) and their utility is limited due to high rates
of off-target toxicities. Recently, new generation TKls, including Selpercatinib and Pralsetinib, have demonstrated
highly selective efficacy against RET and more favorable side effect profiles, and gained approval as second-line treat-
ment options. Despite the ongoing development of RET inhibitors, the management of advanced and progressive
MTC remains challenging, drug resistance remains the main reason for treatment failure, and the mechanisms are still
unclear. Besides, new promising therapeutic approaches, such as novel drug combinations and next generation RET
inhibitors are under development. Herein, we overview the pathogenesis, molecular genetics and current man-
agement approaches of MTC, and focus on the recent advances of RET inhibitors, summarize the current situation
and unmet needs of these RET inhibitors in MTC, and provide an overview of novel strategies for optimizing therapeu-
tic effects.
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Background

Over the past 50 years, the incidence of thyroid cancer
(TC) has rapidly increased worldwide. In 2023, TC con-
stituted about 3% of newly diagnosed cancer cases, with
an estimated incidence of 44,020 new cases, and ranked
the ninth most common cancer in the United States [1].
Medullary thyroid carcinoma (MTC) is a relatively rare
malignant thyroid neoplasm accounting for only 1-2% of
all TC cases worldwide [2, 3]. Whereas, MTC is associ-
ated with high mortality, comprising disproportionately
8.6% of TC-related deaths, and the 10-year survival rate
is approximately 50-60% [4—6]. As a neuroendocrine
tumor (NET), MTC derives from the thyroid C-cells or
parafollicular cells, and is able to secrete calcitonin (Ctn)
and carcinoembryonic antigen (CEA) [7]. MTC may be
inherited or sporadic, the familial cases are secondary to
a germline mutation in the rearranged during transfec-
tion (RET) proto-oncogene, and more than half of spo-
radic cases harbor a somatic RET mutation [8, 9].

Compared to differentiated thyroid cancer (DTC),
which is the most common type of TC, MTC is more
aggressive, about 50% of MTC patients were observed to
have lymph node invasion, and 15% have distant metas-
tases at the first diagnosis. What’s more, about 20-40%
of patients will experience distant metastases during the
disease, leading to a lower 10-year survival rate of 40%,
compared to 96% for patients with MTC confined to the
thyroid [4].

The low incidence and limited number of large-
scale studies of MTC have led to a lack of high-quality
data needed to establish a consensus on diagnosis and
treatment. For patients with early stage MTC, surgical
resection is the mainstay treatment and the only cura-
tive treatment for MTC, the main surgical strategy is
total thyroidectomy with dissection of cervical lymph
node compartments, and depending on the serum Ctn
levels and preoperative cervical US imaging, a more
extensive surgery with lateral neck dissection should be
considered [5]. Whereas, in the presence of widespread
regional or distant disease, more extensive surgery is
not related to a higher cure rate or survival benefit and
should be considered primarily for local symptom con-
trol [5, 10]. While for patients with locally advanced
MTC that is inoperable or those with distant metas-
tasis, there is no effective therapeutic and curative
option. Local treatments like external beam radiother-
apy (EBRT), have only limited and short-term benefits
[5], systemic therapies like radioactive iodine treatment

is ineffective in MTC due to the inability of MTC cells
to uptake iodine-131, even though is the main adju-
vant therapy for DTC [11]. The conventional cytotoxic
chemotherapy has shown poor results in advanced or
metastatic MTC, with a response rate of approximately
20% [12-14]. However, with the deepening under-
standing of the molecular mechanism of MTC and
intracellular signaling pathway that involved in MTC
pathogenesis, targeted treatments have gradually devel-
oped, which represented by tyrosine kinase inhibitors
(TKIs) that target RET proto-oncogene, have demon-
strated considerable promise in treatment for advanced
and recurrent MTC and have positioned targeted ther-
apy as the current standard of treatment [15].

Current TKIs for RET include multi-tyrosine kinase
inhibitors (MKIs) and RET-selective TKIs, the former
incompletely inhibit multiple kinases including RET
and often impair multiple signaling pathways, while the
latter is highly selective for RET [16, 17]. During recent
decades, two MKIs, Cabozantinib and Vandetanib, have
been successfully introduced for treatment of patients
with advanced MTC, based on the beneficial results of
randomized phase III trials [18, 19]. Nevertheless, the
degree of overall clinical benefit achieved with these
MKIs has been relatively low, which mainly due to
partial inhibition of RET, suboptimal pharmacokinetic
properties, and toxicities resulting from more effec-
tive inhibition of non-RET kinases, including VEGFR2/
KDR, EGEFR, KIT, BRAF and MET, i.e., off-target effects
[18]. Consequently, a majority of patients undergo-
ing therapy with MKIs encounter significant toxicities
that need the interruption, reduction, or discontinua-
tion of the prescribed dosage. Moreover, some patho-
genic RET mutations fail to respond to MKI treatment,
ie, are non-responsive to nonspecific RET inhibitors.
Although these MKIs have been shown to increase pro-
gression-free survival (PFS) for patients with advanced
and progressive MTC, while have not prolonged over-
all survival (OS) and their utility is limited due to high
rates of unacceptable off-target toxicities [20].There-
fore, in order to overcome the weaknesses of MKIs and
enhance both their efficacy and safety, highly selec-
tive RET inhibitors have emerged. Currently approved
small-molecule RET-selective inhibitors include Selp-
ercatinib (LOX0-292) [21-24] and Pralsetinib (BLU-
667) [25-27]. Both drugs were approved as second-line
treatment options by the US Food and Drug Admin-
istration (FDA) in 2020 [28, 29], and the European
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Medicines Agency (EMA) approved Selpercatinib in
2020 and Pralsetinib in 2021 [30, 31]. The timeline of
the landmark discoveries and clinical trials of RET gene
and MTC are shown in Fig. 1.

Despite the tremendous development of RET inhibi-
tors, the management of advanced and progressive MTC
remains challenging, drug resistance remains the main
reason for treatment failure, and the mechanisms are still
unclear. Besides, new promising therapeutic approaches,
such as novel drug combinations and next- generation
targeted therapies such as immunotherapy and pep-
tide receptor radionuclide therapy (PRRT) are under
development.

Herein, we review the pathogenesis, molecular genet-
ics, and current management approaches of MTC, and
focus on the recent advances in RET inhibitors, summa-
rize the current situation and unmet needs of these RET
inhibitors in MTC, and provide an overview of novel
strategies for optimizing therapeutic effects.

Pathogenesis and Molecular Genetics of MTC

During the last decades, the molecular biology of MTC
has been elucidated. MTC can occur either in hereditary
or sporadic forms, and the majority (nearly 75%) of MTC
cases develop sporadically, only nearly 25% of cases are
familial [32]. Hereditary MTCs are secondary to germline
mutations in RET proto-oncogene, which is inherited
as an autosomal dominant trait [32, 33]. Furthermore,
inherited MTC appears as a predominant part of mul-
tiple endocrine neoplasia type 2 (MEN2) syndrome [34,
35], which can be divided into two clinically distinct sub-
types: MEN2A and MEN2B, with the former being the
most common, almost 95% [36]. Most (95-98%) heredi-
tary MTC patients harbor germline-activating RET
mutations. Although somatic RET mutations are present
in about half (40-50%) of sporadic MTC (sMTC) patients

Germline mutations first
detected in MEN2 syndrome

RET gene first identified
as proto-oncogene

The structure of RET protein
was elucidated

Phase III trial of
vandetanib (ZETA)
for advanced MTC

Somatic mutations first
detected in sporadic MTC
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[21, 36—42], these were discovered to increase to a strik-
ing 91.4% in patients with advanced and progressive
MTC [43].

Pathogenesis of MTC

The RET gene was identified in 1985 as a novel trans-
forming gene during transfection of NIH/3T3 cells with
human T lymphoma DNA [44]. RET is a proto-oncogene,
which is a 21-exon gene located on the long arm of chro-
mosome 10 (10q11.2). As a tyrosine kinase receptor gene,
it encodes for a transmembrane receptor with tyros-
ine kinase (RTK), called RET kinase, which is primarily
expressed in organs that derive from the embryologic
neural crest, including parafollicular C cells in the thy-
roid gland. Under physiological conditions, RET kinase
plays an important role in numerous cellular mechanisms
(including cell growth, proliferation, migration, differ-
entiation and survival) [45]. RET is vital in the normal
formation of the kidney, influencing the development of
the Wolffian duct and ureteric bud epithelium and the
proliferation, differentiation, and survival of neural crest
cells. The importance of RET became evident in neonatal
mice with a homozygous inactivating RET mutation that
die soon after birth with renal agenesis and absence of
enteric neurons in the digestive tract [46—48]. RET sign-
aling also plays a role in the regulation of hematopoietic
cells and spermatogenesis [49, 50]. During adulthood,
RET is mainly present in organs derived from neural
crest cells [51]. 25 Loss-of-function RET mutations in
humans are associated with Hirschsprung disease, con-
genital malformations of the kidney and urinary tract,
and congenital hypoventilation syndrome [46, 52].

RET protein is a transmembrane glycoprotein RTK
that consists of three domains: an N-terminal extracel-
lular domain, which features four cadherin-like regions
(CLD1-4), a calcium binding site and one cysteine-rich

Phase I/II trials of selpercatinib
(LIBRETTO-001) and
pralsetinib (ARROW)

reported for advanced MTC started

Phase III trial of
cabozantinib (EXAM)
for advanced MTC
reported

Selective RET inhibitors
(selpercatinib or pralsetinib)
approved for advanced MTC

Fig. 1 Timeline of the landmark discoveries and clinical trials of RET gene and MTC. RET, rearranged during transfection; MTC, Medullary thyroid

cancer
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region (CRD); a hydrophobic transmembrane region that
transverses the plasma membrane; and an intracellular
cytoplasmic domain including a juxta-membrane seg-
ment, tyrosine kinase activity domains (TKD) and an iso-
form specific C-terminal [53-58].

