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Abstract: RET-selective tyrosine kinase inhibitors (TKIs) selpercatinib and pralsetinib have revolution-
ized the landscape of RET-positive (RET+) advanced non-small cell lung cancer (NSCLC) treatment,
thanks to their efficacy and safety profiles. This class of medications currently represents the standard
of care for both naïve and patients that have not received selective RET-TKIs in the first-line setting.
However, we presently lack a satisfactory understanding of resistance mechanism developing after
selective RET-TKIs usage, as well as a specific treatment for patients progressing on selpercatinib
or pralsetinib. Chemotherapy ± immunotherapy is considered as a recommended subsequent
second-line regimen in these patients. Therefore, it is of paramount importance to better define and
understand the resistance mechanisms triggered by RET-TKIs. With this in mind, the present review
article has been conceived to provide a comprehensive overview about RET+ advanced NSCLC, both
from a therapeutic and molecular point of view. Besides comparing the clinical outcome achieved
in RET+ advanced NSCLC patients after multikinase inhibitors (MKIs) and/or RET-selective TKIs’
administration, we focused on the molecular mechanisms accountable for their long-term resistance.
Finally, a critical perspective on many of today’s most debated issues and concerns is provided, with
the purpose of shaping the possible pharmacological approaches for tomorrow’s therapies.
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1. Introduction

According to the most recent GLOBOCAN (Global Cancer Observatory) statistics,
19.3 million cancer cases were recorded in 2020, with 9.9 million cancer-related deaths.
Lung cancer accounted for 2,206,771 diagnoses and for 1,796,144 deaths, representing the
second most commonly diagnosed neoplasm in both females (after breast cancer) and males
(after prostate cancer). Moreover, lung cancer stands as the leading cause of cancer-related
death in males, and the second one in females (after breast cancer) [1].

More recent data from the American Cancer Society have further confirmed this trend.
In 2022, 1,918,030 cancer cases and 609,360 cancer deaths are projected to occur in US. The
estimated number of lung cancer cases is 236,740, with 130,180 estimated deaths. Therefore,
lung cancer is projected to remain the second most commonly diagnosed neoplasm in US
females (after breast cancer) and males (after prostate cancer). Conversely, lung cancer is
projected to become the leading cancer-related cause of death in both males and female for
the current year [2,3].

The median age at diagnosis for lung cancer patients is about 70 years old; at diagnosis,
roughly 50–60% of patients are already metastatic (stage IV), 20–25% of patients present a
locally advanced disease (stage III), and 20–25% of patients present an early-stage disease
(stage I/II) [4–6].
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Lung cancer is classified in two main histological types: NSCLC and SCLC (small-
cell lung cancer); NSCLC accounts for approximately 85% of all lung cancer cases, while
SCLC for the remaining 15% [7–10]. NSCLC is further divided in three distinct subtypes:
adenocarcinoma (accounting for approximately 40–50% of all NSCLC cases), squamous cell
carcinoma (20–30% of all NSCLC cases), and large cell carcinoma/not otherwise specified
(10–20% of all NSCLC cases) [11–13].

While gene mutations can be found in both non-squamous and squamous NSCLC, as
of today, selectively targetable mutations that play a key role in NSCLC growth and progres-
sion are mainly found in the non-squamous subtype (oncogene-addicted NSCLC) [14–17].
With reference to non-squamous NSCLC arising in Western patients, KRAS (Kirsten rat
sarcoma viral oncogene homolog) gene mutations can be found in about 10–15% of pa-
tients, EGFR (epidermal growth factor receptor) in approximately 10–15%, ALK (anaplastic
lymphoma kinase) in 3–5%, BRAF (v-raf murine sarcoma viral oncogene homolog B1) in
2–3%, ROS1 (c-ros oncogene 1) in 1–2%, RET (rearranged during transfection) in 1–2%,
MET (MET proto-oncogene) in 1–2%, and NTRK (neurotrophic receptor tyrosine kinase 1)
in 0.1–1% of patients [18–22].

The approval of both targeted and immune therapy has revolutionized NSCLC man-
agement over past decades, providing remarkable therapeutic progress [23]. Biological
therapies are usually administered alone or in combination with canonical chemother-
apy [24]. Nearly all the above-mentioned mutations are currently druggable targets, while
specific related inhibitors have been developed and tested especially in advanced NSCLC
patients [25]. However, while there is no doubt that these advances have improved survival
outcomes of advanced NSCLC, biological drugs provide a therapeutic benefit just for a
small and specific subset of patients [26,27]. Moreover, acquired drug resistance often
occurred in these patients, demanding additional medications [28,29].

