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Abstract: Rat sarcoma virus (R4S) GTPase is one of the most important drivers of non-small cell lung cancer (NSCLC). RAS has
three different isoforms (Harvey rat sarcoma viral oncogene homolog [HRAS]/, Kirsten rat sarcoma viral oncogene homolog [KRAS/

and Neuroblastoma ras viral oncogene homolog [NRAS]), of which KRAS is most commonly mutated in NSCLC. The mutated KRAS
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protein was historically thought to be “undruggable” until the development of KRA inhibitors. In this review, from the aspect of

SG2€  the limitations of the current

brain metastasis, we aim to provide an overview of the advances in therapies that target KRA
treatments, and future prospects in patients with KRAS p.G12C mutant NSCLC.
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Introduction
Lung cancer (LC) is the leading cause of cancer-related deaths worldwide." It is broadly classified as non-small cell lung cancer
(NSCLC) or small-cell lung cancer, based on its clinicopathological features. NSCLC accounts for >85% of all LC cases.' Brain
metastases (BMs) affect up to 50% of patients with advanced NSCLC,” resulting in particularly low survival rates,” with
a median overall survival (mOS) from BM diagnosis of approximately 2.5 years; meanwhile, central nervous system (CNS)-
progression-free survival (PFS) is approximately 1.2 years.* Mutations in oncogenic genes that drive NSCLC occur in epidermal
growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1 (ROSI), Kirsten rat sarcoma
(KRAS), mesenchymal epithelial transition factor (MET) and rearranged during transfection proto-oncogene (RET). Thanks to
the detection of such drive gene mutations, we have entered a new era of personalized therapy in the treatment of patients with LC
driven by genotyping.” The prevalence of KRAS mutations is as high as 30% in NSCLC.® The most common codon variants in
the protein was mutation from amino acid glycine to cysteine (G12C), which accounted for about 39% of KRAS mutation and
occurs in roughly 14% of lung adenocarcinomas (LUADs).® However, KRAS has long been considered an untreatable target.
The brain microenvironment affects the development of BMs, and plays a crucial role in the proliferation, migration, and
survival of tumor cells.” The blood-brain barrier (BBB) is an important part of this microenvironment® and can affect the influx
and efflux of molecules into the CNSS, preventing drug entry.'” In addition, the BBB prevents drugs from passively permeating
through the high levels of expressed efflux transporters and tight intracellular junctions.'' Consequently, antitumor activity of
first- and second-generation EGFR tyrosine kinase inhibitors, such as gefitinib, erlotinib, and afatinib, seems limited by the BBB.
These agents are all substrates of multidrug efflux transporters adenosine triphosphate-binding cassette subfamily members B1
and G2 (ABCB1/MDR1/P-glycoprotein and ABCG2/BCRP)."*'* Kpu,u, the ratio of free brain to free plasma exposure, is
considered a reliable predictor of the BBB diffusion rate, with a value greater than 0.3 indicating satisfied BBB permeability.'”
The CNS drug design guidelines consider that the molecular properties of drugs with high brain exposure include a polar surface
area (PSA) < 76 A? (preferred in the range of 25-60 A?) and a hydrogen bond donor (HBD) < 3 (ideally 0 or 1).'*

OncoTargets and Therapy 2024:17 683-695 683
Received: 11 April 2024 © 2024 Tang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 6 August 2024
Published: 24 August 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Tang et al Dove

Achieving high drug exposure in the CNS remains a challenge and is much more difficult than achieving exposure
elsewhere in the body.'" Thus, the treatment of CNS metastases from solid tumors is challenging.'” Many modern
antitumor therapies, such as most chemotherapeutic agents, use large hydrophilic molecules that cannot cross the
BBB,'®'? and the effective rate of chemotherapy ranges from 15% to 30%.'° Although the presence of CNS lesions
can impact the BBB penetration rate, effective treatment of CNS metastases relies on a drug’s ability to cross the
barrier.”® Active drug transport can affect drug accumulation rates at the tumor site, especially for intracranial (IC)
lesions.”' As outcomes improve for patients with KRAS p.G12C mutant NSCLC, BMs may limit treatment efficacy due
to the BBB effects. Herein, we review the preclinical and clinical data on the efficacy and CNS penetration of KRAS®'%¢
inhibitors in patients with KRAS p.G12C mutant NSCLC and BMs.

KRAS Pathway and Non-Small Cell Lung Cancer

The KRAS gene is considered the most frequently mutated oncogenic driver of human malignancies.”*** It undergoes
alternative splicing and encodes two highly related protein isomers, K-RAS4A and K-RAS4B (also known as isoforms
2A and 2B), composed of 189 and 188 amino acids, respectively.?* Considering its wide and high expression levels in
human tumors, KRAS is generally referred to as K-RAS4B.>>2°

KRAS is a membrane-bound protein, with a molecular weight of 21 kDa. It belongs to the guanosine triphosphatase
(GTPase) family,?’ functions as a guanosine diphosphate (GDP)/triphosphate (GTP) binary switch, controls vital signal
transduction from activated membrane receptors to intracellular molecules,”® and regulates cell growth and differentia-
tion. KRAS shifts between the GTP-bound and GDP-bound states; the former leads to signal activation and the latter
indicates signal deactivation. In general, this shift is controlled by GTPase-activating proteins (GAP) and their counter-
parts, guanine nucleotide exchange factors (GEF).*® The binding of GTP to KRAS promotes the binding of effectors to
trigger signal transduction pathways, including the mitogen-activated protein kinase pathway.””° Figure 1 shows the
KRAS signaling pathway.

Clinical and Pathological Characteristics of NSCLC Patients with KRAS p.G12C

Mutation

In NSCLC, the identified KRAS mutations accounts for up to 25% of LUADs and approximately 3% of squamous cell
carcinomas.’'** GI2A, G12C, G12D, G12R, G128, G12V, G13C, G13D, Q61H, and Q61L are common oncogenic
KRAS mutations in NSCLC patients. G12C accounts for the highest proportion of KRAS mutations in NSCLC.*?7¢
Figure 2 shows hotspot KRAS mutations in patients with NSCLC. A recent study examined the distribution of the
KRAS®?€ mutations in 32,138 patients with cancer across race (Asian, Black, and White) and sex and in 10 cancer
types.® KRAS“'?“ mutations were identified in 1867 samples, most frequently in patients with NSCLC (1443 [13.8%]).
Among them, females harbored more KRAS/?“ mutations than males. Notably, within the same ethnicity, the risk of
developing G12 mutations differed between males and females. Additionally, smoking is a significant risk factor for the
development of KRAS mutations in LC. In fact, these mutations are often detected in smokers (30%) and rarely detected
in non-smokers (11%).*” In addition, the pathological type of LC is closely related to KR4S mutations, and such
mutations are more common in LUADs than in squamous NSCLC (20-40% versus approximately 5%, respectively).*®

Incidence, Prognosis, and Treatment of KRAS p.G12C Mutant NSCLC with BMs

Presentations involving BMs are more complex in NSCLC patients with specific oncogene addiction.*® The disease
biological characteristics can guide treatment. According to a retrospective review*' of 579 patients with metastatic
NSCLC, the incidence of BMs was highest in patients with mutations/fusions of ROSI (36%) and ALK (34%), followed
by EGFR (28%) and KRAS (28%), which occurred in only 21% of patients with NSCLC without a driver oncogene. BMs
are associated with poor outcomes and compromised quality of life.*> A retrospective analysis has shown that patients
with KRAS-mutant NSCLC, particularly those with G12C mutation, have a high risk of developing BMs,® while among
patients with KRAS p.G12C mutant NSCLC, approximately 27—42% are diagnosed with CNS metastases.**® Within 6
to 12 months of diagnosis, the cumulative incidence of BMs may reach 48.2% and 42.2%, respectively.*’ Patients with
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Figure | KRAS signaling pathway. Binding of extracellular ligands activates the receptor tyrosine kinase (RTK). The phosphorylating tyrosine on the intracellular domain of
RTK recruits SH2 domain-containing adaptor protein GRB2. GEFs are allosterically activated by GRB2. The activated GEFs activate KRAS by exchanging KRAS-GDP to
KRAS-GTP. The GTP-bound KRAS activates the downstream signaling molecule such as RAF, PI3K, and RAL, leading to the expression of the target genes that participate in
cellular proliferation and survival.
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Figure 2 Hotspot KRAS mutations in NSCLC. Domain architecture of K-RAS4B, P (P-loop), S-I (switch-I), S-lI (switch-Il), HVR (hypervariable region). The frequency of
different KRAS mutations.>*3? The asterisk represents the location of mutations.