RET kinase is stimulated by forming a tripartite com-
plex with glial cell line-derived neurotrophic growth
factor (GDNF) family ligands (GFLs) binding to gly-
cosylphosphatidylinositol (GPI)-linked cell surface co-
receptor called GDNF-family receptor-a(GFRa) (Fig. 2)
[58]. These ligands include GDNF, neurturin (NRTN),

Normal RET activation

»

Cadherin-like domain
GDNF NRTN ARTN PSPN
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persephin (PSPN), and artemin (ARTN) [45]. GFRais
comprised of four different subtypes (GFRal-4) that are
able to bind preferentially to GDNF, NRTN, ARTN, and
PSPN, respectively [59]. The main intracellular signaling
pathways involved in RET activation are the mitogen-
activated protein kinase (MAPK) and the phosphati-
dylinositol-3 kinase (PI3K) pathways. Stimulation of
RET kinase results in downstream signaling of mitogen-
activated protein kinase (MAPK), phosphatidylinosi-
tol 3-kinases (PI3K), and protein kinase B, as well as
focal adhesion kinase, signal transducer and activator of
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Fig. 2 Schematic structure and oncogenic mechanism of RET in a cancer cell. It shows the extracellular, transmembrane and intracellular domains
of RET, as well as the normal activation and oncogenic activation of RET. The main docking sites and related pathways are also shown. GDNF,

glial cell line-derived neurotrophic growth factor; GFR, GDNF-family receptor; NRTN, neurturin; ARTN, artemin; PSPN, persephin; MEN2A, multiple
endocrine neoplasia type; FMTC, familial medullary thyroid cancer; PTC, papillary thyroid cancers; NSCLC, non-small cell lung cancer
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transcription (STAT), and steroid receptor coactivator-1
(Srcl) pathways [45].

Disruption of the integrity of this tripartite complex,
as well as the structure and function of the RET recep-
tor, can drive the development of disease. However, the
mechanism of action differs depending on the mutation,
and different RET mutations have diverse transforming
activities. Mutations in RET can contribute to loss or
gain of function mutations in the RET kinase signaling
pathway. For instance, loss of function mutations in RET
is associated with Hirschsprung disease, which is due to
the injury of parasympathetic enteric neuron develop-
ment [60, 61]. Additionally, gain of function mutations in
RET are linked with several malignancies, such as breast,
prostate, pancreatic, myeloid, and TCs including MTC
[58].

Oncogenic RET is activated by two major mechanisms,
including chromosomal rearrangements and point muta-
tions, and the mechanism of RET activation is different
and specific to the type of tumor. RET chromosomal
rearrangements can produce hybrid proteins, lead-
ing to gene fusions that harbor the RET kinase domain
with a partner protein, the latter contains a dimerization
domain, which generates chimeric RET homodimers,
which are persistently active, therefore promoting the
proliferation of cancer cells [62]. RET fusions are most
commonly observed in papillary thyroid cancers (PTC)
and non-small cell lung cancers (NSCLC), approximately
2.5-73% and 1-3%, respectively [63—65]. While point
mutations in the kinase domain of RET at the somatic or
germline level can directly or indirectly cause abnormal
activation of RET kinase, which is common in inherited
or sporadic MTC [66, 67]. These mutations substitute
cysteine with another amino acid and lead to the forma-
tion of disulfide-bonded RET homodimers with subse-
quent ligand-independent constitutive activation of RET
kinase region [46]. The schematic structure and onco-
genic mechanism of RET in a cancer cell was shown in
Fig. 2.

Molecular genetics of hereditary MTC

Most (95-98%) hereditary MTC patients harbor ger-
mline-activating RET mutations. Germline activating
RET mutations cause the autosomal dominant inherit-
ance of MEN2 syndromes, which is a group of hereditary,
autosomal dominant syndromes characterized by the
occurrence of various endocrine tumors (including MTC,
in combination or not with pheochromocytoma (PHEO),
hyperparathyroidism (HPTH), mucosal neuroma and
extra-endocrine features) [34, 35], and MTC is the most
common cause of death in patients with MEN2 [68].
According to genotype—phenotype correlation, MEN2
can be classified as two clinically distinct subtypes:
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MEN2A and MEN2B [34]. MEN2A is the most common
type, accounting for almost 95% [46], and familial MTC
(FMTC) is viewed as a phenotypic variant of MEN2A
[69]. MEN2A is characterized by MTC, pheochromocy-
toma (PHEO) and parathyroid hyperplasia or adenoma.
MEN2A is most frequently connected with activation of
point mutations in the RET cysteine codon 634 (in exon
11), as well as other sites of point mutations, including
cysteine codons 609, 611, 618, and 620 (in exon 10) and
630 (in exon 11) [5]. MEN2A patients carry cysteine-spe-
cific mutations in the extracellular domain of RET, that
are involved in conformational stability and kinase activ-
ity via intramolecular disulfide bridges. These mutations
cause covalent dimerization of RET leading to ligand-
independent kinase activation [70-72]. MEN2B only cor-
responds to 5% of MEN2 cases, it is the most aggressive
type with early onset of MTC and occurs earlier in life.
Patients do not have parathyroid involvement, but often
show a number of unique physical features, such as gan-
glioneuromas, musculoskeletal manifestation (includ-
ing Marfanoid habitus and other skeletal malformations
like hip epiphysiolysis, scoliosis and feet abnormalities),
mucosal neuromas of the lips and the tongue and gas-
trointestinal manifestations [34, 73, 74]. Unfortunately,
knowledge of MEN2B syndrome is still insufficient and
several cases are still unrecognized nowadays, despite
this syndrome has been discovered several years ago and
has typical physical malformation [75]. MEN2B is associ-
ated with Met918Thr in exon 16 of RET (~95%), Met918
is located near the kinase activation loop: mutation to
threonine causes the opening of the activation loop and
leading to constitutive activation via promoting a high
level of autophosphorylation of RET receptors [5, 64, 76].
FMTC patients only develop MTC, lacking an association
with other endocrine tumors or nonendocrine manifes-
tations; thus, some authors view FMTC as a phenotypic
variant of MEN2A without adrenal gland involvement
[69]. In FMTC, germline mutations are distributed
throughout the RET gene, with an accumulation in exon
13 (codons 768, 790, and 791) and exon 14 (codons 804,
and 844); some of these mutations have also been identi-
fied in families with MEN 2A [77]. There is geographic
variability between the RET variants that are linked
with the development of MEN2A [78]. Specific germline
RET variants are correlated with age of presentation and
aggressiveness of MTC, as well as the occurrence of other
manifestations, and this genotype—phenotype associa-
tion has been used to determine the optimal age for the
initiation of screening and surveillance, as well as recom-
mending early total thyroidectomy [79-81]. It is of great
significance for patients with germline RET mutations to
screen and monitor for MTC, to help detect MTC early
and improve prognosis [79, 80, 82—84]. In addition, more
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than 90% of cases with MEN2B and approximately 2%
of cases with MEN2A have de novo germline mutation
(without any family history) [75, 85]. Thus, in all cases of
histologically detected MTC, or in cases where a family
history of MTC is detected before surgery, RET germline
mutation must be evaluated since about 6% of the cases
without a familial history of MTC carried germline muta-
tions [86, 87].

Specific germline pathogenic variants involving RET
gene result in different cancer risks and aggressiveness.
According to current American Thyroid Association
(ATA) guidelines, patients with germline RET variants
are stratified into “highest risk” (HST), “high risk” (H)
and “moderate risk” (MOD) levels of aggressive MTC.
The HST category includes patients with MEN2B and
RET p.M918T (Fig. 3). The H category includes patients
with the RET variants involving codon 634F/G/R/S/W/Y
and RET p.A883E. Patients with hereditary MTC and
other germline pathogenic RET variants belong to the
MOD category. The risk stratification of germline RET
variants is showed in Fig. 3. The ATA also recommends
the appropriate timing of prophylactic thyroidectomy for
children based on the concrete RET variants and serum
Ctn levels [5]. For cases of positive germline mutation in
children, particularly younger children, Ctn evaluation
over time is a safe method that able to detect the dis-
ease before it became clinically evident, and when young
patients are followed on this way, there is a high possibil-
ity to reduce the post-operative complication without any
influence on the course of the disease [88].

Molecular genetics of somatic MTC

Approximately 75% of MTC occurred sporadically, and
somatic pathogenic RET mutations exist in more than
60% cases of sSMTC. Although somatic-activating RET
mutations are present in 40-50% of sMTC patients
[21, 37, 38], in advanced and progressive MTC patients
with distant metastases [58, 89] and cervical lymph
node metastases [90], this number increase to a strik-
ing 91.4% [43]. The most frequent somatic mutation
related to sMTC is Met918Thr, accounting for up to
80% of these pathogenic RET variants (Fig. 3) [2, 37].
Other somatic mutations have been identified involv-
ing codons 634, 804 and many others, and codon 634 is
the second most common site of mutations associated
with sMTC, accounting for about 15% prevalence [2,
37, 91].. Besides, somatic pathogenic variants involv-
ing the RAS genes, a downstream signaling molecule of
RET, occur in about 30% of sMTC (Fig. 3) [37, 92, 93].
Somatic RAS variants (HRAS, KRAS, NRAS) are mutu-
ally exclusive of RET variants, accounting for about
70% of RET mutation-negative sMTC [37, 89, 92, 94—
96]. HRAS alterations account for about 70% of all MTCs
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with RAS variants, and NRAS variants are less common
[37]. Besides point mutations, deletions and insertions
have also been described on next-generation sequencing
(NGS) tumor testing [97, 98], and there is an even smaller
proportion of SMTC having unknown genetic causes.
Beyond RET and RAS, mutations of NF-1 gene have also
been very recently reported in sporadic MTC [99].

Although sMTC is the most common means of pres-
entation, 1-7% of apparently SsMTC cases are due to de
novo germline mutations and have no suggestive family
history [5]. Since there may be an underlying hereditary
disease, every patient should undergo a DNA analysis to
detect RET germline mutations [100, 101].

One previous study found the correlation of somatic
mutations with the pathological characteristics of the
tumors and with both the clinical features and out-
come of patients affected with sMTC by NGS targeted
sequencing [37], it was observed that the presence of RET
mutations and in particular, the M918T was confirmed
to be significantly associated with a worse outcome, a
higher tumoral staging, a higher T category and the pres-
ence of lymph-node and distant metastases. While RAS-
positive cases were significantly associated with a better
outcome, a lower tumor staging and a lower rate of T cat-
egories than RET-positive cases, independent from the
presence of RET mutation. Thus, it was confirmed that
sMTCs patients with somatic RET p.M918T variant have
the worst prognosis, whereas those with somatic RAS
mutations have a less aggressive phenotype and the best
prognosis.