Herein, we provide a comprehensive overview about the current treatment options for
advanced NSCLC patients with RET fusions. Starting from pathogenesis characterization
and epidemiological analysis of RET fusions in advanced NSCLC, we will subsequently
compare the clinical outcome achieved after MKIs and/or RET-selective TKIs’ adminis-
tration, using both retrospective and prospective trials’ results. Moreover, we will also
focus our attention on the molecular mechanisms accountable for their long-lasting re-
sistance. Finally, a critical investigation of the current related issues and concerns will
be provided with the purpose of recognizing possible pharmacological approaches for
anticancer therapies of tomorrow.

2. Canonical and Aberrant RET Signaling: Pathogenesis and Epidemiology in
Advanced Non-Small Cell Lung Cancer

The RET gene is localized on chromosome 10 and encodes for RET-RTK (RET receptor
tyrosine kinase). Unlike other RTK, RET is marked by four cadherin-like extracellular
domains and 16 cysteine residues within its amino acid sequence [30]. Physiologically,
RET-RTK is activated through multiple events, which include binding of Ca2

+ ions to the
cadherin-like domains, as well as recognition between GFLs (glial-derived neurotrophic fac-
tor ligands) and GFRs (glial-derived neurotrophic factor family receptors) [31]. As a result
of its activation, RET-RTK undergoes homodimerization and autophosphorylation, leading
to activation of downstream signaling cascades [32]. Depending on the phosphorylation
site, RET-RTK enables different pathways, such as PI3K/AKT, RAS/RAF/MEK/ERK,
JAK2/STAT3, and PLC-γ, which in turn affect cell proliferation, survival, and differentia-
tion [33].

RET expression is usually temporally and spatially regulated in both embryonic and
adult tissues. A striking example is the kidney expression, where RET signaling is consid-
ered critical for normal development at the embryonic stage, while it was largely absent
in the adult organ [34]. Apart from playing an important role in embryonic kidney de-
velopment, RET expression is also required for the proper development, maturation, and
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maintenance of the autonomic and enteric nervous systems (ENS), as well as spermatogen-
esis and determination of spermatogonial stem cell fate [35,36].

Starting from the first detection of an oncogenic RET alteration in papillary thyroid
carcinomas, multiple genetic rearrangements have been identified in solid tumors over
the years. Typically, pathological intrachromosomal rearrangements arise from juxtapo-
sition of two otherwise independent genes, resulting from inversions or translocations,
transcriptional reading of adjacent genes, or splicing of pre-mRNA sequences [33]. KIF5B
(kinesin family member 5B) (~70% of cases) and CCDC6 (coiled-coil domain containing 6)
(~20% of cases) represent the main RET fusion partners in malignant tumors, even though
additional ones such as NCOA4 (nuclear receptor coactivator 4), TRIM33 (tripartite motif
containing 33), MYO5C (myosin VC), and EPHA5 (enables ephrin receptor A5) have been
detected so far [37]. RET fusions usually cause loss of the transmembrane domain, giving
rise to a chimeric cytosolic protein, which in turn leads to development of an aberrant,
ligand-independent and constitutively activated RET kinase domain. Despite the role of
RET as a proto-oncogene was firstly described in 1985, RET fusions in advanced NSCLC
were only identified in 2012 [38–41].

According to the most recent data, RET-rearranged advanced NSCLCs account for
approximately 1–2% of all diagnoses, representing ~ 10.000 to 15.000 new cases every
year. Advanced NSCLC patients with RET fusions are typically younger, never/light-
smoker females with adenocarcinomas, who present an increased risk of central nervous
system metastases [33–37]. Compared with other alternative oncogenic aberrations rec-
ognized in NSCLC, RET fusion-positive lung carcinomas had more poorly differentiated
tumors, suggesting that this kind of genetic aberration defines a unique molecular and
clinicopathological subtype [38].

3. Early Attempts at Target Therapy for RET-Rearranged Advanced Non-Small Cell
Lung Cancer: Multikinase Inhibitors

In agreement with the literature data, while RET-rearranged advanced NSCLC seems
to be responsive to classic platinum-based cytotoxic therapy, it appears to be scarcely
sensitive to immunotherapy in the form of immune checkpoint inhibitors (being a “cold”
tumor with a low tumor mutational burden). In this vein, RET+ NSCLC data are consistent
with those coming from other oncogene-addicted NSCLCs, such as ALK+, EGFR+, and
ROS1+ [38–42].