KRAS mutations respond poorly to chemotherapy and have poor overall prognosis.*® In this patient group, the mOS since
the initial diagnosis of metastatic disease has been estimated at 19.1 months.*” The corresponding OS values were
significantly lower in patients with than in those without BMs (13.2 months vs 16.0 months, respectively).*”:
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Owing to the low permeability of the BBB to most conventional antitumor agents, radiotherapy (RT)/radiosurgery
and/or surgery remain at the core of disease management in patients with NSCLC.*® However, the treatment of patients
with oncogene-driven NSCLC may differ.*® In oncogene-addicted NSCLC patients with BMs, targeted therapy can
achieve a high IC response rate.’*>' Targeted therapy can help prevent adverse effects (AEs) of radiation, such as
necrosis and cognitive impairment.’*>® The incidence of BMs is higher in patients with KRAS’?“ mutation than in those
with EGFR mutations or ALK-rearranged NSCLC, which further underlines the need for efficient treatments for this
cohort.

The first KRAS®'?€ inhibitor, AMG510, was approved in 2021 by the United States Food and Drug Administration to
treat patients with KRAS p.G12C-mutated locally advanced or metastatic NSCLC who have received at least one prior
systemic therapy.”* The key exclusion criteria were untreated active BMs, systemic antitumor therapy within 28 days
before the initiation of sotorasib therapy, and radiation therapy within 2 weeks before the initiation of sotorasib therapy.’
Several inhibitors of KRAS®'?“ have been developed to date. Sotorasib®> and adagrasib®® have already shown some
promising results in early phase clinical trials, which is encouraging for developing CNS-targeted therapies.’”>° KRAS-
mutated NSCLC constitute a molecularly diverse and clinically heterogeneous group, and standard treatment options
provide only modest clinical benefit.'” "> A summary of the published clinical trials of KRAS'? inhibitors in patients
with NSCLC is presented in Table 1.

KRAS®'2€ Inhibitors and Their Efficacy in NSCLC

Sotorasib

Sotorasib (LUMAKRAS™, AMG510) (molecular weight [MW] = 561, PSA = 92 A%, HBD = 1, and Log D = 2.3),"" is
a covalent KRASY'*“ small molecule developed by Amgen for the treatment of solid tumors with KRAS®’?“ mutation.
Sotorasib is a first-in-class KRAS®'?“ inhibitor. It covalently binds to the switch II pocket and irreversibly binds to the
cysteine residue of the KRAS®'*“ mutant.”” Consequently, trapping the KRAS protein in the inactive GDP-bound state
blocks its downstream signaling effects without affecting wild-type KRAS.”” In a mouse bearing KRAS p.G12C tumors,
treatment with sotorasib once daily (QD) led to tumor regression.”® Durable responses to sotorasib in patients with
locally advanced or metastatic KRAS p.G12C mutant NSCLC have been demonstrated in a multicenter Phase 1/2, open-
label CodeBreaK 100 trial.>>®° The trial reported an objective response rate (ORR) and disease control rates (DCR) in
NSCLC patients of 32.2% (19/59) and 88.1% (52/59), respectively, with no observed dose-limiting toxic effects or
treatment-related deaths.> Specifically, the confirmed ORR and DCR in the NSCLC set administered AMG510 960 mg
QD were 37.1% and 80.6%, respectively.®® In later analysis (data cutoff date: 20 Jun 2021), the median duration of
response (mDoR) was 11.1 months.” In the first pooled analysis of 174 NSCLC patients enrolled in Phase I and II
CodeBreaK 100 studies, the ORR was 41%.°! The CodeBreaK 200 trial®® was the first Phase III trial of KRASS!%¢
inhibitors for the treatment of NSCLC. Sotorasib was associated with an increase in the median PFS (mPFS) rate,
compared with that associated with docetaxel (mPFS 5.6 months vs 4.5 months; hazard ratio [HR] 0.66).°* However, the
OS was comparable in both groups (HR 1.01).

Little is known about the impact of sotorasib in the CNS of patients with NSCLC. Sixteen patients were assessed by
the Response Assessment in Neuro-Oncology tool; three (19%) had complete response (CR), 11 (69%) had stable disease
(SD), and 14 (88%) had IC DCR.®' Although patients with untreated active BMs were excluded from the CodeBreakK
100 trial, in post-hoc analysis, patients with stable BMs previously treated with RT or surgery had an mOS of 8.3 months
and a mPFS of 5.3 months with a DCR of 77.5% and a mDOR of 11.1 months.®® Notably, 14 (87.5%) patients with

1.°* Brain magnetic resonance imaging (MRI) with contrast or brain contrast-

assessable BMs achieved IC disease contro
enhanced computed tomography scanning was performed during screening.®? Patients with treated and stable BMs were
eligible, while those with new or progressive untreated brain lesions or symptomatic brain lesions were excluded from
the study.®? Compared to the docetaxel group, the sotorasib group had a longer median time to recurrence of the CNS
disease (15.8 months vs 10.5 months; HR 0.52).°? In subgroup analyses, the mPFS was 4.4 m vs 2.9 m (AMG510 vs
docetaxel) in patients with a history of CNS involvement; the corresponding values were 5.7 months vs 5.7 months for

those without any history of CNS involvement.®? The first randomised clinical trial data evaluating the IC efficacy of
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Table I KRAS®'? Inhibitors in Non-Small Cell Lung Cancer

NCT /Phase Detail Objective Active BMs CNS Classification* ORR* | DCR* | mDoR* | mPFS* | mOS¥*
Included Efficacy
AMG510
NCT03600883/I°° 180/360/720/960 mg QD Solid tumors No NR 322% | 88.1% | 109 m 6.3 m NR
NCT03600883/11°° 960 mg QD NSCLC No NR 37.1% | 80.6% | Il.I m 6.8 m 125 m
NCT03600883/ I/11°' 960 mg QD NSCLC No IC-DCR 88% 41% 84% 123 m 6.3 m 125 m
NCT04303780/111° AMG510 960 mg QD or NSCLC No Median time to AMG510 28.1% | 82.5% | 86 m 5.6 m 10.6 m
docetaxel 75 mg/m? q3wks recurrence of docetaxel 13.2% | 60.3% | 6.8 m 4.5 m 1.3 m
CNS disease HR (AMG510 vs NR NR NR 0.66 1.01
(15.8 m vs docetaxel)
10.5 m; HR 0.52)
NCT03600883/ I/11°3 960 mg QD NSCLC with stable No IC-DCR 87.5% BM 25% 775% | Il.I'm 53 m 83 m
BMs Non-BM 41.7% | 84.1% | 10.0 m 6.7 m 13.6 m
NCT04303780/111°* AMG510 960 mg QD or NSCLC with No Time to CNS AMG510 NR NR NR 6.1 m NR
docetaxel 75 mg/m? q3wks | treated, stable BMs recurrence docetaxel NR NR NR 4.5 m NR
(9.6 mvs 5.4 m; HR (AMG510 vs NR NR NR 0.57 NR
HR 0.84) docetaxel)
TRAEs (77.5% vs
89.7%)
MRTX849
NCT03785249/11°¢ 600 mg BID NSCLC (Cohort A) | No IC-ORR 33.3% 42.9% | 79.5% | 85 m 6.5 m 12.6 m
IC-mDoR 11.2 m
IC-mPFS 5.4 m
NCT03785249/I8°° 600 mg BID NSCLC with Brainstem IC-ORR 42.1% 30.0% | 80.0% | 5.6 m 53 m 114 m
untreated CNS metastases, IC-DCR 89.5%
metastases leptomeningeal IC-mDoR 12.7 m
carcinomatosis, IC-mPFS 5.4 m
carcinomatous
meningitis
NCT03785249/1/11°° 600 mg BID NSCLC No NR 45% 96.1% | NR NR NR
NCT03785249/1/I1B% 150/300/600/1200 mg QD, | Solid tumors No NR RP2D: 600 mg BID 53.3% | NR 16.4 m I.I'm | NR
600 mg BID
D1553
NCT05383898/1¢ 600/800/1200 mg QD, 400/ | NSCLC No Across dose levels 40.5% | 91.9% | 7.1 m 82 m NR
600 mg BID
RP2D: 600 mg BID 387% | 90.3% | 6.9 m 7.6 m NR
With BMs 17% 100% NR NR NR

(Continued)
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Table | (Continued).