Current approaches in the management of MTC

For many reasons, there is lack of consensus in current
guidelines for appropriate diagnosis, treatment, and fol-
low-up of MTC. First, MTC can take a variety of clini-
cal forms; for some patients, especially sMTC patients,
tumors can remain stable and even unchanged for a long
time, thus indicating a higher survival rate. In contrast,
in another group of patients, MTC may be extremely
aggressive and may show early distant metastasis and
high mortality [102, 103]. Second, compared with com-
mon types of TC, MTCs exhibit a lower incidence. Thus,
there is a limited number of large-scale studies about
MTC, causing a lack of effective evidence to reach a
consensus. Owing to the reasons above, there are obvi-
ous differences in clinical practices. According to recent
advances of MTC diagnosis and treatment, we summa-
rized the current treatment recommendations of MTC
based on the clinical stage, which is shown in Fig. 4.

Surgical management of MTC
For patients with MTC, surgical resection is the main-
stay of treatment and the only curative treatment for



Zhang et al. Cell Communication and Signaling (2024) 22:460 Page 7 of 27

70-75% 20-25%

v

Sporadic MTC Hereditary MTC

Risk of aggressive MTC(MEN2A, MEN2B)

HM

other RET alterations

RAS RET
~30% ~50%
Good prognosis Poor prognosis

C634F/GIRISIWIY

A883F

v
M918T

Fig. 3 Risk stratification of hereditary and sporadic medullary thyroid carcinoma (MTC) according to molecular profiles. Current American Thyroid
Association guidelines classify patients with pathogenic germline RET variants into 3 groups based on the aggressiveness of the MTC: highest risk
includes patients with RET p.M918T variant, high risk includes patients with RET p.C634F/G/R/S/W/Y variants or p.A883F alteration, moderate risk
includes patients with other pathogenic RET variants. Germline RET p.M918T and p.A883F variants mainly occur in multiple endocrine neoplasia
type 2B (MEN2B), whereas germline RET alterations at codon C634 occur in MEN2A. In sporadic MTCs, patients with somatic RET p.M918T variant
have the worst prognosis, whereas those with somatic RAS mutations have the best prognosis

MTC, the main operation is total thyroidectomy with  neck dissection may be considered [5], and currently the
dissection of cervical lymph node compartments, and scientific community is moving towards a less aggressive
depending on the serum tumor markers levels and pre-  surgery for MTC in selected cases [104]. Preoperative
operative imaging, a more extensive surgery with lateral  imaging includes high-resolution neck ultrasonography
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[ Lymph node-positive ] —_— [ TT with therapeutic CND ]

Sporadic MTC

r Early stage

[ Lymph node-negative ] _— [ TT with prophylactic CND ]

[ Inherited MTC] —_— [ Prophylactic TT with CND J

High risk for recurrence

[ Resectable tumors ] - [ TT with ipsilateral or bilateral CND ]

Adjuvant radiotherapy

Locally-advanced stage

MTC 7
RET ion positive [

Unresectable tumors

TT with ipsilateral or bilateral CND
+ /- adjuvant radiotherapy
Still unresectable —_— Same as advanced stage MTC

Neoadjuvant therapy of
selective RET inhibitors

[ RET selevtive inhibitors (Selp

Vandetanib/Cabozantinib

- Advanced stage

[ Other MKIs (Sorafenib/Lenvatinib/sunitinib), salvage therapy for patients resistant to TKIs above ]

Fig. 4 Classification of the management of MTC based on clinical stage. MTC, medullary thyroid carcinoma; TT, total thyroidectomy; CND,

central neck dissection. MKI, multi-kinase inhibitor

(US), which is the first-line imaging choice [105, 106],
computed tomography (CT), magnetic resonance imag-
ing (MRI), and positron emission tomography (PET)/CT
(**F-DOPA and *®Gallium-DOTATATE are the preferred
radiotracers). Serum tumor markers include Ctn and
CEA, which are widely used biomarkers for the diagno-
sis, prognosis, and follow-up of MTC patients [7].

MTC diagnosed presurgically

The initial surgical management of biopsy-proven MTC
mainly depends on the presence of lateral neck lymph
node metastases and serum Ctn/CEA levels or the detec-
tion of a germline mutation in the RET proto-oncogene
[107]. Nowadays, basal and stimulated Ctn level remains
the cornerstone of the diagnosis of MTC [108, 109]. Neck
US and fine-needle aspiration cytology (FNAC) (mainly
if serum Ctn testing is performed) are useful tools but
should be integrated into the work-up of patients with
thyroid nodule suspicious for MTC, as the sensitivity is
around 50% if considered alone [106, 110, 111]. Moreo-
ver, there are other potential markers in diagnosing MTC,
including procalcitonin, CA19-9 and chromogranin A
[112]. Owing to the occurrence of multifocal disease in
15% and bilateral disease in 5%, total thyroidectomy is
commonly the preferred treatment option [107]. And
due to the high risk of occult central compartment lymph
node metastases, total thyroidectomy with prophylactic
bilateral central neck lymph node dissection (CND) is

recommended as the treatment for node-negative MTC
in adults.

MTC diagnosed following lobectomy

As previously reported, RET germline mutation analy-
sis should be performed in all cases of MTC at histology
[87]. Thus, for patients proven with MTC after thyroid
lobectomy, further examinations must be undertaken
to identify hereditary MTC including RET proto-gene
mutational analysis. And total thyroidectomy must be
performed to prevent contralateral MTC for diagnosed
cases [113, 114]. Examination should comprise basal
serum Ctn levels, neck US, identifying RET mutations
and a detailed family history [114].

MTC with diameters<1 cm are defined as microMTC
[115], and there is a controversy about the necessity
of implementing aggressive therapy in these patients.
Nevertheless, previous evidence has shown that, even
in patients with<5 mm microMTC, there is a 23% risk
of lymph node metastasis [116]. Hence, patients with
microMTC are recommended to receive thyroidectomy
with CND in most guidelines [115].

There is no consensus on the role of prophylactic lat-
eral neck dissections (LND) based on current published
guidelines [5, 116, 117]. Performance of prophylactic
ipsilateral or bilateral neck dissections (without clinical
or radiologic evidence of metastatic disease) in patients
with high serum levels of tumor markers is supported
by observational data. The studies showed that the risks
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of ipsilateral central and lateral and contralateral central
and lateral lymph node metastases increase incremen-
tally with increasing serum Ctn and CEA levels among a
cohort of patients with both sporadic and familial MTC
[118]. In addition, because increasing primary tumor
size is associated with an increased risk of lymph node
metastases [119], there should be some consideration for
ipsilateral neck dissection in patients with larger primary
tumors. However, the risks of LND, including chyle leak
and spinal accessory nerve injury, should be carefully
weighed when considering an individual patient’s risk of
occult metastases and incorporated into shared decision-
making with individual patients when making decisions
about prophylactic lateral neck dissection [120]. Besides,
there is also an alternative approach using the postopera-
tive serum Ctn and CEA levels to stage the lateral neck
compartment after initial total thyroidectomy and bilat-
eral CND.

For patients with locally-advanced or metastatic MTC,
more extensive surgery is not related to a higher cure rate
or survival benefit and should be considered primarily
for local symptom control [5, 10]. Therefore, with a pal-
liative intent, total thyroidectomy with resection of the
involved lymph node compartments is recommended
for most patients. During surgery, for the primary tumor
and lymph node dissection in central and lateral neck
compartments, a less aggressive function-preserving
approach is preferred to preserve speech, swallow-
ing, parathyroid function, and mobility of the shoulder
[5]. The approach should be individualized, taking the
patient’s wishes, other comorbidities, and life expectancy
into account.

Prophylactic thyroidectomy in hereditary MTC

Because the penetrance for MTC is nearly 100% in
patients with germline RET mutations, prophylactic total
thyroidectomy is indicated to prevent or lead to a defini-
tive cure of MTC by intervening before the development
of a primary tumor or lymph node metastases [68, 84].
For those with germline RET mutations without clinical
evidence of MTC, prophylactic thyroidectomy is recom-
mended to reduce MTC-related long-term morbidity and
mortality [5]. Current ATA Guidelines suggest a classifi-
cation to define categories of RET mutations connected
with stepwise increasing aggressiveness (from HST, H, to
MOD) [5], as showed in Fig. 3.Due to the highly aggres-
sive nature of MTC in patients in the HST group, total
thyroidectomy with CND in the first year of life is rec-
ommended, preferably in the first month after birth [5].
For those with MEN 2A syndrome in the ATA-H cat-
egory, close monitoring, including periodical biochemi-
cal screening for urine catecholamine and epinephrine,
as well as annual physical examination, cervical US and
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measurement of serum calcium, Ctn and parathyroid
hormone levels from 3 years of age is recommended
[5], and total thyroidectomy and CND by 5 years of age
is also suggested [5]. In case of a subject with clinically
and genetically confirmed MEN2B, as in all other cases
of RET positive germline mutation, the genetic screen-
ing for RET germline mutation should be extended to all
first-degree relatives. Although very rare in clinical prac-
tice, since MEN 2B is mostly a de novo syndrome, total
thyroidectomy (either prophylactic or therapeutic) with
central compartment and oriented lateral cervical com-
partment lymph node dissection should be performed
if some relatives had the same RET germline mutation.
It is optimal to delay prophylactic thyroidectomy in
patients with mutations known to lead to MTC at older
ages, because of the increased risks and potential adverse
effects (AEs) of hypothyroidism (due to insufficient thy-
roid hormone replacement during key times for growth
and development), hypoparathyroidism, and recurrent
laryngeal nerve injury in children [5].

Since early surgery with complete resection of tumor
largely determines the likelihood of being cure for MTC,
the widespread use of RET genetic screening has dramat-
ically changed the prognostic of gene carriers in heredi-
tary MTC [7].

Follow-up of patients with MTC after surgery

According to ATA guidelines [5], clinicians should con-
sider TNM classification, the number of lymph node
metastases, and postoperative serum Ctn levels in pre-
dicting outcome and planning long-term follow-up of
patients treated by thyroidectomy for MTC. Serum levels
of Ctn and CEA, should be measured 3 months postop-
eratively, and if undetectable or within the normal range,
they should be measured every six months for 1 year, and
then yearly thereafter. Patients with elevated postopera-
tive serum Ctn levels less than 150 pg/mL should have a
physical examination and US of the neck. If these studies
are negative the patients should be followed with physical
examinations, measurement of serum levels of Ctn and
CEA, and US every 6 months. If the postoperative serum
Ctn level exceeds 150 pg/mL patients should be evalu-
ated by imaging procedures, including: neck US, chest
CT, contrast-enhanced MRI or three-phase contrast-
enhanced CT of the liver, and bone scintigraphy and MRI
of the pelvis and axial skeleton.