Therefore, starting from 2012, the search for a targeted therapy that could grant
superior efficacy results and better tolerability than chemotherapy was begun. In early trials,
the choice fell on MKIs, namely drugs that inhibit RET-RTK alongside with other RTKs
and/or kinases such as VEGFR (vascular endothelial growth factor receptor), BRAF, ALK,
and EGFR [43–45]. Both retrospective and prospective trials were conducted, investigating
several different agents: cabozantinib, an anti-RET, MET, AXL (tyrosine-protein kinase
receptor UFO), VEGFR, FLT3 (FMS-like receptor tyrosine kinase-3), and KIT (KIT Proto-
Oncogene); sorafenib, an anti-RET, BRAF, VEGFR, PDGFR (platelet derived growth factor
receptor alpha), KIT, FLT3, and FGFR (fibroblast growth factor receptor); vandetanib, an
anti-VEGFR, EGFR, and RET; lenvatinib, an anti-VEGFR, FGFR, PDGFR, RET, and KIT;
sunitinib, an anti-PDGFR, VEGFR, KIT, RET, CSF-1R (colony stimulating factor 1 receptor),
and FLT3; alectinib, an anti-ALK and RET; ponatinib, an anti-VEGFR, PDGFR, FGFR,
EPH-RTK, KIT, RET, TIE2 (TEK receptor tyrosine kinase), and FLT3; nintedanib, an anti-
PDGFR, FGFR VEGFR, FLT3, and RET; regorafenib, an anti-RET, BRAF, VEGFR, KIT,
PDGFR, FGFR, TIE2, and EPH-RTK [46] (Table 1). With reference to retrospective trials,
cabozantinib, vandetanib, lenvatinib, sorafenib, sunitinib, alectinib, ponatinib, regorafenib,
and nintedanib were investigated in a global study by Gautschi et al. (GLORY database).
Basically, 53 pretreated (median number of lines of therapy: three, ranging from one to
eight) RET+ advanced NSCLC patients received an MKI-treatment, and response data were
available in 50 patients: 19 patients receiving cabozantinib with a DCR (disease control rate)
of 63%, an mPFS (median progression free survival) of 3.6 months, and an mOS (median
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overall survival) of 4.9 months; 11 patients receiving vandetanib with a DCR of 45%, an
mPFS of 2.9 months, and an mOS of 10.2 months; nine patients receiving sunitinib with
a DCR of 55%, an mPFS of 2.2 months, and an mOS of 6.8 months; 2 patients receiving
sorafenib achieving two SDs (stable disease); two patients receiving alectinib achieving two
PDs (progression of disease); two patients receiving lenvatinib achieving one PR (partial
response) and one PD; two patients receiving nintedanib achieving one CR (complete
response) and one SD; two patients receiving ponatinib achieving two SDs; and one patient
receiving regorafenib achieving a PD [47].

Vandetanib was also retrospectively evaluated in a paper by Platt et coll., in which
three pretreated RET+ NSCLC patients received this compound. However, no objective
responses were reported [48].

In the same vein, alectinib activity in pretreated RET+ advanced NSCLC patients
was assessed in two case series by Lin et al. (four patients) and by Ribeiro et al. (four
patients), reporting one PR and one SD, one SD and one PMR (partial molecular response),
respectively [49,50].

On the other hand, with reference to prospective trials, cabozantinib was investigated
in an open-label phase II trial by Drilon et al., where 26 naïve and pretreated RET+ advanced
NSCLC patients were enrolled, and 25 patients were evaluable; 23% of patients received
cabozantinib as a first-line treatment, 50% of patients received cabozantinib as a second-line
treatment, and 27% of patients received cabozantinib as a third or further-line treatment
(all pretreated patients received prior chemotherapy regimens, but no prior RET-TKI
therapies). The reported ORR (overall response rate) was 28%, the DCR was 100%, the
mPFS was 5.5 months, and the mOS was 9.9 months; a better trend (not statistically
significant) in terms of survival was reported for naïve patients. TRAEs (treatment related
adverse events) of any grade were reported in 96.2% of treated patients (hypothyroidism,
elevated liver enzymes, diarrhea, and palmar plantar erythrodysesthesia being the most
common ones); the most common grade 3 TRAEs were lipase elevation, liver enzyme
elevation, and thrombocytopenia. It is noteworthy to mention that 73% of treated patients
required a dose reduction due to cabozantinib-related TRAEs, mainly due to palmar plantar
erythrodysesthesia, fatigue, and diarrhea; 8% of treated patients discontinued cabozantinib
following TRAEs [51]. Cabozantinib was also assessed in a phase I trial by Nokihara et al.,
in which two RET+ advanced NSCLC patients were enrolled, reporting an ORR of 50% [52].

Similarly, sorafenib was evaluated in a prospective phase II study by Horiike et al.,
enrolling three pretreated RET+ advanced NSCLC patients. Two out of the three patients
experienced rapid PD (time to progression 18 and 43 days, respectively), and one patient
experienced an SD; in this last patient, two dose reductions were needed following grade
3 palmar plantar erythrodysesthesia and a grade 3 infection. The reported ORR for this
study was 0%, while the DCR was 33.3% [53].