NCT /Phase Detail Objective Active BMs CNS Classification* ORR* | DCR* | mDoR* | mPFS* | mOS#*
Included Efficacy
JDQ443
NCT04699188/IB/11°® | 200/400 mg QD, 200/ Solid tumors No NR Across dose levels 30.0% | NR NR NR NR
300 mg BID
RP2D: 200 mg BID 43.0% | NR NR NR NR
NCT04699188/IB/11°° | 200/400 mg QD, 200/ Solid tumors No NR Across dose levels 41.7% | NR NR NR NR
300 mg BID
RP2D: 200 mg BID 54.5% | NR NR NR NR
JAB-21822
NCT05009329/1/117° 200/400/800 mg QD, Solid tumors NR NR 70% 100% NR NR NR
400mg BID, 400mg TID
GEC255
CTR20212486/1”' 200/400/600/800/1000 mg | Solid tumors No NR Across dose levels 76.9% | 92.3% | NR NR NR
QD
600 mg dose group 83.3% | 100% NR NR NR
LY3537982
NCT04956640/1 50/100/150/200 mg BID Solid tumors No NR KRAS-G12Ci naive 60% 80% NR NR NR
Prior KRAS-G12Ci 0% 67% NR NR NR
treated
GFH925
NCT05005234/ I/11” Accelerated titration design | Solid tumors No NR 16.7% | 83.3% | NR NR NR
for 250mg QD and a BOIN
design with 450/700/900mg
QD.
NCT05005234/ I/117* Accelerated titration design | Solid tumors No NR Across dose levels 448% | 92.5% | NR NR NR
for 250mg QD and a BOIN
design with 450-900mg
QD and 450-750mg BID.
RP2D: 600mg BID 50.0% | 96.7% | NR NR NR
GDC-6036
NCT04449874/17 50/100/200/400 mg QD Solid tumors No NR NR 37% NR NR NR NR
JNJ-74699157
NCT04006301/17¢ 100/200mg QD Solid tumors No NR Median treatment duration: 2.91 m.

Based on dose-limiting skeletal muscle toxicities and the lack of efficacy at
the 100 mg dose, further enrollment was stopped.

Note: *Only the data on non-small cell lung cancer are presented.

Abbreviations: BMs, Brain metastases; CNS, Central nervous system; ORR, Objective response rate; DCR, Disease control rate; mDoR, Median duration of response; mPFS Median progression-free survival; mOS, Median overall
survival; QD, Once daily; NSCLC, Non-small cell lung cancer; NR, Not reported; IC, Intracranial; qg3wks, Every 3 weeks; HR, Hazard ratio; TRAEs, Treatment-related adverse events; BID, Twice a day; RP2D, Recommended Phase 2 dose;
TID, Three times a day; KRAS, Kirsten rat sarcoma; BOIN, Bayesian optimal interval.
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sotorasib was reported in 2023 by the American Society of Clinical Oncology (ASCO).** Efficacy analysis revealed
a reduced risk of progression in patients treated with sotorasib vs docetaxel (systemic mPFS was 6.1 months versus 4.5
months, respectively) and some delays to CNS recurrence (9.6 months vs 5.4 months, respectively) in NSCLC patients
with previously treated stable BMs.** Nevertheless, as patients with active BMs were excluded from the trials,>>¢% %4
treatment efficacy in this patient group remains unclear.

Several relevant case reports and retrospective studies have been reported in the literature. One patient®” experienced
disseminated intravascular coagulation caused by rapid tumor progression and a worsened PS status due to multiple
active BMs. After 2 weeks of AMG510 administration, the symptoms improved and multiple BMs disappeared,
providing some support for the use of this treatment in patients with poor PS. Meanwhile, the benefit of sotorasib in
NSCLC patients with active, previously untreated BMs was also reported.’®*° Notably, a repeat brain MRI scan one
month after the discontinuation of sotorasib revealed an ongoing IC response, although the treatment was discontinued
due to transaminase deterioration.®® Subsequently, to further examine whether there was preliminary evidence of IC
activity, the researchers identified six patients who developed active, untreated BMs (at any point in their disease course)
before sotorasib initiation, with an mOS “not reached” (8.7, not estimable) at a median follow-up time of 8.8 months.*’
A confirmed IC disease response to treatment was observed in three of the four patients, with an mDoR of 4.1 months
and a median IC PFS of 4.7 months.** In 2023, Inno et al®' reported an IC response to sotorasib in a patient with both
pretreated and untreated symptomatic BMs, with an IC response duration of 16 months, supporting the use of this
treatment in this patient group and showing the need for further studies in this context.

A phase Ib, open-label study (NCT04185883)* evaluated sotorasib monotherapy in NSCLC with BMs and in
combination regimens (treatment groups included sotorasib + TKI, sotorasib + anti-programmed cell death 1 ligand 1
[PD-L1] therapy, sotorasib + chemotherapeutic regimen, and sotorasib + anti-programmed cell death protein 1 [PD1]
therapy) in patients with advanced KRAS p.G12C mutant NSCLC. Enrolment began in December 2019 and the trial is
currently ongoing.

Adagrasib

Adagrasib (MRTX849, Mirati Therapeutics) (MW = 604, PSA =71 Az, HBD =0, and Log D = 3.6)11 is an oral, potent,
small-molecule KRAS“'?“ inhibitor that selectively modifies mutant cysteine 12 in GDP-bound KRAS®'*“ and inhibits
KRAS-dependent signaling. Adagrasib has favourable pharmacokinetics (PK) properties, such as oral bioavailability, long
half-life (24h), dose-dependent PK, and extensive tissue distribution.®> In studies, MRTX849 induced pronounced
tumour regression in 17 (65%) KRAS'?“-positive cell lines and in patient-derived xenograft models of multiple tumour
types.*?

Data presented at the 2021 ASCO meeting showed adagrasib tolerability and clinical activity in patients with
previously treated KRAS p.G12C mutant NSCLC.%> The KRYSTAL-1 trial (NCT03785249) evaluated the safety, PK,
and clinical activity of adagrasib in patients with KRAS p.G12C mutant advanced solid tumours.®® After a median follow-
up time of 19.6 months, the confirmed ORR was 53.3%, the mDoR was 16.4 months, and the mPFS was 11.1 months.
A total of 23 (92.0%) patients experienced treatment-related AEs (TRAEs).%°

Additionally, preclinical data have demonstrated target pathway inhibition, tumour regression, and increased survival
in multiple BM mouse models treated with a clinically relevant dose of adagrasib.*’” Among the two NSCLC patients
with active and untreated BMs from the KRYSTAL-1 trial, cerebrospinal fluid concentrations of adagrasib measured
above the target cellular IC50 and the average Kp,uu were calculated at 0.47, which are comparable to those of other
targeted agents known to have high activity against BMs (eg, osimertinib [0.39], alectinib [0.63—0.94], and lorlatinib
[0.75]).54%¢ Moreover, both patients demonstrated corresponding BM regression.*” Overall, this evidence was first to
show proof-of-concept for adagrasib use in this patient population. The results from cohort A of the phase I/II
KRYSTAL-1 trial have confirmed objective response in 48 (42.9%) patients.’® The mPFS was 6.5 months, and the
mOS was 12.6 months. Notably, among 33 patients with previously treated stable CNS metastases, the median IC PFS
was 5.4 months. The IC-confirmed ORR was 33.3%, with a DCR of 85%. Additionally, for patients with untreated CNS
metastases, adagrasib monotherapy showed acceptable efficacy.’® Patients with brainstem metastasis, leptomeningeal
carcinomatosis, and/or carcinomatous meningitis were excluded.” Patients with focal leptomeningeal disease were
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eligible for the study.’® With a median follow-up of 13.7 months, the IC DCR was 90%, and the confirmed IC ORR was
42% (8/19). Among them, three patients had a complete IC response, and five patients had a partial IC response. The
median IC-PFS was 5.4 months. Grade 3 TRAEs occurred in 10 (40%) patients; only one (4%) patient experienced grade
4 TRAEs; no grade 5 TRAEs were reported, which was consistent with previous reports.’®®® Regarding CNS-specific
TRAESs, most patients experienced grade 1-2 CNS-specific TRAESs, four patients experienced grade 3, and there was no
grade 4 or higher CNS-related event.”® To date, MRTX849 is the first KRASY'?“ inhibitor to prospectively demonstrate
IC activity with manageable safety in patients with untreated BMs.