During follow-up, patients that are cured after surgery
(undetectable Ctn, CEA values, and negative imaging)
have an almost negligible possibility to have recurrence
[121]. Conversely, in patients with detectable calcitonin
but without structural disease, the possibility of develop-
ing metastatic disease in a medium-long term follow up
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is present [122, 123]. Moreover, metastatic cases should
be strictly followed over time [124].

Adjuvant and neoadjuvant therapy for MTC

The adjuvant and neoadjuvant therapies including radi-
otherapy, systemic medical therapy, and other nonsur-
gical therapies should be considered to achieve local
tumor control for patients with the presence of extensive
regional or metastatic disease [5]. Local treatments like
external beam radiotherapy (EBRT), have only limited
and short-term benefits, systemic therapy like '*'I treat-
ment is the main postoperative comprehensive treatment
for DTC, but it is ineffective in MTC because MTC cells
do not absorb iodine-131 [11]. The conventional cyto-
toxic chemotherapy has shown poor results in advanced
or metastatic MTC, with a response rate of approxi-
mately 20% [12, 13].

The goal of adjuvant radiation therapy in MTC is to
prevent or provide local control of disease in patients
at high risk of locoregional recurrence. There are data
to support external beam radiation therapy (EBRT) to
prevent recurrent local disease, but definitive data sup-
porting a benefit to OS are lacking [125-128]. A recent
systematic review and meta-analysis, including data from
27 nonrandomized studies, found that EBRT for MTC
with lymph node metastases, microscopic residual dis-
ease, or extrathyroidal extension was associated with a
38% reduction in locoregional recurrence but had no
association with OS, with data from multiple studies
favoring doses of greater than 60 Gy [129]. However, the
interpretation of these data is limited based on nonran-
dom treatment assignment, with patients having higher
risk disease being more likely to receive radiation ther-
apy. It was recently been suggested that postoperative
adjuvant radiotherapy is an important means of increas-
ing local tumor control for MTC patients who still have
nodal involvement, extrathyroidal extension or residual
microscopic or macroscopic tumors after surgery [129].
However, there is no evidence of benefit from adjuvant
radiotherapy for patients undergoing RO or R1 resection.
Generally, EBRT has been reserved for selected patients
with a high likelihood of tumor recurrence after thyroid-
ectomy, and merits consideration in cases of advanced
disease at high risk for locoregional recurrence [5].

Chemotherapy regimens for patients with MTC
included therapy with dacarbazine in combination with
other agents, including vincristine, cyclophosphamide,
streptozotocin, and doxorubicin. As described above,
MTC is not sensitive to radiotherapy and chemother-
apy, and the efficacy of neoadjuvant radiotherapy and
chemotherapy in locally advanced MTC has not yet been
confirmed [130]. And with the development of targeted
therapy, there have been no subsequent reports on the
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application of neoadjuvant radiotherapy and chemother-
apy in MTC.

At present, there are also reports of locally advanced
MTC treated with neoadjuvant therapy of RET inhibi-
tors. For example, one patient has undergone radical
resection following Selpercatinib neoadjuvant therapy,
and there has been no recurrence on biochemical and
imaging examinations [131]. A recent Chinese expert
consensus recommended that patients with locally
advanced unresectable MTC with RET mutations should
consider neoadjuvant treatment with Selpercatinib or
Pralsetinib (Evidence level: C; Recommendation level:
B) [132]. What’s more, there is an ongoing phase II clini-
cal trial (NCT04759911) that designed to define the
effect of Selpercatinib given before surgery in treating
patients with RET-altered TC [133]. However, neoadju-
vant therapy with Selpercatinib is not fully risk-free, one
peculiar case has been reported of developing tumor lysis
syndrome (TLS) secondary to Selpercatinib neoadju-
vant therapy [134].Therefore, for the treatment of locally
advanced MTC, it is necessary to evaluate and design
individualized treatment for TC multi-disciplinary treat-
ment (MDT) with rich clinical experience. After evalu-
ation, if the patient is expected to achieve RO or R1
resection, surgical treatment is preferred. When it is dif-
ficult to achieve RO or R1 resection, or when it is difficult
to preserve adjacent structures or organ functions due
to the large surgical scope, neoadjuvant therapy may be
considered.

There is currently no evidence-based medical data
regarding the need for targeted or immune maintenance
therapy for patients undergoing surgical treatment after
neoadjuvant therapy. In cases of RET-mutated-MTC
treated with Selpercatinib neoadjuvant therapy, due to
the patients’ concurrent lung, bone, and liver metasta-
ses, Selpercatinib maintenance therapy was continued
after surgical removal of local lesions [131]. However,
the indications and duration of maintenance therapy are
currently unclear, and more clinical studies are needed
to confirm the survival benefits. In MTC patients, it is
recommended to monitor the dynamic changes of bio-
chemical indicators like serum Ctn and carcinoembry-
onic antigen as auxiliary means for efficacy evaluation
and selection of adjuvant therapy.

Targeted therapies for patients with advanced

and recurrent MTC

It is worth noting that 15-20% of MTC patients exhibited
distant metastasis at the initial diagnosis, and a fright-
ening 10-year survival rate of 10-40% from the time of
first metastasis was reported in previous retrospec-
tive studies [4, 135].In the past, cytotoxic chemotherapy
has shown poor results in patients with persistent or
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recurrent MTC, only a fraction of patients responded
to it, and durable control of disease was uncommon [12,
136]. While with the deepening understanding of the
molecular mechanism of MTC and intracellular signal-
ing pathway that involved in MTC pathogenesis, targeted
treatments have gradually developed, which represented
by RET-targeted TKIs, have demonstrated considerable
promise in treatment for advanced and recurrent MTC
and have positioned targeted therapy as the current
standard of treatment [12, 14]. Current TKIs for RET
include multi-tyrosine kinase inhibitors (MKIs) and RET-
selective TKIs, the former incompletely inhibit multiple
kinases including RET and often impair multiple signal-
ing pathways, while the latter is highly selective for RET
(16, 17].

Multi-kinase Inhibitors

MK, i.e., nonselective RET inhibitors, were the first tar-
geted systemic therapies approved by the US-FDA for the
treatment of patients with progressive or symptomatic,
advanced, or metastatic MTC. During past years, sev-
eral small-molecule MKI compounds have been tested
in clinical trials for the treatment of MTC, but only Van-
detanib and Cabozantinib were approved, in 2011 and
2012, respectively. The small molecule Vandetanib tar-
gets the RET tyrosine-kinase receptor (TKR), in addition
to other TKRs including vascular endothelial growth fac-
tor (VEGFR)2, VEGFR3, and EGFR, which contribute to
tumor angiogenesis, cell proliferation, and cell migration
and are commonly overexpressed in advanced MTC [137,
138]. Cabozantinib, another MKI, targets RET, VEGFR2,
and hepatocyte growth factor receptor (MET) TKRs.

In a multicenter phase III randomized, placebo-con-
trolled trial (ZETA) involving 331 patients with advanced
MTC, Vandetanib showed a statistically significant
improvement in median progression-free survival (PES)
of 30.5 months for patients treated with Vandetanib
compared to 19.3 months for placebo [19]. It is worth
noting that the approval did not require the presence
of a RET activating mutation. In 298 patients with spo-
radic MTC enrolled in this study, 155 patients were with
a RET mutation, 8 patients were without RET mutation
and RET mutation status was unknown in 135 patients.
According to the post-hoc analysis, EMA allowed the use
of Vandetanib in case of somatic/germline positive RET
mutation in Europe. Therefore, having the data about
germline/somatic RET mutation become fundamen-
tal, not only for prescribing highly selective RET inhibi-
tors but also for prescribing Vandetanib. Germline RET
mutation is tested at diagnosis, and somatic RET testing
can be performed with the use of an algorithm to opti-
mize the cost/benefit ratio [121].
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In phase-III randomized, placebo-controlled EXAM
trial for Cabozantinib involving 330 patients with unre-
sectable, locally advanced, or metastatic MTC, the esti-
mated median PFS was 4.0 months for the placebo versus
11.2 months for Cabozantinib [18]. In final analysis of the
EXAM results after a long-term follow-up, Cabozantinib
did not lead to statistically significant improvement in
OS when compared with the placebo (median OS 26.6
vs 21.1 months, HR=0.85), but subgroup analyses sug-
gested an increased benefit in patients with a somatic
RET M918T mutation(OS: 44.3 months for Cabozantinib
compared to 18.9 months for placebo) [139].

Sorafenib, Lenvatinib, Anlotinib and Sunitinib are
other MKIs that have been studied in MTC with less
impressive results and notable toxicities, but they may
have possible applications as salvage therapy for patients
with progressive disease and resistance to other TKIs
[140-145].

Despite the ability in slowing or stabilizing advanced
MTC, the use of MKIs in clinical practice has been lim-
ited by the intolerable adverse reactions, which fre-
quently contribute to dose reductions (ranging from 35
to 79%) and drug discontinuation in clinical trials [146,
147].

The most common side effects seen with Vandetanib
include nausea, fatigue, and rash, in addition to hyper-
tension and QT prolongation. In patients who received
Cabozantinib, which inhibits MET and VEGFR2 in addi-
tion to RET often experienced diarrhea, palmar-plantar
erythrodysesthesia, decreased weight and appetite, nau-
sea, and fatigue. In addition, the utility of these systemic
therapies is time-limited due to eventual tumor resist-
ance, and neither Vandetanib or Cabozantenib have been
shown to lead to complete responses and improve OS in
patients with MTC [148]. Furthermore, off-target toxic-
ity was observed related to more potent inhibition of
non-RET kinases, especially VEGFR2. All this suggests a
need for more effective and more selective RET-targeting
therapies.