In the same vein, vandetanib monotherapy was evaluated in two phase II prospective
trials by Lee et al. and Yoh et al., respectively. The former trial enrolled 18 heavily pretreated
(72% of treated patients had already received ≥ two previous lines of chemotherapy) RET+
advanced NSCLC patients; 17 patients presented available data. Three patients presented a
PR, and eight patients presented an SD (ORR: 18%, DCR: 65%); the mPFS was 4.5 months,
while the mOS was 11.6 months. With reference to the safety and tolerability profile,
five cases of grade 3 TRAEs were reported (hypertension, liver enzyme elevation, and QT
prolongation), and dose reductions were required in four patients [54]. Almost 19 pretreated
RET+ advanced NSCLC patients were enrolled in the latter study, achieving an ORR of
47%, a DCR of 90%, and an mPFS of 4.7 months. Grade 3 or 4 hypertension was reported in
58% of treated patients, acneiform rash was reported in 16% of treated patients, while QT
prolongation and diarrhea were reported in 11% of treated patients; 21% of treated patients
experienced a treatment-related drug discontinuation, while 53% of treated patients had
to reduce vandetanib dosage [55]. On the other hand, Hida et al. conducted a phase II
prospective study investigating lenvatinib in mostly pretreated (92% of enrolled patients)
RET+ advanced NSCLC patients. Overall, 25 patients received lenvatinib monotherapy,
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reporting an ORR of 16%, a DCR of 76%, an mPFS of 7.3 months, and a 2-year OS of 54.5%;
the toxicity profile, however proved to be unfavorable; ≥grade 3 TRAES: 92%, TRAEs
leading to dose reduction: 64%, TRAEs leading to drug interruption: 76%, TRAEs leading
to drug discontinuation: 24%; three patients died following lenvatinib treatment [56].

In summary, MKI therapy for RET+ advanced NSCLC patients proved to be associated
with modest efficacy results and with serious TRAEs. The most likely reason behind these
results lies in the not-selective inhibition of the RET-RTK, while another factor could be
represented by patients’ selection, as almost every patient in the above-mentioned trials
was a pretreated one [57,58]. As a result, none of these drugs received FDA (US Food and
Drug Administration) approval in this setting.

Table 1. Data coming from retrospective and prospective trials involving MKIs for the treatment of
advanced RET+ NSCLC patients.

Authors Type of
Trial/Phase Drug Patients Efficacy Results Safety Profile

Gautschi et al. [47] Retrospective Cabozantinib 19
DCR: 63%

mPFS: 3.6 months
mOS: 4.9 months

Not Available (N/A)

Drilon et al. [51] Prospective
Phase II Cabozantinib 25

ORR: 28%
DCR: 100%

mPFS: 5.5 months
mOS: 9.9 months

TRAEs leading to dose
reductions: 73%

TRAEs leading to drug
discontinuation: 8%

Nokihara et al. [52] Prospective
Phase I Cabozantinib 2 ORR: 50% N/A

Gautschi et al. [47] Retrospective Vandetanib 11
DCR: 45%

mPFS: 2.9 months
mOS: 10.2 months

N/A

Platt et al. [48] Retrospective Vandetanib 3 DCR: 0% N/A

Lee et al. [54] Prospective
Phase II Vandetanib 17

ORR: 18%
DCR: 65%

mPFS: 4.5 months
mOS: 11.6 months

Grade 3 TRAEs: 29.4%
TRAEs leading to dose

reductions: 23.5%

Yoh et al. [55] Prospective
Phase II Vandetanib 19

ORR: 47%
DCR: 90%

mPFS: 4.7 months

TRAEs leading to dose
reductions: 53%

TRAEs leading to drug
discontinuation: 21%

Gautschi et al. [47] Retrospective Sunitinib 9
DCR: 55%

mPFS: 2.2 months
mOS: 6.8 months

N/A

Gautschi et al. [47] Retrospective Sorafenib 2 DCR: 100% N/A

Horiike et al. [53] Prospective
Phase II Sorafenib 3 ORR: 0%

DCR: 33.3%
TRAEs leading to dose

reductions: 73%

Lin et al. [49] Retrospective Alectinib 4 DCR: 100% N/A

Ribeiro et al. [50] Retrospective Alectinib 4 DCR: 50% N/A

Gautschi et al. [47] Retrospective Alectinib 2 DCR: 0% N/A

Gautschi et al. [47] Retrospective Lenvatinib 2 DCR: 50% N/A
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Table 1. Cont.