D-1553

Patients with BMs are often excluded from clinical trials of novel targeted agents given the unpredictable relationship
between systemic and CNS responses.” In a phase I dose-escalation and dose-expansion study of D-1553 presented in
2023,%7 79 patients with KRAS’?“ mutation were enrolled across China, and data from 74 patients were available for
efficacy analysis. The results demonstrated an ORR of 40.5% (30 for partial response and 38 for SD) and a DCR of
91.9%. The mPFS was 8.2 months, and the mDOR was 7.1 months. In patients with BMs, the ORR was 17% and 100%,
respectively. However, it should not be ignored that there are only six patients had BMs at baseline.

Jdq443

JDQ443 is a potent, selective, orally bioavailable covalent inhibitor of GDP-bound KRASY'?€ that binds to the Switch IT
loop, and to the KRASY'?C switch II region of the protein. It is distinct from sotorasib and adagrasib, targeting different
regions of the pocket and triggering different interactions.®” Moreover, JDQ443 inhibits the proliferation and signaling of
G12C/H95 double KRAS mutants. Its potent and selective antitumor activity was demonstrated in cell lines and in vivo
models.®” Preliminary results of JDQ443 monotherapy dose escalation reported by a multicenter dose-escalation trial
KontRASt-01 (NCT04699188) were first presented at the 2022 American Association for Cancer Research (AACR).%®
Twenty patients with NSCLC showed an ORR of 30.0% (6/20) across dose levels, and 43.0% (3/7) showed it at the
recommended phase 2 dose (RP2D).®® However, the key exclusion criterion for the JDQ443 monotherapy arm was the
presence of active BMs. Another study reported the ORR of 41.7% across dose levels and that of 54.5% at RP2D.%
KontRASt-02 (NCT05132075) is a global, Phase III, open-label, randomised, multicenter study evaluating JDQ443 as
a monotherapy in comparison to docetaxel in patients with KRAS®/?“-mutated advanced NSCLC, and KontRASt-06
(NCT05445843) is an open-label Phase II trial evaluating the activity and safety of JDQ443 single-agent as first-line
treatment for patients with locally advanced or metastatic KRAS p.G12C mutant NSCLC with a PD-L1 expression < 1%
or a PD-L1 expression > 1% and an STK11 co-mutation. All these studies are currently enrolling patients.*® Participants
with known active CNS metastases and/or carcinomatous meningitis are excluded from both trials.

Other Inhibitors

LY3537982 is a potent inhibitor that delivers sustained target occupancy of > 90%. The initial results of LOXO-RAS
-20001 (NCT04956640) demonstrated a favourable safety profile.”” Patients with treated CNS metastases were eligible
for this study if their disease was asymptomatic, radiographically stable for at least 30 days, and did not require steroid
treatment in the 2-week period prior to study treatment. IC results have not been reported.

IBI351 (GFH925) is an irreversible covalent inhibitor of KRAS®'?C. The preliminary efficacy of IBI351 has been
demonstrated in previously treated advanced NSCLC.”® Updated results were reported for the 2023 AACR.” Among 67
NSCLC patients, 44.8% of the patients received two or more prior lines of treatment, and 38.8% of the patients had BMs.
The investigator-assessed ORR was 58.2%, the confirmed ORR was 44.8%, and the DCR was 92.5%. At 600 mg twice
daily dose level (RP2D), the ORR was 63.3%, the confirmed ORR was 50.0%, and the DCR was 96.7%. Although
patients with BMs were included in the cohort, the efficacy and safety data for these patients were not presented
separately.

JAB-21822 is a highly selective covalent oral inhibitor of KRAS®'?“. Among patients with NSCLC (400 and 800 mg
QD), an ORR of 70%, including non-confirmed partial response (PR) and a DCR of 100%, has been reported.”® These
trials are ongoing. Another phase 1, open-label, multicenter study (CTR20212486) assessing GEC255 in patients with
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advanced solid tumours bearing the KRAS“/?“ mutation revealed that GEC255 is well-tolerated and has encouraging
antitumor activity for advanced NSCLC; the trial is still recruiting.”' The study did not report the effects in patients with
BMs. A phase la/Ib dose-escalation and dose-expansion study (NCT04449874) evaluated the safety, PK, and activity of
divarasib (RG-6330 and GDC-6036) as a single agent in combination with other antitumor therapies in patients with
advanced or metastatic solid tumours. GDC-6036 monotherapy exhibits encouraging clinical activity and high target
engagement across dose levels in NSCLC with the KRAS®’?“ mutation.”” Patients with active BMs were excluded.
Another KRAS®'?“ inhibitor, INJ-74699157 (ARS-3248), was evaluated in a phase I clinical trial (NCT04006301).”°
Patients with asymptomatic BMs were allowed into the trial if they had been treated, had stable disease for at least 4
weeks, as documented by radiographic imaging, and did not require systemic corticosteroid therapy for more than 14
days.”® However, based on dose-limiting skeletal muscle toxicities and the lack of efficacy at the 100 mg dose, further
enrolment was terminated. RMC-6291 is a next-generation mutant-selective inhibitor of KRAS®!*¢ that has overcome
the limitations of first-generation inhibitors in preclinical models by directly targeting the active form of this oncogenic
driver.*

Resistance mechanisms may be ascribed,”® innate, and acquired in patients with CNS metastatic disease, especially
those treated with agents that do not cross the BBB.!' To address this challenge, Kettle et al'' proposed structure-based
drug design, involving excising a key heterocyclic ring to derive a compound of much smaller size and polarity, a highly
potent and selective inhibitor of KRASY'?C, AZD4747, which had molecular properties that can reach into the CNS,
showing reductions in human P-gp and BCRP levels. Combination therapies may also reduce the risk of treatment
resistance; however, they are associated with toxicity. A phase 1/2 study (NCT04165031) of LY3499446 as oral
monotherapy, and in combination with other inhibitors, including abemaciclib, erlotinib, cetuximab, or docetaxel, in
patients with advanced solid tumours harboring the KRAS“/*“ mutation was terminated because of unexpected toxicity
prior to the initiation of study phase 2. Studies are required to identify protocols that reduce toxicity risk and maximise
efficacy in combination therapies, which may help improve outcomes on patients with NSCLC and BMs.

Clinical trials for drug development tend to exclude patients with BMs and meningitis due to poor performance.
Consequently, these trials report findings from small sets of patients with stable BMs. Publication of preclinical findings
and clinical case reports should be encouraged to build a more robust body of evidence on the treatment of patients with
this presentation. Further studies are required to evaluate the safety of these targeted therapies. Additionally, in
descriptive exploratory analyses, mutations in STK/I, KEAPI, and TP53 were among the most prevalent co-occurring
mutations in KRAS-mutated NSCLC.®® Therefore, the presence of co-mutations must be considered when selecting
treatment, especially for disease entities and management strategies associated with the risk of treatment resistance.