RET selective Inhibitors

Recently, selective RET inhibitors have been developed
to achieve higher potency anti-tumor effects with less
toxicity. Two small-molecule inhibitors, named Selper-
catinib and Pralsetinib, are US-FDA-approved for the
management of RET-mutated unresectable MTC. Both
drugs have demonstrated more efficient and wide-spec-
trum inhibition of RET mutations (including RET V804L
and V804M mutations), as well as fewer adverse reac-
tions as compared to MKIs in clinical trials, which may
be attributed to more specific RET-targeting activity and
decreased activity against VEGFR2 [149].
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The results of clinical trials of MKIs and RET-selec-
tive inhibitors were summarized in Table 1. In a phase
I/II open-label LIBRETTO 001 trial of Selpercatinib
in patients with progressive RET-mutant MTC with
and without prior treatment with MKIs, an objective
response rate (ORR) was observed in 69% of patients
with prior Vandetanib or Cabozantinib treatment (with
86% of responses ongoing at 1 year) and 73% of patients
who had not received prior TKI therapy (with 91% of
responses ongoing at 1 year), which is called as TKI-
naive patients [21]. Of note, Selpercatinib was well toler-
ated with grade 3 AEs including hypertension (21%) and
diarrhea (6%), only 12 of 531 (2%) patients in this trial
discontinued therapy due to drug-related AEs. In a phase
III multicenter, open-label, randomized LIBRETTO-531
trial (NCT04211337) comparing Selpercatinib as first-
line therapy with Cabozantinib or Vandetanib (con-
trol group) in patients with in advanced RET-mutant
MTC, Selpercatinib showed a significantly better result
than MKI both in improving efficacy and reducing tox-
icities [150, 151]. At a median follow-up of 12 months,
median PFS was not reached in the Selpercatinib group
and was 16.8 months in MKI group (P <0.001). PES rate
at 12 months was 86.8% vs. 65.7% in the Selpercatinib
group and in MKI group, respectively. Median treatment
failure—free survival (FFS) was not reached in the Selper-
catinib group and was 13.9 months in the control group
(P<0.001). Treatment failure—free survival at 12 months
was 86.2% for Selpercatinib versus 62.1% for MKI. The
overall response was 69.4% for Selpercatinib versus
38.8% for MKI. AEs led to a dose reduction in 38.9% of
the patients with Selpercatinib, as compared with 77.3%
with MKI, and to treatment discontinuation in 4.7% and
26.8%, respectively.

And the newly released expert consensus in China
especially emphasizes that selective RET inhibitors such
as Selpercatinib are strongly recommended for treatment
of advanced NSCLC patients with RET-fusion [152]. A
recent case report indicated that Selpercatinib is also
effective and safe in RET-altered pediatric tumors with
limited treatment options, including MTC and soft-tissue
sarcomas [153].

In updated results of the phase I/II ARROW study
released in 2020, Pralsetinib showed an ORR of 71%
in TKI-naive RET-mutated MTC, with a 60% objec-
tive response in patients who had previously received
MAKI therapy [154]. Less than 3% of patients discontin-
ued Pralsetinib treatment due to treatment-related AEs,
which included hypertension, fatigue, and diarrhea [149].
Based on these data showing remarkable efficacy and
better-tolerated side effect profiles, Selpercatinib or Pral-
setinib is recommended for patients with symptomatic
or progressive metastatic MTC. In addition, according to
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results of ARROW trial, Pralsetinib has shown an excel-
lent efficacy in RET-fusion NSCLC [155]. However, Pral-
setinib has recently been declared no longer available for
advanced or metastatic RET-positive MTC in the United
States, as the manufacturers involved in its develop-
ment have chosen to withdraw the indication [156]. The
decision was made not due to any new safety or efficacy
data, while because the phase III AcceleRET-MTC trial
(NCT04760288) needed to convert the agent’s acceler-
ated approval into a full approval is no longer feasible.

There are other promising selective RET inhibitors cur-
rently under investigation in the management of MTC,
including BOS172738 [157] and TPX-0046 [158], which
may lead to additional treatment options and second-line
therapies targeting mutations that lead to resistance to
other TKIs.

Overlapping areas of concern for patients taking Selp-
ercatinib or Pralsetinib are hepatotoxicity, hyperten-
sion, and hematological concerns, since either drug can
inhibit the vascular endothelial growth factor (VEGF)
pathway. In particular, patients on Selpercatinib have
been additionally monitored to minimize the risk of QTc
interval prolongation by performing electrocardiograms
(ECGs) and correction of abnormal electrolytes at base-
line; Before initiation of Selpercatinib, a QTcF interval
of <470 ms is recommended [159]. Any present hypoka-
lemia, hypomagnesemia, and hypocalcemia should all be
corrected prior to initiating Selpercatinib [160]. Periodic
testing of serum electrolytes should also be performed to
ensure continuous monitoring of patients taking Selp-
ercatinib [160]. Additionally, patients on Selpercatinib
should be aware of the potential for hypersensitivity reac-
tion, which is not a concern for those on Pralsetinib [160,
161]. A Pralsetinib-specific monitoring parameter is used
to routinely assess patients for signs of interstitial lung
disease (ILD) or pneumonitis at each follow-up [162,
163].The toxicity of these RET-targeted TKIs was sum-
marized in Table 2. Besides of the common AEs reported
by these above trials, several peculiar AEs of Selper-
catinib have also been reported in literatures, includ-
ing gastrointestinal toxicities (gastric and small-bowel
edema, mucosal edema), lung toxicities (Langerhans cell
histiocytosis and obliterative bronchiolitis), chylous effu-
sions (chylothorax and chylous ascites) and erectile dys-
function [164—169].

Genetic testing of MTC and other novel therapeutic
methods of MTC

It is recommended in the National Comprehensive
Cancer Network (NCCN) guidelines that all patients
diagnosed with MTC receive germline RET screen-
ing to determine if MTC is hereditary or sporadic, and
all MTC patients who are RET germline unknown or
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Table 1 Efficacy data of clinical trials evaluating Vandetanib, Cabozantinib, Selpercatinib and Pralsetinib treatments in MTC patients

Multikinase Inhibitors, MKI RET selective inhibitors

Vandetanib Cabozantinib Selpercatinib Pralsetinib
Drug target RET, EGFR, VEGFR-2 RET, VEGFR-2, MET RET RET
Dose 300 mg/d 140 mg/d 160 mg twice a day 300 mg/d
Approval for MTC 2012 (FDA) 2012 (FDA) 2020 (FDA) 2020 (FDA)
2012 (EMA) 2013 (EMA) 2021 (EMA) NA (EMA)
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Study Vandetanib vs. Placebo Cabozantinib vs. placebo Selpercatinib Pralsetinib
(ZETA) (EXAM) (LIBRETTO-001) (ARROW)
(NCT00410761) (NCT00704730) (NCT04280081) (NCT03037385)

Trial design Multicenter, double-blind, Cabozantinib vs. placebo Open-label Open-Label
randomized, placebo-con-
trolled

Clinical trial phase Il Il /1l /1

Participants 231 Vandetanib vs. 100 219 Cabozantinib vs. 111 55 pretreated 55 pretreated

placebo placebo 88 untreated 29 untreated
All RET-mutated All RET-mutated
Year 2006/12-2007/11 2008/9-2011/2 2017/5-2019/6 2017/3-2020/5

Primary endpoint PFS PFS ORR ORR

Secondary endpoint ORR, DCR, OS, biochemical OS, ORR DOR, PFS, safety DOR, CBR, DCR, PFS, OS, safety
Response, time to worsening
pain

PFS (Months) 30.5 (Vandetanib) 11.2 (Cabozantinib) 1-year PFS rate: 1-year PFS rate:
vs 19.3 (placebo); vs 4.0 (placebo); a. RET-mutant MTC previ- a. RET-mutant MTC received
HR: 0.46 HR: 0.28; ously received MKls: 82%; only Pralsetinib: 71%; 95%Cl:
95%Cl: 0.31-0.69; 95%Cl: 0.19-0.40; 95% Cl, 69%-90% 0.48-0.89
p<0.001 p<0.001 b. RET-mutant MTC with- b. RET-mutant MTC received
out previously received Pralsetinib plus Cabozantinib,
MKIs: 929%; 95% Cl: 82%-97%  Vandetanib or both: 60%;
c. RET-fusion-positive TC: 95%Cl: 46%—73%
649%,; 95% Cl: 37%- 82%
ORR 45% (Vandetanib) vs 13% 32% (Cabozantinib) a. RET-mutant MTC previ- a. RET-mutant MTC previously
(placebo) vs 25% (placebo) ously received MKIs: 69%; received MKls: 60%; 95% Cl:
OR: 5.48; 95%Cl: 2.99-10.79; 95%Cl, 55%-81% 46%-73%
p<0.001 b. RET-mutant MTC patients  b. Treatment-naive RET-mutant
without previously received  MTC: 719%; 95% Cl: 48%-89%
MKIs: 73%; 95% Cl: 62%-82%  c. RET fusion-positive TC: 89%;
c. RET fusion—positive TC: 95%Cl: 52%-100%
79%; 95% Cl: 54%-94%
DCR 87%(Vandetanib) vs 71% / / a. RET-mutant MTC previously
(placebo); OR: 2.64; 95%Cl: received MKIs: 93%; 95%Cl:
1.48-4.69; p<0.001 82%-98%
b. Treatment-naive RET-mutant
MTC: 100%; 95%Cl: 84%-100%
¢. RET fusion-positive TC: 100%;
95%Cl: 66%-100%
oS HR, 0.89; 95% Cl, 0.48-1.65 HR, 0.98; 95% Cl, 0.63-1.52 / d. RET-mutant MTC previously

received MKIs: 60%; 95%Cl:
46%-73%

e. Treatment-naive RET-mutant
MTC: 71%; 95%Cl: 48%—-89%

f. RET fusion-positive TC: 89%;
95%Cl: 52%-100%
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Table 1 (continued)
Multikinase Inhibitors, MKI RET selective inhibitors
Vandetanib Cabozantinib Selpercatinib Pralsetinib
CBR / / / a. RET-mutant MTC previously
received MKIs: 80%; 95%Cl:
67-90

b. Treatment-naive RET-mutant
MTC: 100%; 95%Cl: 84-100

c. RET fusion-positive TC: 89%;
95%Cl: 52-100

Table 2 Side effects data of clinical trials evaluating Vandetanib, Cabozantinib, Selpercatinib and Pralsetinib treatments in MTC

patients

Multikinase Inhibitors, MKI RET selective inhibitors

Vandetanib Cabozantinib Selpercatinib Pralsetinib
Most common AEs Diarrhea Diarrhea Dry mouth Anaemia
Rash Palmar-plantar Diarrhea Musculoskeletal pain
Nausea Erythrodysesthesia Hypertension Constipation
Hypertension Headache = Decreased weight Fatigue Increased AST level
Decreased appetite Oedema