Authors Type of
Trial/Phase Drug Patients Efficacy Results Safety Profile

Hida et al. [56] Prospective
Phase II Lenvatinib 25

ORR: 16%
DCR: 76%

mPFS: 7.3 months

≥ grade 3 TRAES: 92%
TRAEs leading to dose

reductions: 64%
TRAEs leading to drug

interruption: 76%
TRAEs leading to drug
discontinuation: 24%

Gautschi et al. [47] Retrospective Nintedanib 2 DCR: 100% N/A

Gautschi et al. [47] Retrospective Ponatinib 2 DCR: 100% N/A

Gautschi et al. [47] Retrospective Regorafenib 1 DCR: 0% N/A

4. Current Standard of Care for RET-Rearranged Advanced Non-Small Cell Lung
Cancer: RET-Selective Tyrosine Kinase Inhibitors

Learning from shortcomings and limitations of MKIs, new RET-selective TKIs were
developed and assessed in both pretreated and naïve RET+ advanced NSCLC patients
(Figure 1). These trials displayed remarkably successful results, receiving for two RET-
specific TKIs (selpercatinib and pralsetinib) FDA approval and ASCO (American Society of
Clinical Oncology) guidelines recommendation, either naïve patients or second-line setting
for patients who have not received a selective RET-TKI in the first-line setting [59,60].

Selpercatinib was investigated in the open-label phase I/II LIBRETTO-001 trial, in
which 105 pretreated (with at least one platinum doublet chemotherapy) and 39 naïve
RET+ advanced NSCLC patients received selpercatinib in monotherapy. With reference to
pretreated patients, the median number of previous treatments was three (ranging from one
to 15 lines); 55% of treated patients had already received immune checkpoint inhibitors, and
48% of treated patients had already received MKI; at data cut-off, selpercatinib managed
to provide extremely favorable results: the ORR was 64%, the DCR was 93%, and the
mPFS was 16.5 months. With respect to naïve patients, even more remarkable results were
reported, reaching an ORR of 85% and a DCR of 95%, while the mPFS was still not reached.
The safety and tolerability profile proved to be manageable: grade ≥ 3 TRAEs were reported
in 28% of treated patients, mainly hypertension (14% of treated patients) and liver enzymes
elevation (13% and 10% of treated patients for ALT and AST, respectively). TRAEs leading
to selpercatinib dose reduction were reported in 30% of treated patients, while TRAEs
leading to selpercatinib interruption were reported in 2% of treated patients [61]. After a
longer follow-up, an expanded data set of 316 patients (247 pretreated and 69 naïve ones)
was provided by the authors, further confirming the excellent performance of selpercatinib.
In pretreated patients, the ORR was 61%, the DCR was 95%, the mPFS was 24.9 months,
and the 3-year OS rate was 58.5%. In naïve patients, the ORR was 84%, the DCR was 93%,
the mPFS was 22.0 months, and the 3-year OS rate was 57.1%. The safety and tolerability
profile proved to be consistent with the previous signals, with grade ≥ 3 TRAEs reported
in 38.6% of treated patients [62].

On the other hand, pralsetinib was assess in the open-label phase I/II ARROW study,
in which 114 RET+ advanced NSCLC patients (87 pretreated and 27 naïve ones) received
pralsetinib in monotherapy. The 87 pretreated patients received a median of two previous
lines of treatment; 45% of treated patients had already received immune checkpoint in-
hibitors, and 26% of treated patients had already received MKI; the reported ORR was 61%,
the DCR was 91%, and the mPFS was 17.1 months. Superior results were associated with
naïve patients, with an ORR of 70%, a DCR of 85%, and an mPFS of 9.1 months. Grade ≥ 3
TRAEs occurred in 48% of treated patients, mainly neutropenia (18% of treated patients)
and hypertension (11% of treated patients); 38% of treated patients experienced TRAEs
leading to dose reductions, and 6% of treated patients experienced TRAEs leading to drug
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discontinuation [63]. These results were confirmed after an extended follow-up including
211 patients (136 pretreated and 75 naïve ones). Pretreated patients obtained an ORR of
59%, a DCR of 90%, an mPFS of 16.5 months, and a 12-month OS rate of 72%; naïve patients
obtained an ORR of 72%, a DCR of 91%, an mPFS of 13.0 months, and a 12-month OS
rate of 82%. No new safety signals were reported, with 20% of treated patients reporting
grade ≥ 3 TRAEs and 7% of treated patients discontinuing pralsetinib due to TRAEs [64].
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Figure 1. RET signaling in NSCLC: existing therapeutic strategies for its neutralization. Typically, RET
activation requires a pre-binding between GFLs and GFRs, as well as between Ca2

+ and cadherin-
like domains, which in turn allow homodimerization and autophosphorylation of the cytosolic
tyrosine kinase domains. Genetic rearrangements of RET cause loss of transmembrane domain,
resulting in a ligand-independent and constitutively activated chimeric cytosolic protein. Once active,
RET switch-on different pathways, such as P13K/AKT, RAS/MAPK, and JAK/STAT, promoting
survival, proliferation, and migration. Multiple and selective TKIs constrain the above vicious circle
by competing with ATP for binding. AKT (protein kinase B); BRAF (v-raf murine sarcoma viral
oncogene homolog B1); ERK (extracellular signal-regulated kinase); GFLs (glial-derived neurotrophic
factor ligands); GFRs (glial-derived neurotrophic factor family receptors); JAK (Janus Kinase); KRAS
(Kirsten rat sarcoma); MEK (mitogen-activated protein kinase kinase), mTOR (mammalian target
of rapamycin); PI3K (PhosphatidylInositol 3-Kinase); RET (rearranged during transfection); STAT
(signal transducer and activator of transcription). Created with BioRender.com (accessed on 21
December 2022).