Conclusions

BMs are common in patients with KRAS-mutated NSCLC, reducing life expectancy and quality of life, which represents
an area of great unmet need. However, with KRAS inhibitors showing promising anticancer activity in patients with
KRAS®'?€ mutation, the therapeutic landscape may also sharply change following the development of KRAS inhibitors
with increased CNS bioavailability. Additionally, future prospective studies are required to quantify the IC efficacy of

target therapy more accurately. Nevertheless, KRASY!*¢

inhibitors are still in their infancy (currently only two inhibitors
have entered the clinic) with limited studies that have prospectively explored KRAS®'*“ inhibitors in patients with
NSCLC complicated with BMs. Moreover, drug resistance to KRAS®'* inhibitors is growing to be a significant issue,
gG12¢

due to several mechanisms of resistance. Therefore, future studies exploring the application of KRA inhibitor

monotherapy or combination therapy are warranted for patients with NSCLC, particularly those with BMs.

Abbreviations

LC, Lung cancer; NSCLC, Non-small cell lung cancer; BMs, Brain metastases; mOS, Median overall survival; CNS,
Central nervous system; PFS, Progression-free survival; EGFR, Epidermal growth factor receptor; ALK, Anaplastic
lymphoma kinase; ROS1, ROS proto-oncogene 1; KRAS, Kirsten rat sarcoma; MET, Mesenchymal epithelial transition
factor; LUADs, Lung adenocarcinomas; BBB, Blood—Brain Barrier; PSA, Polar surface area; HBD, Hydrogen bond
donor; IC, Intracranial GTPases, Guanosine triphosphatases; GDP/GTP, Guanosine diphosphate/triphosphate; GAP,

OncoTargets and Therapy 2024:17 htps: 691

Dove:


https://www.dovepress.com
https://www.dovepress.com

Tang et al Dove

GTPase activating proteins; GEF, Guanine nucleotide exchange factors; RT, Radiotherapy; AEs, Adverse effects; MW,
Molecular weight; QD, Once daily; ORR, Objective response rate; DCR, Disease control rate; mDoR, Median duration
of response; mPFS, Median progression-free survival, HR, Hazard ratio; CR, Complete response; SD, Stable disease;
MRI, Magnetic Resonance Imaging; ASCO, American Society of Clinical Oncology; PD-L1, Programmed cell death 1
ligand 1; PDI1, Programmed cell death protein 1; PK, Pharmacokinetics; TRAEs, Treatment-related adverse events;
AACR, American Association for Cancer Research; RP2D, Recommended phase 2 dose; PR, Partial response.

Funding

This work was supported by 1-3-5 project for disciplines of excellence, West China Hospital, Sichuan University (No.
7YJC21003) and the National Natural Science Foundation of China (No. 82073336) and Sichuan Provincial Research
Foundation (No. 2023NSFSC0699).

Disclosure

The authors confirm the paper has not been published or submitted for publication elsewhere, and declare that the
research was conducted in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References

1. Leiter A, Veluswamy RR, Wisnivesky JP. The global burden of lung cancer: current status and future trends. Nat Rev Clin Oncol. 2023;20
(9):624-639. doi:10.1038/541571-023-00798-3
2. Peters S, Bexelius C, Munk V, Leighl N. The impact of brain metastasis on quality of life, resource utilization and survival in patients with
non-small-cell lung cancer. Cancer Treat Rev. 2016;45(1):139-162. doi:10.1016/j.ctrv.2016.03.009
3. Vogelbaum MA, Brown PD, Messersmith H, et al. Treatment for Brain Metastases: ASCO-SNO-ASTRO Guideline. J Clin Oncol. 2022;40
(5):492-516. doi:10.1200/JC0O.21.02314
4. Skakodub A, Walch H, Tringale KR, et al. Genomic analysis and clinical correlations of non-small cell lung cancer brain metastasis. Nat Commun.
2023;14(1):4980. doi:10.1038/s41467-023-40793-x
5. Tan CS, Gilligan D, Pacey S. Treatment approaches for EGFR-inhibitor-resistant patients with non-small-cell lung cancer. Lancet Oncol. 2015;16
(9):e447—e459. doi:10.1016/S1470-2045(15)00246-6
6. Skoulidis F, Heymach JV. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat Rev Cancer. 2019;19
(9):495-509. doi:10.1038/541568-019-0179-8
7. Dogan S, Shen R, Ang DC, et al. Molecular epidemiology of EGFR and KRAS mutations in 3026 lung adenocarcinomas: higher susceptibility of
women to smoking-related KRAS-mutant cancers. Clin Cancer Res. 2012;18(22):6169—6177. doi:10.1158/1078-0432.CCR-11-3265
. Nassar AH, Adib E, Kwiatkowski DJ. KRAS distribution of somatic mutations across race, sex, and cancer type. N Engl J Med. 2021;384
(2):185-187. doi:10.1056/NEJMc2030638
9. Tsakonas G, Ekman S, Koulouris A, Adderley H, Ackermann CJ, Califano R. Safety and efficacy of immune checkpoint blockade in patients with
advanced nonsmall cell lung cancer and brain metastasis. /nt J Cancer. 2023;153(1):1556-1567. doi:10.1002/ijc.34628
10. Kadry H, Noorani B, Cucullo L. A blood-brain barrier overview on structure, function, impairment, and biomarkers of integrity. Fluids Barriers
CNS. 2020;17(1):69. doi:10.1186/s12987-020-00230-3
11. Kettle JG, Bagal SK, Barratt D, et al. Discovery of AZD4747, a Potent and Selective Inhibitor of Mutant GTPase KRAS with Demonstrable CNS
Penetration. J Med Chem. 2023;66(13):9147-9160. doi:10.1021/acs.jmedchem.3c00746
12. CHMP.. Committee for Medicinal Products for Human Use (CHMP) assessment report for Giotrif (Afatinib). Eur Med Agen. 2013;2013:1.
13. de Vries NA, Buckle T, Zhao J, Beijnen JH, Schellens JH, van Tellingen O. Restricted brain penetration of the tyrosine kinase inhibitor erlotinib
due to the drug transporters P-gp and BCRP. Invest New Drugs. 2012;30(2):443-449. doi:10.1007/s10637-010-9569-1
14. EMA. Iressa Summary of Product Characteristics; 2009. Available from: http://www.ema.europa.eu/ema/index.jsp%3Fcurl5pages/medicines/
human/medicines/001016/human_med_000857.jsp%26murlSmenus/medicines/index.jsp. Accessed August 30, 2017.
15. Varadharajan S, Winiwarter S, Carlsson L, et al. Exploring in silico prediction of the unbound brain-to-plasma drug concentration ratio: model
validation, renewal, and interpretation. J Pharm Sci. 2015;104(3):1197-1206. doi:10.1002/jps.24301
16. Ghose AK, Herbertz T, Hudkins RL, Dorsey BD, Mallamo JP. Knowledge-based, central nervous system (CNS) lead selection and lead
optimization for CNS drug discovery. ACS Chem Neurosci. 2012;3(1):50—68. doi:10.1021/cn200100h
17. Popat S, Ahn MJ, Ekman S, et al. Osimertinib for EGFR-mutant non-small-cell lung cancer central nervous system metastases: current evidence
and future perspectives on therapeutic strategies. Target Oncol. 2023;18(1):9-24. doi:10.1007/s11523-022-00941-7
18. Pardridge WM. Drug transport across the blood-brain barrier. J Cereb Blood Flow Metab. 2012;32(11):1959-1972. doi:10.1038/jcbfm.2012.126
19. Bartolotti M, Franceschi E, Brandes AA. EGF receptor tyrosine kinase inhibitors in the treatment of brain metastases from non-small-cell lung
cancer. Expert Rev Anticancer Ther. 2012;12(11):1429-1435. doi:10.1586/era.12.121
20. Gerstner ER, Fine RL. Increased permeability of the blood-brain barrier to chemotherapy in metastatic brain tumors: establishing a treatment
paradigm. J Clin Onco. 2007;25(16):2306-2312. doi:10.1200/JC0O.2006.10.0677
21. Li J, Wu J, Bao X, et al. Quantitative and mechanistic understanding of AZD1775 penetration across human blood-brain barrier in glioblastoma
patients using an IVIVE-PBPK modeling approach. Clin Cancer Res. 2017;23(24):7454-7466. doi:10.1158/1078-0432.CCR-17-0983

oo

692 https: OncoTargets and Therapy 2024:17

Dove!