Dose Reduction (35%)
Interruption NA
Discontinuation (12%)

Diarrhea (11%)
Hypertension (9%)

ECG QT prolonged (8%)
Fatigue (6%)

Decreased appetite (4%)

Dose modifications because of (all) AEs

Most common grade 3 or higher AEs

Dose Reduction (79%)
Interruption (65%)
Discontinuation (16%)

Diarrhea (15.9%)

Palmarplantar Erythro-

dysesthesia (12.6%)
Fatigue (9.3%)

Dose Reduction (31%)
Interruption (5%)
Discontinuation (2%)

Hypertension (21%)

Increased ALT level (11%)

Increased AST level (9%)
Hyponatremia (8%)
Diarrhea (6%)

Dose Reduction NA
Interruption NA
Discontinuation (4%)

Hypertension (17%)
Neutropenia (13%)
Lymphopenia (12%)
Anaemia (10%)

MKI Multi-kinase inhibitors, PFS Progression-free survival, OS Overall survival, ORR Objective response rate, DCR Disease-control rate, DOR Duration of response, CBR

Clinical benefit rate, AST Aspartate aminotransferase, ALT Alanine aminotransferase

negative should undergo somatic RET testing [15].
Especially for recurrent, unresectable, or advanced
MTC, genetic testing, including somatic mutations of
RET gene, is suggested to guide the selection of tar-
geted therapy drugs, and one algorithm was reported
to help detect somatic RET mutation, which is able to
optimize cost/benefit ratio [121].

Although several TKIs have been approved by FDA
and EMA for treating advanced MTC, there is still an
important proportion of patients who fail to respond
to TKIs or who cannot tolerate adverse reactions,
besides, resistance has also emerged to these newer
TKIs. Therefore, novel therapeutic methods are still
needed. Next-generation medical therapies, such as
immunotherapy and peptide receptor radionuclide
therapy (PRRT) have shown promise, while prospec-
tive randomized controlled trials are needed to verify
the efficacy and safety in the future [170].

Resistance mechanisms of RET-targeted therapy

As described above, several TKIs have been approved for
treating advanced MTC and showed considerable effect,
however, resistance has also emerged to these TKIs. In
clinical practice, both intrinsic resistance and acquired
resistance to RET-targeted TKIs have been observed, and
the mechanisms have been largely unknown to date. The
efficacy of MKIs, such as Cabozantinib and Vandetanib,
is hindered by low ORR, this can be attributed, at least in
part, to the inadequate inhibition of the oncogenic RET
kinase. Due to the occurrence of off-target AEs, a reduc-
tion in dosage was required for a significant proportion
(ranging from 35 to 79%) of MTC patients taking Vande-
tanib or Cabozantinib [147]. Hence, attaining appropri-
ate drug concentrations for RET inhibition using these
MKiIs is difficult [147]. Although the advent of selective
RET inhibitors, including Pralsetinib and Selpercatinib,
have greatly improved outcomes of these MKI-resistant
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patients, which showed a better efficacy, significantly
improved ORR and a milder toxicity profile [21, 149, 171],
over 30% of patients fail to achieve partial response (PR)
to these drugs (3% of patients had responded to prior
MAKI but not to Selpercatinib, and 28% of patients failed
to respond to either Selpercatinib or Pralsetinib). And
there are patients who experiment rapid progression or
tumor recurrence after an early response to those TKIs,
which suggest the existence of primary and acquired
resistance. These data show the complexity of the RET
resistance landscape and the necessity of understand-
ing the physiopathology of the different mechanisms
involved to overcome them [170]. Figure 5 summarizes
the mechanisms of primary and acquired resistance to
RET inhibitors, which contain tumor microenvironment
(TME), coexisting RET alterations and coexisting muta-
tions of oncogenic drivers that enable bypass signaling.

Before analyzing the resistance mechanism of RET
inhibitors, it is important to understand how RET inhibi-
tors bind to RET kinase. These small-molecule TKIs act
by partially or completely binding to the nucleotide-bind-
ing pocket of the RET kinase domain, thereby blocking
kinase activity. And kinases can adopt an active or inac-
tive conformation according to the spatial orientation of
the activation loop. For example, if the aspartate-pheny-
lalanine-glycine (DFG) motif at the N-terminal is in the
activation loop, it is called “DFG-in’; while if DFG motif
is flipped-out, it is called “DFG-out” TKIs are classified
into three types, including typel, type II and type III, the
mechanism of action differs between these three types.
Inhibitors of typel(i.e. Sunitinib) act by competing with
ATP to bind to the ATP binding pocket, thus blocking
the active conformation of the kinase. Typell TKIs (i.e.
Sorafenib) indirectly compete with ATP by occupying
the hydrophobic pocket adjacent to ATP-binding site that
is only available in the DFG-out conformation, thereby
stabilizing the inactive kinase [172]. Type III TKIs (e.g.
Vandetanib) work by covalently binding to cysteines at
specific sites of the kinase (variably located) and pre-
vent the activation of the kinase [173].0f note, MKIs and
selective RET inhibitors bind differently to RET. MKIs
occupy both the front and back clefts of the drug-binding
pockets by passing through the gate, while Selpercatinib
binds to the front cleft and wrap around it to reach the
back cleft without passing through the gate [174].

Intrinsic resistance mechanisms

Coexisting RET alteration

Coexisting RET alteration has been observed as one of
mechanisms of primary resistance to MKIs. The RET
M918T mutation, which affects the C-lobe of the kinase,
is the most frequent mutation in MTC. It has been
observed that the half maximal inhibitory concentrations
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(IC50s) of Vandetanib, Cabozantinib and Lenvatinib
for RET M918T kinase were severalfold of that for the
wild-type RET kinase, suggesting that a higher dose may
be needed in patients with RET mutations [175]. Other
aberrations, such as intrinsic gatekeeper mutations at
RET V804L/M or other alterations typically acting as
acquired resistance mechanisms, have occasionally been
described as intrinsic mechanisms of resistance [172,
176-178].

Bypass signaling

Clinically, co-occurrence of driver oncogenes can be
observed in RET-altered tumors, including RAS muta-
tion, EGFR mutation, and MET amplification [179, 180],
and acquired mutations of these driver oncogenes have
also been found in preclinical experiments [181]. RET-
targeted TKIs may lose efficacy due to the co-occur-
rence of the above driver genes, which could bypass the
requirements of RET proto-oncogene. While it has not
been identified in MTC.

For MKIs, AKT2 amplification has been thought to
have a role in de novo and acquired resistance to targeted
therapies such as Vandetanib, it is due to that in vitro
studies have demonstrated the role of AKT2 amplifica-
tion in tumorigenesis, and the AKT gene family encodes
serine/threonine kinases that phosphorylate downstream
protein effectors such as mTOR, which constitutively
activate RET. Thus, the addition of mTOR inhibitors
like Everolimus may overcome this resistance, as con-
firmed by the results of a phase I trial (NCT01582191),
which showed a higher ORR and longer PFS when adding
Everolimus to Vandetanib in RET-driven tumors [177,
182-184].

For selective RET inhibitors, a previous study reported
that patients with RET fusion-positive and MET ampli-
fication positive NSCLC responded to the combination
of Selpercatinib and Crizotinib, which is the MET/ALK/
ROS1-targeted TKI, while were resistant to Selpercatinib
[185]. The acquisition of KHDRBS1-NTRK3 fusion (K8;
N14) has been identified as a mechanism of resistance to
Selpercatinib in patients with KIF5B-RET fusion (K15;
R12) positive lung cancer. Some reports have shown that
acquired tertiary MET resistance to Capmatinib (a MET-
targeted inhibitor) and Selpercatinib, which is character-
ized by MET D1228N mutation and LSM8-MET fusion,
has been observed in patients with KIF5B-RET-positive
NSCLC who previously developed initial resistance to
Selpercatinib by generating secondary MET amplifica-
tion [186, 187].

Another analysis included 70 pairs of matched samples
of pre-treatment and post-progression tumor biopsies
and plasma cell-free DNA (cfDNA) specimens for cor-
relative genomic analyses, all these samples were from
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patients with confirmed RET activating fusion or muta-
tion (including 19 MTC patients with RET mutation)
and treated with Selpercatinib in the LIBRETTO-001
trial [188]. The authors sought to identify potential

mechanisms of primary resistance to Selpercatinib, and
found that prior exposure to MKIs did not alter subse-
quent outcomes with Selpercatinib. What’s more, it was
observed that 11 patients harbored PI3K pathway lesions
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including 2 patients with PTEN loss-of-function muta-
tions, and 9 patients with additional PTEN or PIK3CA
mutations, while the patients harboring PI3K pathway
alterations had a clinical benefit rate of 91% on Selp-
ercatinib, indicating that these co-alterations of RET
and PI3K did not preclude disease control. Moreover,
it is revealed by pre-treatment plasma sequencing that
2 patients with primary resistance to Selpercatinib har-
bored KRAS mutations (G12D and G12V).

Tumor microenvironment and immune infiltration

The tumor microenvironment (TME) is composed of
different cellular components, including tumor -cells,
immune cells, fibroblasts, extracellular matrix com-
ponents, vessels and a variety of related cytokines and
chemokines [189]. The TME has been recently found to
be a key factor for the efficacy of targeted therapy. On
the one hand, the TME may affect the response of the
tumor to some TKIs, for example, the presence of CD4*
and CD8" T cells in the TME may predict a better effi-
cacy for EGFR-TKIs [190], TME stresses and autophagy
may affect the resistance of EGFR-TKIs. On the other
hand, TKIs may potentially affect TME, which in turn
may have a significant impact on the choice of treatments
later on, such as in clinical trials, even tumors without
EGFR mutation responded well to EGFR-TKIs, strongly
suggesting not only the tumor cells themselves but also
potential tumor-specific immune responses might be the
targets of EGFR-TKIs [191]. While the impact of TME on
the effectiveness of RET inhibitors is undetermined and
still to be established [192].