5. Resistance Mechanisms to RET-Selective Tyrosine Kinase Inhibitors and Potential
Strategies to Overcome Tumor Adaptation

Compared to MKIs, RET-selective TKIs manage to grant far superior efficacy and
safety results. However, resistance to these agents eventually emerges in all treated patients.
In this vein, as of today, no specific treatment is available for RET-selective TKI-resistant
patients, and ASCO guidelines recommend standard chemotherapy (±immunotherapy) in
this setting [60]. Thus, understanding the mechanisms behind selpercatinib/pralsetinib
resistance is crucial to develop a more specific treatment for this subset of patients, reserv-
ing a more toxic and less tolerable therapy, such as chemotherapy, for a further line of
treatment. According to the literature data, we can classify resistance mechanisms to TKI
treatment according to the involved area of the kinase (gatekeeper mutations versus solvent
front mutations) and according to whether or not the original mutated kinase pathway
is involved (on-target resistance versus off-target resistance). With reference to resistance
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mutations arising in RET-selective TKI-resistant patients, even though data are currently
scarce given the recent development of these agents, on-target resistance mutations seem to
be less frequent than in other oncogene-addicted NSCLCs (i.e., EGFR+, ALK+, ROS1+, etc.)
and mainly represented by G810 R/S/C/V RET solvent front mutation. On the other hand,
off-target resistance mechanisms seem to be more frequent, being principally represented
by MET and KRAS amplification [65].

In a recent paper, Solomon et al. described for the first time G810 R/S/C RET sol-
vent front resistance mutations analyzing ctDNA from two RET+ advanced NSCLC pa-
tients progressing on selpercatinib; these findings were further confirmed via postmortem
biopsies [66–68].

In a recent 2020 paper, Lin and coworkers assessed 20 tissue and/or cfDNA biopsies
from 18 RET+ advanced NSCLC patients after RET-selective TKI treatment (10 patients
received selpercatinib, seven patients received pralsetinib, and one patient received pralse-
tinib and selpercatinib). The RET G810 solvent front resistance mutation was reported
in two patients, three patients presented MET amplification as an off-target resistance
mechanism, and one patient presented KRAS amplification as an off-target resistance mech-
anism [69]. Similarly, in a post-hoc analysis from the ARROW study, RET solvent front
resistance mutations (G810 and L730) were reported in approximately 10% of analyzed
ctDNA specimens [70].

Lastly, in an extremely recent 2022 study by Rosen et coll., these results were further
confirmed. Almost 13 RET+ advanced NSCLC patients progressing on selpercatinib under-
went plasma ± tissue biopsy, and eight patients presented evaluable results: two patients
presented RET G810 solvent front resistance mutations, while one patient presented MET
amplification [71].

The main current strategy under investigation in order to treat RET G810+ patients is
represented by the development of selective RET-TKI, capable of being effective against
this mutation. Presently, TPX-0046 (a RET/SRC inhibitor) is one of the most promising
candidates towards RET G810 mutation. After demonstrating preclinical activity, it is now
being evaluated in phase I testing in RET+ solid tumor patients (NCT04161391) [72].

On the other hand, with respect to KRAS or MET amplified RET-selective TKI-
resistant patients, the most interesting strategy is represented by TKI combination treat-
ments. Early anecdotal evidence in this sense is coming from a small subgroup analy-
sis from the LIBRETTO-001 trial. Essentially, four MET amplified (in one patient, MET
amplification was already present at baseline) selpercatinib-resistant patients received
selpercatinib + crizotinib (a multitargeted tyrosine kinase inhibitor originally developed to
inhibit c-MET) following post-selpercatinib progression, with responses lasting 3.5 months,
10 months, 1.5 months (the patient died for unrelated cardiac causes), and 4 weeks (the
patient developed unrelated colitis and suspended the combination) [73].

Both the above-mentioned strategies will need further and larger tested to investigate
and validate these findings.

6. Additional Molecular Insight on Tyrosine Kinase Inhibitors Resistance in
RET-Positive NSCLC

As highlighted by clinical results, understanding the molecular mechanisms by which
RET+ NSCLCs become unresponsive to TKIs is crucial in order to provide a more effective
therapeutic option in the foreseeable future.

Regrettably, due to the limited number of RET fusion-driven NSCLC models, as well
as RET-TKI resistant ones, the molecular characterization of this adaptive tumor behavior
is far from over. Besides the aforementioned patient-derived genomic mutations and
amplification, only a handful of preliminary studies have been conducted to figure out
the RET-TKI resistance in NSCLC. In this respect, an exhaustive overview of the existing
knowledge is provided below.