https://doi.org/10.1038/s41571-023-00798-3
https://doi.org/10.1016/j.ctrv.2016.03.009
https://doi.org/10.1200/JCO.21.02314
https://doi.org/10.1038/s41467-023-40793-x
https://doi.org/10.1016/S1470-2045(15)00246-6
https://doi.org/10.1038/s41568-019-0179-8
https://doi.org/10.1158/1078-0432.CCR-11-3265
https://doi.org/10.1056/NEJMc2030638
https://doi.org/10.1002/ijc.34628
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1021/acs.jmedchem.3c00746
https://doi.org/10.1007/s10637-010-9569-1
http://www.ema.europa.eu/ema/index.jsp%3Fcurl5pages/medicines/human/medicines/001016/human_med_000857.jsp%26murl5menus/medicines/index.jsp
http://www.ema.europa.eu/ema/index.jsp%3Fcurl5pages/medicines/human/medicines/001016/human_med_000857.jsp%26murl5menus/medicines/index.jsp
https://doi.org/10.1002/jps.24301
https://doi.org/10.1021/cn200100h
https://doi.org/10.1007/s11523-022-00941-7
https://doi.org/10.1038/jcbfm.2012.126
https://doi.org/10.1586/era.12.121
https://doi.org/10.1200/JCO.2006.10.0677
https://doi.org/10.1158/1078-0432.CCR-17-0983
https://www.dovepress.com
https://www.dovepress.com

Dove Tang et al

22.

Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. Drugging the undruggable RAS: mission possible? Nat Rev Drug Discov. 2014;13
(11):828-851. doi:10.1038/nrd4389

23. Prior 1A, Lewis PD, Mattos C. A comprehensive survey of Ras mutations in cancer. Cancer Res. 2012;72(10):2457-2467. doi:10.1158/0008-5472.
CAN-11-2612

24. Karnoub AE, Weinberg RA. Ras oncogenes: split personalities. Nat Rev Mol Cell Biol. 2008;9(7):517-531. doi:10.1038/nrm2438

25. Chen Z, Otto JC, Bergo MO, Young SG, Casey PJ. The C-terminal polylysine region and methylation of K-Ras are critical for the interaction
between K-Ras and microtubules. J Biol Chem. 2000;275(52):41251-41257. doi:10.1074/jbc.M006687200

26. Pells S, Divjak M, Romanowski P, et al. Developmentally-regulated expression of murine K-ras isoforms. Oncogene. 1997;15(15):1781-1786.
doi:10.1038/sj.onc.1201354

27. Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev. 2001;81(1):153-208. doi:10.1152/physrev.2001.81.1.153

28. Roman M, Baraibar I, Lopez I, et al. KRAS oncogene in non-small cell lung cancer: clinical perspectives on the treatment of an old target. Mol
Cancer. 2018;17(1):33. doi:10.1186/512943-018-0789-x

29. Cully M, Downward J. SnapShot: ras Signaling. Cell. 2008;133(7):1292—1292.e1. doi:10.1016/j.cell.2008.06.020

30. Vetter IR, Wittinghofer A. The guanine nucleotide-binding switch in three dimensions. Science. 2001;294:5545.

31. Kris MG, Johnson BE, Kwiatkowski DJ, et al. Identification of driver mutations in tumor specimens from 1000 patients with lung adenocarcinoma:
the NCI's Lung Cancer Mutation Consortium (LCMC). J Clin Oncol. 2011;29(18_suppl):CRA7506. doi:10.1200/jc0.2011.29.18 suppl.cra7506

32. Cancer Genome Atlas Research Network. Comprehensive genomic characterization of squamous cell lung cancers. Nature. 2012;489
(7417):519-525. doi:10.1038/nature11404

33. Reita D, Pabst L, Pencreach E, et al. KRAS direct targeting mutation in non-small cell lung cancer: focus on resistance. Cancers. 2022;14(5):1321.
doi:10.3390/cancers14051321

34. Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung adenocarcinoma. Nature. 2014;511(7511):543-550.
doi:10.1038/nature13385

35. Ding L, Getz G, Wheeler DA, et al. Somatic mutations affect key pathways in lung adenocarcinoma. Nature. 2008;455:7216.

36. Imielinski M, Berger AH, Hammerman PS, et al. Mapping the hallmarks of lung adenocarcinoma with massively parallel sequencing. Cell.
2012;150(6):1107-1120. doi:10.1016/j.cell.2012.08.029

37. Adderley H, Blackhall FH, Lindsay CR. KRAS-mutant non-small cell lung cancer: converging small molecules and immune checkpoint inhibition.
EBioMedicine. 2019;41(1):711-716. doi:10.1016/j.ebiom.2019.02.049

38. Martin P, Leighl NB, Tsao MS, Shepherd FA. KRAS mutations as prognostic and predictive markers in non-small cell lung cancer. J Thorac Oncol.
2013;8(5):530-542. doi:10.1097/JTO.0b013e318283d958

39. Tran TH, Chan AH, Young LC, et al. KRAS interaction with RAF1 RAS-binding domain and cysteine-rich domain provides insights into
RAS-mediated RAF activation. Nat Commun. 2021;12(1):1176. doi:10.1038/s41467-021-21422-x

40. Nardone V, Romeo C, D’Ippolito E, et al. The role of brain radiotherapy for EGFR- and ALK-positive non-small-cell lung cancer with brain
metastases: a review. Radiol Med. 2023;128(3):316-329. doi:10.1007/s11547-023-01602-z

41. Patil T, Smith DE, Bunn PA, et al. The incidence of brain metastases in stage IV ROS1-rearranged non-small cell lung cancer and rate of central
nervous system progression on crizotinib. J Thorac Oncol. 2018;13(11):1717-1726. doi:10.1016/j.jtho.2018.07.001

42. Liu Q, Tong X, Wang J. Management of brain metastases: history and the present. Chin Neurosurg J. 2019;5(1):1. doi:10.1186/s41016-018-0149-0

43. Cui W, Franchini F, Alexander M, et al. Real world outcomes in KRAS G12C mutation positive non-small cell lung cancer. Lung Cancer. 2020;146
(1):310-317. doi:10.1016/j.lungcan.2020.06.030

44. Wu MY, Zhang EW, Strickland MR, et al. Clinical and imaging features of non-small cell lung cancer with G12C KRAS mutation. Cancers.
2021;13(14):3572. doi:10.3390/cancers13143572

45. Sebastian M, Eberhardt WEE, Hoffknecht P, et al. KRAS G12C-mutated advanced non-small cell lung cancer: a real-world cohort from the German
prospective, observational, nation-wide CRISP Registry (AIO-TRK-0315). Lung Cancer. 2021;154(1):51-61. doi:10.1016/j.lungcan.2021.02.005

46. Spira Al, Tu H, Aggarwal S, et al. A retrospective observational study of the natural history of advanced non-small-cell lung cancer in patients with
KRAS p.G12C mutated or wild-type disease. Lung Cancer. 2021;159(1):1-9. doi:10.1016/j.lungcan.2021.05.026

47. Sabari JK, Velcheti V, Shimizu K, et al. Activity of Adagrasib (MRTX849) in brain metastases: preclinical models and clinical data from patients
with KRASG12C-mutant non-small cell lung cancer. Clin Cancer Res. 2022;28(15):3318-3328. doi:10.1158/1078-0432.CCR-22-0383

48. Ghimessy A, Radeczky P, Laszlo V, et al. Current therapy of KRAS-mutant lung cancer. Cancer Metastasis Rev. 2020;39(4):1159-1177.
doi:10.1007/510555-020-09903-9

49. Lamberti G, Aizer A, Ricciuti B, et al. KRAS incidence of brain metastases and preliminary evidence of intracranial activity with sotorasib in
patients with -mutant non-small-cell lung cancer. JCO Precis Oncol. 2023;7(1):2200621. doi:10.1200/P0O.22.00621

50. Reungwetwattana T, Nakagawa K, Cho BC, et al. CNS response to osimertinib versus standard epidermal growth factor receptor tyrosine kinase
inhibitors in patients with untreated EGFR-mutated advanced non-small-cell lung cancer. J Clin Oncol. 2018;1(1):JCO2018783118.