As is known, TME plays a central role in the relation-
ship between tumor cells and the immune system, which
is down-regulated by cancer cells so as to keep an immu-
nosuppressive microenvironment, allowing tumor prolif-
eration and protecting it from the immune system [193].
Due to the attraction of chemokines and other microen-
vironmental factors including hypoxia, both innate and
adaptive immune cells are typically significantly infil-
trated in the TME of MTC [194]. MTC express a low
tumor mutation burden (TMB), which is associated with
low response rates to immunotherapy. However, certain
advanced MTC tumors develop a significant increase in
T cell infiltration [195-197]. Thus, immunotherapy may
play a role in advanced MTC and needs further investiga-
tion [197-200].

TME is locally infiltrated by different immune cell
subsets, including TIL (CD8" T lymphocytes, CD4*
T lymphocytes and B lymphocytes), tumor-associated
macrophage (TAM), natural killer cell (NK cell), mye-
loid-derived suppressor cell (MDSC), etc., their dif-
ferent types and distributions constitute the complex
immune characteristics of TME [201]. Among them,
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immunosuppressive regulatory T cells (Tregs), which are
characterized by CD4% CD25% FOXP3*are highly pre-
sent in TME [202, 203]., and are related to a poor prog-
nosis. Currently, there are several strategies involving
Tregs to reduce initial resistance to RET inhibitors, like
targeting FOXP3 or downregulating antigen presentation
or MHCI by using RET inhibitors to revert this immuno-
suppressive activity [204], and CXC chemokine receptor
4 (CXCR4) inhibitors is one. CXCR4 is one of the main
regulators of Tregs, and is a G-protein-coupled recep-
tor activated through C-X-C motif chemokine ligand
12 (CXCL12). It plays a key part in TME by promoting
tumor progression and recruiting immune cells and stro-
mal cells. CXCR4 is highly expressed in thyroid cell lines
expressing RET or MTC-associated RET mutants and is
also expressed in endothelial cells and Tregs [198, 205,
206]. Hence, there are preclinical studies that demon-
strate a downregulation of CXCR4 expression in RET-
mutant cell lines treated with Vandetanib [205, 207], and
strategies for combining CXCR4 inhibitors with classical
therapies (including chemotherapy, immunotherapy and
targeted therapies) are under development in both hema-
tologic and solid tumors [206]. While to date, AMD3100
(Plerixafor or Mozobil) is the only CXCR4 inhibitor
approved for patients with non-Hodgkin’s lymphoma or
multiple myeloma [208].

Acquired resistance mechanism

Currently, only a handful of reports have described
patients who acquired resistance to prior RET MKIs,
which may be attributed to inhibition of non-RET
kinases, also known as non-kinase targets, by MKIs.
Conversely, selective RET inhibitors including Pralsetinib
and Selpercatinib decouple RET inhibition from the inhi-
bition of non-RET kinases, and therefore might be more
likely to explain the underlying mechanisms of acquired
resistance.

Secondary RET alteration

Secondary RET alteration is one of the acquired resist-
ance mechanisms for MKIs. Since MKIs present different
conformational structures, a mutation in the RET kinase
domain may confer resistance to a certain subset of
TKIs, but not to others. Although infrequent, there may
be more than one mutation in the RET kinase domain,
resulting in a wide spectrum of resistances [175]. Usu-
ally, acquired mutations to MKIs occur at the gatekeeper
position, which occurs at residue V804 and is the funda-
mental residue placed at the RET active site. It controls
the access of drugs to a hydrophobic cavity that helps
anchor MKIs to the active site. These gatekeeper muta-
tions, originating by the substitution of valine for either
leucine or methionine (V804L/M), lead to a disruption
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of the hydrophobic pocket with a consequent resistance
to drugs whose mechanisms of action involve this cavity.
The appearance of gatekeeper mutations RET V804L/
MU/E typically leads to acquired resistance to MKIs such
as Vandetanib, Cabozantininb or Lenvatinib. Ponatinib
and sunitinib maintain partial activity against V804M.
However, 75% of patients harboring a V804 muta-
tion who were treated with Vandetanib showed clinical
response, which can be explained by significant non-RET
kinase activity [172, 176-178].

Acquired RET mutations occurred at other sites
include RET S904F activation loop mutations, RET
Y806C mutations at the hinge residue in the ATP binding
pocket, and solvent front G810A/S mutations. The above
three types of RER mutations confer resistance to Vande-
tanib, while G810A/S mutation is sensitive to Ponatinib
and Lenvatinib, and S904F mutation is sensitive to Nin-
tedanib. Another mutation, RET I788N, is resistant to
Cabozantinib, Vandetanib and ADS80, but sensitive to
Ponatinib [58, 149, 176, 177, 209]. All these mutations
have rarely been described as germline alterations [172,
176-178].

For selective RET inhibitors, secondary RET muta-
tion also is one of the important acquired resistance
mechanisms. One multicenter analysis collected post-
treatment tissue and plasma samples obtained from 18
patients with RET fusion-positive NSCLC who treated
with Selpercatinib, Pralsetinib, or a combination of both,
with a median PFS of only 6.3 months in this group (CI:
3.6—-10.8 months). And the results of NGS demonstrated
that a subset of patients developed secondary mutations
in RET, including two patients acquired mutations in
the solvent-front of the kinase domain (G810C/S), and
one patient got a mutation outside the kinase domain
(G597V). In addition, three cases (15%) acquired MET
amplification and one case developed KRAS amplifica-
tion [210], suggesting that MET and KRAS amplifications
may be more prevalent as resistance mechanisms within
the population studied. Gatekeeper mutations appear to
occur less frequently after selective RET inhibitors, as
these mutations may minimally influence the binding of
Selpercatinib and Pralsetinib. Although the sample size is
small, the analysis suggests that the mechanisms of resist-
ance to selective RET inhibitors may be more pleiotropic,
at least at the genomic level [211].

These observations were largely confirmed by one
analysis mentioned above [188]. Besides of primary
resistance, the determinants of acquired resistance to
Selpercatinib have also been established in this study.
In 18 patients with initial response who subsequently
recurred, 11 patients were identified with a genetically
driven mechanism of resistance. Among them, 3 patients
developed on-target resistance with the emergence of
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secondary RET mutations, including 2 patients with
truncal KIF5B-RET fusions developed RET solvent front
mutations (G810C or G810S), and 1 patient with RET
M918T-mutant MTC in whom a gatekeeper V804M
mutation was detected at baseline subsequently devel-
oped an acquired Y806C mutation in cis, which indicate
that the serial genetic evolution of mutant RET can lead
to Selpercatinib resistance.

Bypass signaling

The upregulation of other pathways implicated in cell
proliferation is a recurrent escape mechanism across
oncogenic drivers. Co-occurrence of driver oncogenes
observed in RET-altered tumors can bypass the require-
ments of RET proto-oncogene and lead to not only pri-
mary but also acquired resistance to RET-targeted TKIs.
The co-activation of the MAPK/ERK pathway has been
associated with resistance to MKIs in RET-rearranged
cells. In this situation, the addition of specific MEK
inhibitor Trametinib to AD80, an MKI with potent activ-
ity against RET, is necessary to abrogate the resistant
cells [149, 176, 212].In preclinical studies, the addition of
EGER inhibitor Gefitinib or Cetuximab to MKI therapy
blocked the phosphorylation of AKT and ERK, resulting
in downregulation of this pathway [192]. Other bypass
mechanisms, such as the acquisition of MET D1228V in
NSCLC or MET amplification in colorectal cancer, can
be overcome by MET or EGFR inhibitors [177].

Modifications in the genes CCND1, CCND2, CDK4,
CDK6, CDKN2A/B, or CDKN2C were observed in 21%
of participants enrolled in the phase III EXAM study.
These alterations have the potential to induce activation
of cyclin D-dependent kinases CDK4 and CDK6. The role
of CDK4/6 inhibitors in tumors harboring RET muta-
tions is yet to be determined [89].

Yes-Associated Protein (YAP) regulates transcrip-
tion factors, such as TEAD, B-catenin or STAT3, and
acts as a transcription co-activator. It has been previ-
ously reported that deregulation of YAP contributes to
resistance to RAF and ALK inhibitors. The role of YAP
on Vandetanib resistance in MTC has been investigated
by Wang. MTC cells were treated with Vandetanib for
three months to generate a Vandetanib-resistant cell line.
Overexpression of YAP was associated with Vandetanib
resistance, and targeting these cells with a YAP inhibitor
restored sensitivity to Vandetanib, providing a rationale
for further studies [213]

As for selective RET inhibitors, another resistance
mechanism that has been described in a RET fusion-pos-
itive lung cancer treated with Selpercatinib is an acquired
NTRKS3 fusion. The association of NTRK selective inhibi-
tors Larotrectinib or Entrectinib could be a successful
approach in this case [186]. KRAS amplification, as well
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as variants of unknown significance in BRAF and ROSI,
have also been reported [210, 214].

According to Rosen’s study previously mentioned,
besides of secondary RET mutation, emergent MAPK-
activating alterations similar to those mediating primary
resistance indicated that bypass signaling was another
important mechanism of Selpercatinib resistance [188].
7 in 18 patients acquired KRAS (G12A/R/V, G13D,
A59del), NRAS (G13D, Q61R), or BRAF activating muta-
tions or MET or FGFR1 amplifications. This diversity
of MAPK-driven mechanisms of primary or acquired
resistance was also evident within individual patients,
indicating a complex pattern of polyclonal resistance to
Selpercatinib therapy can emerge, consistent with a poly-
clonal resistance hypothesis.

Challenges, strategies, and auspicious orientations
Should surgical resection be performed in those patients
who respond and have a persistent low-volume disease?
As a result of exceptional responses observed with tar-
geted therapy (especially for Selpercatinib and Pral-
setinib) in locally advanced or metastatic MTC, a clinical
question that may be encountered is whether surgical
resection should be performed in those patients who
respond and have a persistent low-volume disease, or
whether neoadjuvant therapy should be considered in
those with borderline resectable MTC.3%8! At present,
there are also reports of cases of locally advanced MTC
treated with Selpercatinib neoadjuvant therapy. The
patient had undergone radical resection, and there was
no recurrence on biochemical and imaging examinations
[131]. Currently, there is a phase II trial studying the neo-
adjuvant use of Selpercatinib in locally advanced RET-
mutated MTC. The research team is currently recruiting
patients to determine if this will improve the rate of RO
resection, PFS, and OS (NCT04759911).