Using ponatinib as an MKI to counteract RET fusion-positive (CCDC6-RET) LC-
2/ad lung adenocarcinoma cell growth, Nelson-Taylor and colleagues demonstrated that



Int. J. Mol. Sci. 2023, 24, 2433 9 of 14

inhibition of RET phosphorylation is accompanied by ERK1/2 and AKT inactivation [74].
Interestingly, after having developed two distinct ponatinib-resistant LC-2/ad cell lines,
PR1 and PR2, they observed that while ponatinib was still capable of down-regulating
RET phosphorylation in the unresponsive models, its impact on both ERK1/2 and AKT
signaling was negligible. Assuming an acquired bypass signaling that drove PI3K/AKT and
RAS/RAF/MEK/ERK activation, independent of RET signaling in PR1 and PR2 cells, they
subsequently performed next-generation sequencing aimed at identifying differentially
expressed genes and/or mutations between parental and resistant LC-2/ad cells. Nelson-
Taylor and co-workers recognized a single base pair substitution in NRAS gene encoding
for p.Q61K mutant in PR1, but not in the parental LC-2/ad or PR2 cells. Interestingly,
siRNA knockdown of NRAS decreased cell proliferation only in PR1, while no effects
were detected in both PR2 and parental ones. Unlike the previous ponatinib-resistant cells,
PR2 showed activation of wild-type EGFR and AXL signaling instead. Besides affecting
proliferation in a more effective way, the use of specific EGFR or AXL inhibitors decreased
phospho-ERK1/2 and phospho-AKT only in PR2 cells.

To corroborate the relevance of EGFR signaling in triggering resistance to RET in-
hibitors, Chang and colleagues reported how treatment with EGF (epidermal growth
factor) dose-dependently reduced the sensitivity to RET inhibitors in LC-2/ad cells [75].
According to Nelson-Taylor findings, the employed RET inhibitors (sunitinib, E7080, van-
detanib, and sorafenib) reduced RET phosphorylation, suppressing activation of AKT
and ERK1/2. Remarkably, no RET inhibitors were able of diminishing phosphorylation
of AKT and ERK1/2 in the presence of EGF. Apart from re-sensitizing LC-2/ad cells to
RET inhibitors, even in the presence of EGF, the concomitant presence of EGFR inhibitors
prevented AKT and ERK1/2 phosphorylation. They also showed how co-culture with
HUVEC endothelial cells caused a heterogeneous response to RET inhibitors by activating
bypass survival signals of EGFR, opening up a new frontier about the role of the tumor
microenvironment in RET-TKIs’ resistance.

The potential pivotal role of ERK1/2 in mediating adaptive resistance to TKI in RET
fusion-positive tumor cells was supported by Ramen’s findings [76]. Despite achieve-
ment in CCDC6-RET-rearranged thyroid cancer cells, they found that exposure to either
cabozantinib (a non-selective RET-TKIs) or BLU6864 (a selective RET-TKIs) is associated
with rapid inhibition of ERK1/2 signaling. However, as observed in NSCLC, prolonged
exposure to these compounds decreased RET phosphorylation and rebounded ERK1/2
activation. In an effort to identify signaling pathways responsible for mediating adaptive re-
sistance to TKIs, the authors performed proteome profiling of phosphotyrosine using mass
spectrometry. The achieved results revealed an overactivation of JAK2/STA3 in response
to TKIs’ administration, as a downstream of FGFR signaling. Fascinatingly, combined
treatment with RET and FGFR inhibitors effectively abrogated adaptive resistance and
led to a decrease in ERK1/2 signaling. This outcome was also corroborated by lentiviral
infection and CRISPR/Cas9 gene editing, targeting FGFR1 for genetic inactivation.

Moving to a different RET fusion, the involvement of AKT and ERK1/2 signaling in the
adaptive resistance to TKIs is quite intricate. In this regard, Schubert and colleagues estab-
lished three patient-derived NSCLC cell lines, two harboring KIF5B-RET fusion (CUTO22
and CUTO32) and one containing an EML4-RET rearrangement (CUTO42) [77]. They
observed that CUTO22 and CUTO42 were responsive to both selective and non-selective
RET inhibitors, whereas CUTO32 was markedly resistant. Even though TKIs were capable
of reducing RET phosphorylation in the sensitive cells, CUTO22 displayed no reduction
in phospho-AKT. Strangely, the employment of rapamycin (mTOR) inhibitor omipalisib
conferred a resistant phenotype in CUTO22. The RET TKIs-resistant CUTO32 cells did not
show changes in either ERK1/2 or AKT phosphorylation, despite successful RET inhibition.
Besides raising doubts about the central role of these pathways in developing RET-TKI
unresponsiveness, Schubert and co-workers recognized additional resistant signatures in
CUTO32, including PLK1 (polo-like kinase 1), Aurora kinase, MET, and MYC.
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The potential engagement of the MYC pathway in RET-fusion NSLCLs is also dis-
cussed by Hayashi’s group in their recent study [78]. Performing transcriptomic analysis
of lung tumors and cell lines with RET alterations, they identified significant activation of
MYC-associated transcriptional signatures. Although MYC activation was suppressed by
treatment with cabozantinib, no experiments were performed in order to explore its role in
developing resistance, however.