51. Gadgeel S, Peters S, Mok T, et al. Alectinib versus crizotinib in treatment-naive anaplastic lymphoma kinase-positive (ALK+) non-small-cell lung
cancer: CNS efficacy results from the ALEX study. Ann Oncol. 2018;29(11):2214-2222. doi:10.1093/annonc/mdy405

52. Loganadane G, Dhermain F, Louvel G, et al. Brain radiation necrosis: current management with a focus on non-small cell lung cancer patients.
Front Oncol. 2018;8(1):336. doi:10.3389/fonc.2018.00336

53. Makale MT, McDonald CR, Hattangadi-Gluth JA, Kesari S. Mechanisms of radiotherapy-associated cognitive disability in patients with brain
tumours. Nat Rev Neurol. 2017;13(1):52—64. doi:10.1038/nrneurol.2016.185

54. FDA. FDA Approves First KRAS Inhibitor: sotorasib. Cancer Discov; 2011:11,0F4.

55. Hong DS, Fakih MG, Strickler JH, et al. KRAS Inhibition with sotorasib in advanced solid tumors. N Engl J Med. 2020;383(13):1207-1217.
doi:10.1056/NEJMo0al917239

56. Janne PA, Riely GJ, Gadgeel SM, et al. Adagrasib in non-small-cell lung cancer harboring a mutation. N Engl J Med. 2022;387(2):120-131.
doi:10.1056/NEJM0a2204619

57. Kunimasa K, Tamiya M, Inoue T, Kawamura T, Nishino K. KRAS Rapid Response to Sotorasib of a Patient WithG12C-mutated lung cancer with
cancer-associated disseminated intravascular coagulation: a case report. JTO Clin Res Rep. 2023;4(1):100442. doi:10.1016/j.jtocrr.2022.100442

OncoTargets and Therapy 2024:17 https: 693

Dove:


https://doi.org/10.1038/nrd4389
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1038/nrm2438
https://doi.org/10.1074/jbc.M006687200
https://doi.org/10.1038/sj.onc.1201354
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.1186/s12943-018-0789-x
https://doi.org/10.1016/j.cell.2008.06.020
https://doi.org/10.1200/jco.2011.29.18_suppl.cra7506
https://doi.org/10.1038/nature11404
https://doi.org/10.3390/cancers14051321
https://doi.org/10.1038/nature13385
https://doi.org/10.1016/j.cell.2012.08.029
https://doi.org/10.1016/j.ebiom.2019.02.049
https://doi.org/10.1097/JTO.0b013e318283d958
https://doi.org/10.1038/s41467-021-21422-x
https://doi.org/10.1007/s11547-023-01602-z
https://doi.org/10.1016/j.jtho.2018.07.001
https://doi.org/10.1186/s41016-018-0149-0
https://doi.org/10.1016/j.lungcan.2020.06.030
https://doi.org/10.3390/cancers13143572
https://doi.org/10.1016/j.lungcan.2021.02.005
https://doi.org/10.1016/j.lungcan.2021.05.026
https://doi.org/10.1158/1078-0432.CCR-22-0383
https://doi.org/10.1007/s10555-020-09903-9
https://doi.org/10.1200/PO.22.00621
https://doi.org/10.1093/annonc/mdy405
https://doi.org/10.3389/fonc.2018.00336
https://doi.org/10.1038/nrneurol.2016.185
https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1056/NEJMoa2204619
https://doi.org/10.1016/j.jtocrr.2022.100442
https://www.dovepress.com
https://www.dovepress.com

Tang et al Dove

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Koster KL, Appenzeller C, Lauber A, Frith M, Schmid S. KRAS G12C-sotorasib shows intracranial activity in patients with mutated adenocarci-
noma of the lung and untreated active brain metastases. Case Rep Oncol. 2022;15(2):720-725. doi:10.1159/000525341

Negrao MV, Spira Al, Heist RS, et al. Intracranial efficacy of adagrasib in patients from the KRYSTAL-1 trial with -mutated non-small-cell lung
cancer who have untreated CNS metastases. J Clin Oncol. 2023;41(28):4472-4477. doi:10.1200/JC0O.23.00046

Skoulidis F, Li BT, Dy GK, et al. KRAS Sotorasib for Lung Cancers with p.G12C Mutation. N Engl J Med. 2021;384(25):2371-2381. doi:10.1056/
NEJMoa2103695

Dy GK, Govindan R, Velcheti V, et al. KRAS long-term outcomes and molecular correlates of sotorasib efficacy in patients with pretreated
G12C-mutated non-small-cell lung cancer: 2-year analysis of codeBreaK 100. J Clin Oncol. 2023;41(18):3311-3317. doi:10.1200/JC0O.22.02524
de Langen AJ, Johnson ML, Mazieres J, et al. Sotorasib versus docetaxel for previously treated non-small-cell lung cancer with KRAS mutation:
a randomised, open-label, Phase 3 trial. Lancet. 2023;401(10378):733—746. doi:10.1016/S0140-6736(23)00221-0

Ramalingam S, Skoulidis F, Govindan R, et al. P52. 03 Effificacy of sotorasib in KRAS p.G12C-mutated NSCLC with stable brain metastases: a
post-hoc analysis of CodeBreaK 100. J Thorac Oncol. 2021;16(suppl):S1123. doi:10.1016/j.jtho.2021.08.547

Dingemans A-MC, Syrigos K, Livi L, et al. Intracranial efficacy of sotorasib versus docetaxel in pretreated KRAS G12C-mutated advanced
non-small cell lung cancer (NSCLC): practice-informing data from a global, phase 3, randomized, controlled trial (RCT). J Clin Oncol. 2023; 41
(no. 17_suppl):LBA9016-LBA9016. doi:10.1200/JC0O.2023 .41

Riely GJ, Ou SI, Rybkin I, et al. 990 PR KRYSTAL-1: activity and preliminary pharmacodynamic (PD) analysis of adagrasib (MRTX849) in
patients (Pts) with advanced non—small cell lung cancer (NSCLC) harboring KRASGI12C mutation. J Thorac Oncol. 2021;16(4):S751-2.
doi:10.1016/S1556-0864(21)01941-9

Ou SI, Janne PA, Leal TA, et al. KRAS first-in-human phase I/IB dose-finding study of adagrasib (MRTX849) in patients with advanced solid
tumors (KRYSTAL-1). J Clin Oncol. 2022;40(23):2530-2538. doi:10.1200/JC0O.21.02752

LiZ, Song Z, Zhao Y, et al. D-1553 (Garsorasib), a potent and selective inhibitor of KRAS in patients with NSCLC: phase 1 study results. J Thorac
Oncol. 2023;18(7):940-951. doi:10.1016/j.jtho.2023.03.015

Daniel ST, Toshio S, Benjamin S, et al. KontRASt-01: a phase Ib/II, dose-escalation study of JDQ443 in patients (pts) with advanced, KRAS
G12C-mutated solid tumors [abstract]. Proceed Am Assoc Can Res Annu Meet; 2022;82(12_Suppl):33. doi:10.1158/1538-7445.AM2022-CT033.
Philippe AC, Christophe AD, Anas G, et al. KontRASt-01 update: safety and efficacy of JDQ443 in KRAS G12C-mutated solid tumors including
non-small cell lung cancer (NSCLC). J Clin Oncol. 2023;41(16_suppl):9007

Jian L, Jun Z, Baoshan C, et al. A phase I/II study of first-in-human trial of JAB-21822 (KRAS G12C inhibitor) in advanced solid tumors. J Clin
Oncol. 2022;40(16_suppl):3089. doi:10.1200/JC0O.2022.40.16_suppl.3089

Yan Z, Lin Z, Youling G, et al. Phase 1 study evaluating the safety, tolerability, pharmacokinetics (PK), and efficacy of GEC255, a novel
KRASGI12C inhibitor, in advanced solid tumors. J Clin Oncol. 2023;41(16_suppl):9112. doi:10.1200/JC0O.2023.41.16_suppl.9112
Murciano-Goroff YR, Rebecca SH, et al. A first-in-human phase 1 study of LY3537982, a highly selective and potent KRAS G12C inhibitor in
patients with KRAS G12C-mutant advanced solid tumors. Proceed Am Assoc Can Res Annu Meet. 2023;83(8_Suppl):28. doi:10.1158/1538-7445.
AM2023-CT028.