It is recommended to assess the efficacy after four
cycles of induction therapy with small molecule tyrosine
kinase inhibitors based on surgical treatment to deter-
mine if the patient is eligible for surgery. Considering
the overall condition of the patient, the recommended
prioritization criteria are as follows: (1) preservation of
the carotid artery and internal carotid artery; (2) preser-
vation of the esophagus; (3) preservation of the trachea
and larynx; (4) preservation of the internal jugular vein.
If these criteria are not met, a delay of 2 to 4 cycles of
induction therapy may be considered. Additionally, a
comprehensive assessment based on biochemical mark-
ers should be used to make a decision before the tumor
shows signs of growth. With advances in targeted thera-
pies, it is foreseeable that neoadjuvant targeted therapy
will provide better treatment opportunities for more
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advanced TC cases, and we anticipate that the 10-year
survival rate for thyroid cancer will continue to improve.

Can we achieve more durable and better response

with combinatorial approaches utilizing selective RET
inhibitors?

Now it has been established that concurrent activation
of RET and other oncogenic drivers, or genomic altera-
tions of other pathways are present, thus underlining the
rationale of combination therapies.

Additional next steps to be addressed include devel-
oping combination targeted therapies for common co-
alterations that occur with selective and multi-kinase
inhibitors used for the treatment of advanced MTC [215].
In a lung cancer cell line with a CCDC6-RET fusion,
epidermal growth factor (EGF) produced by endothelial
cells activated EGER and triggered resistance to MKIs by
activating bypass survival signals through ERK and AKT.
This suggests that, in patients where EGFR activation is
a predominant mechanism of TKI-induced resistance,
dual inhibition of EGFR and RET may be positive [192].
In fact, Rosen et al. isolated tumor cells from a patient
with MET amplification and exposed them to Crizo-
tinib and Selpercatinib, causing a cytotoxic effect. They
later treated 4 patients with this combination after pro-
gression to Selpercatinib, achieving 3 partial responses
and a maximum PFS of 10 months. These preliminary
results should encourage the development of prospec-
tive trials in patients with RET-mutated tumors with
MET amplification as mechanism of acquired resistance,
preferably using type Ib selective MET inhibitors such as
Capmatinib or Tepotinib [185].

As for acquired NTRK3 fusion, another resistance
mechanism of Selpercatinib, the association of NTRK
selective inhibitors Larotrectinib or Entrectinib could be
a successful approach in this case [186]. KRAS amplifica-
tion, as well as variants of unknown significance in BRAF
and ROS], have also been reported [210, 214].

Activation of FGFR signaling is also found to be a
mechanism of adaptive resistance to RET inhibitors that
activates ERK signaling. In cellular and animal models
of CCDC6-RET-rearranged TC, combined inhibition of
FGFR and RET prevented the development of adaptive
resistance to RET inhibitors, reduced cell viability, and
decreased tumor growth [216].

Development of next generation selective RET inhibitors

G810 is the C-lobe residue at the solvent front or “floor”
region of the ATP binding site, and substitutions of gly-
cine with cysteine, serine or arginine result in solvent
front RET G810C/S/R mutations, which constitute the
main mechanism of resistance to selective RET inhibi-
tors. The IC50 fold changes of these mutants are higher



Zhang et al. Cell Communication and Signaling (2024) 22:460

for Selpercatinib, which is suggested to have a greater
impact compared to Pralsetinib. Apart from the C-lobe
residue, the mutations may arise in other locations such
as the hinge region (RET Y806C/N) and the 2 strand
(RET V738A). They all confer resistance to Pralsetinib
and Selpercatinib, which may be overcome by next gen-
eration selective RET inhibitors which are currently
under development.

Next-generation selective RET inhibitors (includ-
ingTPX-0046, BOS172738, TAS0953/HMO06, LOX-18228,
LOX-19260 and APS03118) are under development, with
a wider spectrum of targets to overcome the above-men-
tioned solvent front mutations [149, 177]. Nonetheless,
the potential relevance of gatekeeper mutations as media-
tors of resistance to selective RET inhibitors suggests that
simultaneous inhibition of “solvent front” and gatekeeper
mutations may be the optimal approach. Furthermore,
detection of these resistance mutations through ctDNA
monitoring before clinical or radiographic progres-
sion may enable early identification of patients likely to
develop refractory disease [177, 197, 217]. TPX-0046 is a
selective next-generation RET/SRC inhibitor with proven
efficacy against solvent-front mutations in BaF3/KR cells
with a mean IC50 of 17 nM (while Pralsetinib and Selp-
ercatinib exhibit IC50s>500 nM) [158]. While the clini-
cal trial of TPX-0046 for RET inhibitor-resistant and
naive RET-driven cancers (NCT04161391) is terminated
due to adverse change in the risk/benefit. BOS172738
[NCT03780517], which also presents a high selectivity
for VEGFR2, has been studied in a phase I clinical trial
showing an adequate safety profile and an ORR of 33%
[218]. LOX-18228 has been assessed in cell lines with
M918T RET mutation or KIF5B-RET fusion along with
G810S or V804M resistance mutations. LOX-18228 has
demonstrated activity against several types of cell lines,
with promising results in a CCDC6-RET G810S and a
CCDC6-RET V804M mutated patient-derived xenograft
(PDX) model, reaching complete regression of the tumor
[219]. APS03118 is a novel highly selective next-gener-
ation RET inhibitor that possesses potent in vitro and
in vivo activity against a diverse range of RET alterations,
including solvent front mutations (SFMs)-mediated
resistance. APS03118 has received IND approval and Fast
Track Designation from FDA, and a first-in-human pha-
seltrial for patients with RET-driven solid tumors with
activating RET alterations [220].

Other Systemic Therapy

Peptide receptor radionuclide therapy (PRRT) targeting

the somatostatin receptor

Peptide receptor radionuclide therapy (PRRT) target-
ing the somatostatin receptor (SSTR) was developed for
the management of progressive gastroenteropancreatic
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and lung neuroendocrine tumors. Lutetium-177 DOTA-
TATE was approved for this indication in 2018. Targeted
radiotherapy has also been investigated for the treat-
ment of advanced and progressive MTC, with a focus on
SSTR and the cholecystokinin 2 receptor (CCK2R), two
receptors commonly expressed on MTC cells in vitro and
in vivo [221]. A systematic review of PRRT therapy in
MTC reported on the results of 186 patients treated with
PRRT targeting the SSTR with lutetium-177 and yttrium-
90 [221]. With heterogeneous evaluation and reporting
of results within studies, they described radiographic
responses, with 44 out of 117 (37.6%) of patients show-
ing progressive disease, 64 (54.7%) having stable disease,
and 6 (5.1%) patients showing a partial response. AEs of
therapy requiring discontinuation of PRRT occurred in 2
out of 154 (1.3%) patients with available data due to kid-
ney toxicity. A meta-analysis of PRRT published in 2020
involving four studies with 98 MTC patients with any
uptake on SSTR scintigraphy or PET/CT reported an
objective response rate of 8.5%, a disease control rate of
54%, and a serious AE rate of 2.8% [222]. Based on these
early data and experience, PRRT is a potential treatment
option that can be considered under investigational pro-
tocols for patients with advanced, progressive MTC and
uptake on SSTR-based imaging studies.

Immunotherapy

Immune-based therapies are currently being investi-
gated as additional treatment options for patients with
advanced MTC. A recent study looking at tissue from
46 MTC patients found that 49% and 90% of primary
and metastatic tumors had organized immune infiltra-
tion, respectively, and a subset of patients had low-level
PD-L1 expression. These results suggest that MTC may
be an immunologically active tumor with the potential
to be treated with immune checkpoint inhibitors (ICls)
or T-cell therapies targeting tumor-associated proteins
[195, 204]. Several small studies have shown partial
responses in a subset of patients who received tumor
vaccines developed to stimulate dendritic cells (DCs) to
present tumor-associated antigens (TAAs), like CEA,
Ctn, and tumor lysate, resulting in cytotoxic T cells tar-
geting MTC cells [223-225]. Although there are clinical
trials that have included or are enrolling patients with
MTC for investigational protocols involving anti-PD1
and anti-CTLA4 therapies and tumor vaccines [204],
there are currently no clinical trial data to guide the use
of immunotherapy in MTC patients. It is known that the
use of MKIs targeting VEGFR can reverse the immune
escape. Therefore, the combination of MKI or RET-selec-
tive inhibitors with ICIs is currently being investigated in
aggressive MTC, aiming at limiting tumor growth while
maximizing the endogenous antitumor immune response
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[204]. And there are also several ongoing trials of immu-
notherapy in NSCLC patients with RET alterations,
including a Chinese trial currently recruiting patients
with the goal of comparing chemotherapy to chemoim-
munotherapy (NCT04322591), and the LIBRETTO-431
trial (NCT04194944), which was designed to compare
responses of Selpercatinib to two standard-of-care arms,
one consisting of platinum and pemetrexed chemo-
therapy, the other chemotherapy and ICI pembroli-
zumab. In addition, the T-cell induced response caused
by RET inhibitors opens the possibility of combination
approaches with adoptive cell therapy [204]. Adoptive
T cell immunotherapy used chimeric antigen recep-
tor (CAR)-modified T cells (CAR-Ts), and one research
found that GFRoa4-specific CAR-Ts trigger antigen-
dependent cytotoxicity and cytokine production in vitro,
and they are able to eliminate tumors derived from the
MTC TT cell line in an immunodeficient mouse xeno-
graft model of MTC, which demonstrated the feasibility
of targeting GFRa4 by CAR-T and support this antigen
as a promising target for adoptive T cell immunotherapy
and other antibody-based therapies for MTC [226].

Conclusions

With in-depth research into the molecular mechanisms
of MTC, the recent development of more selective RET
inhibitors has opened a new era in the management of
these infrequent tumors. Results of various clinical trials
indicate the promise that treatment can improve gradu-
ally with the passage of time. For patients with locally
advanced disease that is difficult to surgically manage, or
has distant metastasis, targeted therapies, immunothera-
pies, and neoadjuvant treatments may offer new options.
Although significant therapeutic effects have been
achieved during treatment with RET inhibitors, adverse
events and drug resistance still cannot be ignored. There
is an urgent need to develop a new generation of thera-
pies and new combination therapy strategies to overcome
resistance to RET-targeted TKIs. Furthermore, for sev-
eral patients who do not carry RET mutations, the need
to search for effective treatment strategies and develop
new drugs is the key to leaving no one behind.
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