Considering the attention paid towards combination therapy in NSCLC instead, Fu-
jimura searched for a compatible agent that could be used in a mixture with alectinib,
a small molecule agent with RET kinase inhibitory activity, to enhance its antitumor ef-
fects [79]. Using two distinct RET-fusion positive NSCLC cells, LC-2/ad (CCDC6-RET)
and Ba/F3-KIF5B-RET (KIF5B-RET), they detected the highest synergistic effect combining
alectinib with palbociclib, a CDK4/6 (cyclin-dependent kinase 4 and 6) inhibitor. Apart
from down-regulating well-known targets of both alectinib and palbociclib, the authors
did not report any additional information about the combination molecular mechanisms,
as well as palbociclib-mediated effects in RET-TKI resistance.

In order to overcome RET preclinical models’ limitations, in silico analysis has been
performed to predict which RET on-target alterations confer TKI resistance. Using this
approach, Repetto and collaborators have recently investigated the potential resistance
mechanisms triggered towards TPX-0046 compounds [80]. As a new generation macrocyclic
RET/SRC-inhibitor, TPX-0046 has proved to be effective against a range of RET fusions
and mutations, including solvent front mutations (i.e., RET G810 substitutions) [81]. Based
on the achieved results, the authors predicted the inability of TPX-0046 to bind RET when
bulky hydrophobic gatekeeper mutations occurred within V804L/M, and to a lesser extent,
L881F or G810S + S891L.

7. Conclusions

RET-selective TKIs (selpercatinib and pralsetinib) have revolutionized the landscape
of RET+ advanced NSCLC treatment thanks to their efficacy and safety profiles, and
currently represent the standard of care for both naïve patients and patients that have
not received a selective RET-TKI in the first-line setting. However, we presently lack a
specific treatment for patients progressing after selpercatinib or pralsetinib therapy, who are
currently managed with chemotherapy ± immunotherapy as a subsequent line regimen. In
this vein, it is of paramount importance to define and understand the resistance mechanisms
of these patients (i.e., RET G810 mutation, KRAS/MET amplifications, and potentially new
ones), in order to develop more tailored agents.

Whilst the ongoing clinical trials propose new chances for treating RET+ advanced
NSCLC patients, larger and differential studies are required in order to identify the right
therapeutic regimens. In this respect, a sequential resistance mechanism-specific algorithm,
analogous to those in place and further developing for EGFR+ or ALK+ NSCLC, could
represent an ambitious but optimal goal [82,83]. With reference to EGFR+ advanced NSCLC
patients, in the ongoing ORCHARD trial, ~ 150 patients experiencing progression of disease
after upfront osimertinib (mutant-selective EGFR inhibitor) will undergo a post-progression
biopsy in order to be assigned to one of three arms (A, B, or C).

While arm C is the observational one, and B enrolls patients with a non-specifically tar-
getable secondary mutation mechanisms or without a secondary mutation mechanism, arm
A enrolls patients with a specifically-targetable secondary mutation mechanism, assigning
them to specific treatments. Osimertinib plus savolitinib (a MET-TKI) is the treatment
of choice if the secondary mutation mechanism is a MET amplification; osimertinib plus
gefitinib (an EGFR-TKI) is the treatment of choice if the secondary mutation mechanism is
an EGFR mutation occurring in C797S; osimertinib plus necitumumab (an anti EGFR mAb)
is the treatment of choice if the secondary mutation mechanism is an EGFR amplification;
osimertinib plus alectinib is the treatment of choice if the secondary mutation mechanism
is an ALK mutation; and osimertinib plus selpercatinib is the treatment of choice if the
secondary mutation mechanism is a RET mutation [84].
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In this vein—with reference to RET+ advanced NSCLCs—patients progressing on
selpercatinib or pralsetinib could receive a TPX-0046-like drug if a RET G810 solvent front
resistance mutation is detected or a selpercatinib + crizotinib-like combination if a KRAS or
MET amplification is found following re-biopsy.

More generally, a deeper molecular mechanisms characterization is required for pa-
tients experiencing RET-TKI resistance. The available data results about this sadly adap-
tive event are quite fragmented and complicated to predict, since intra- and inter-tumor
heterogeneity may exist. Nevertheless, combining clinical and molecular findings still
represents the only viable way to provide new hopes and perspectives for RET+ advanced
NSCLC patients.
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