Qing Z, Nong Y, Jun Z, et al. Phase I dose-escalation study of IBI351 (GFH925) monotherapy in patients with advanced solid tumors. J Clin Oncol.
2022;40(16_suppl):3110. doi:10.1200/JC0O.2022.40.16_suppl.3110

Qing Z, Nong Y, Jun Z, et al. Phase I study of IBI351 (GFH925) monotherapy in patients with advanced solid tumors: updated results of the phase I
study. Proceed Am Assoc Can Res Annu Meet. 2023;83(8_Suppl):30. doi:10.1158/1538-7445.AM2023-CT030.

Sacher A, Patel MR, Miller WH, et al. OA03.04 Phase I A Study to Evaluate GDC-6036 monotherapy in patients with non-small cell lung cancer
(NSCLC) with KRAS G12C Mutation. J Thorac Oncol. 2022;17(Issue 9, Supplement):S8—S9. doi:10.1016/j.jtho.2022.07.023

Wang J, Martin-Romano P, Cassier P, et al. Phase I Study of JNJ-74699157 in patients with advanced solid tumors harboring the KRAS G12C
mutation. Oncologist. 2022;27(7):536—e553. doi:10.1093/oncolo/oyab080

Amgen Inc. LUMAKRAS™ (sotorasib) tablets, for oral use: US prescribing information; 2021. Available from: https://www.accessdata.fda.gov/
drugsatfda_docs/label/2021/214665s0001bl.pdf. Accessed July 5, 2021.

Brian AL, Jian JC, Longbin L, et al. Discovery of AMG 510, a first-in-human covalent inhibitor of KRASS'2€ for the treatment of solid tumors.
Proceed Am Assoc Can Res Annu Meet. 2019;79(13 Suppl):55. doi:10.1158/1538-7445.AM2019-4455.

European Medicines Agency. LUMYKRAS™ (sotorasib): EU summary of product characteristics; 2022. Available from: https://www.ema.europa.
eu/. Accessed October 5, 2022.

Yeh J, Marks JA, Alzeer AH, et al. KRAS remarkable intracranial response to sotorasib in a patient with -mutated lung adenocarcinoma and
untreated brain metastases: a case report. JTO Clin Res Rep. 2022;3(12):100428. doi:10.1016/j.jtocrr.2022.100428

Inno A, Marchetti F, Valerio M, et al. KRAS Activity of sotorasib against brain metastases from NSCLC harboring p.G12C mutation: a case report.
Drug Target Insight. 2023;17(1):90-91. doi:10.33393/dti.2023.2593

H DS, Strickler JH, F M, et al. Trial in progress: A phase 1b study of sotorasib, a specific and irreversible KRASG12C inhibitor, as monotherapy in
non-small cell lung cancer (NSCLC) with brain metastasis and in combination with other anticancer therapies in advanced solid tumors
(CodeBreaK 101). J Clin Oncol.2021;39(15_suppl): doi:10.1200/JC0O.2021.39.15_suppl. TPS2669

Hallin J, Engstrom LD, Hargis L, et al. The KRAS Inhibitor MRTX849 Provides Insight toward Therapeutic Susceptibility of KRAS-Mutant
Cancers in Mouse Models and Patients. Cancer Discov. 2020;10(1):54-71. do0i:10.1158/2159-8290.CD-19-1167

Ballard P, Yates JW, Yang Z, et al. Preclinical comparison of osimertinib with other EGFR-TKIs in EGFR-Mutant NSCLC brain metastases models,
and early evidence of clinical brain metastases activity. Clin Cancer Res. 2016;22(20):5130-5140. doi:10.1158/1078-0432.CCR-16-0399
Kodama T, Hasegawa M, Takanashi K, Sakurai Y, Kondoh O, Sakamoto H. Antitumor activity of the selective ALK inhibitor alectinib in models of
intracranial metastases. Cancer Chemother Pharmacol. 2014;74(5):1023—-1028. doi:10.1007/s00280-014-2578-6

Shaw AT, Felip E, Bauer TM, et al. Lorlatinib in non-small-cell lung cancer with ALK or ROS1 rearrangement: an international, multicentre,
open-label, single-arm first-in-man phase 1 trial. Lancet Oncol. 2017;18(12):1590-1599. doi:10.1016/S1470-2045(17)30680-0

Weiss A, Lorthiois E, Barys L, et al. Discovery, preclinical characterization, and early clinical activity of JDQ443, a structurally novel, potent, and
selective covalent oral inhibitor of KRASG12C. Cancer Discov. 2022;12(6):1500-1517. doi:10.1158/2159-8290.CD-22-0158

694 https: OncoTargets and Therapy 2024:17

Dove!


https://doi.org/10.1159/000525341
https://doi.org/10.1200/JCO.23.00046
https://doi.org/10.1056/NEJMoa2103695
https://doi.org/10.1056/NEJMoa2103695
https://doi.org/10.1200/JCO.22.02524
https://doi.org/10.1016/S0140-6736(23)00221-0
https://doi.org/10.1016/j.jtho.2021.08.547
https://doi.org/10.1200/JCO.2023.41
https://doi.org/10.1016/S1556-0864(21)01941-9
https://doi.org/10.1200/JCO.21.02752
https://doi.org/10.1016/j.jtho.2023.03.015
https://doi.org/10.1158/1538-7445.AM2022-CT033
https://doi.org/10.1200/JCO.2022.40.16_suppl.3089
https://doi.org/10.1200/JCO.2023.41.16_suppl.9112
https://doi.org/10.1158/1538-7445.AM2023-CT028
https://doi.org/10.1158/1538-7445.AM2023-CT028
https://doi.org/10.1200/JCO.2022.40.16_suppl.3110
https://doi.org/10.1158/1538-7445.AM2023-CT030
https://doi.org/10.1016/j.jtho.2022.07.023
https://doi.org/10.1093/oncolo/oyab080
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/214665s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/214665s000lbl.pdf
https://doi.org/10.1158/1538-7445.AM2019-4455
https://www.ema.europa.eu/
https://www.ema.europa.eu/
https://doi.org/10.1016/j.jtocrr.2022.100428
https://doi.org/10.33393/dti.2023.2593
https://doi.org/10.1200/JCO.2021.39.15_suppl.TPS2669
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/1078-0432.CCR-16-0399
https://doi.org/10.1007/s00280-014-2578-6
https://doi.org/10.1016/S1470-2045(17)30680-0
https://doi.org/10.1158/2159-8290.CD-22-0158
https://www.dovepress.com
https://www.dovepress.com

Dove Tang et al

88. Federico C, Gilberto C, Jin-Hyoung K, et al. KontRASt-02: a phase III trial investigating the efficacy and safety of the KRASG12C inhibitor
JDQ443 vs docetaxel in patients with previously treated, locally advanced or metastatic, KRAS G12C-mutated NSCLC. J Clin Oncol. 2023;41
(16_suppl):TPS9144. doi:10.1200/JC0O.2023.41.16_suppl. TPS9144

89.N RJ, Y YC, Jim C, et al. RMC-6291, a next-generation tri-complex KRASG12C(ON) inhibitor, outperforms KRASG12C(OFF) inhibitors in
preclinical models of KRASG12C cancers. Proceed Am Assoc Can Res Annu Meet. 2022;82(12_Suppl):95. doi:10.1158/1538-7445.AM2022-3595.

90. Zhao Y, Murciano-Goroff YR, Xue JY, et al. Diverse alterations associated with resistance to KRAS(G12C) inhibition. Nature. 2021;599
(7886):679-683. doi:10.1038/s41586-021-04065-2

OncoTargets and Therapy Dove

Publish your work in this journal

OncoTargets and Therapy is an international, peer-reviewed, open access journal focusing on the pathological basis of all cancers, potential
targets for therapy and treatment protocols employed to improve the management of cancer patients. The journal also focuses on the impact of
management programs and new therapeutic agents and protocols on patient perspectives such as quality of life, adherence and satisfaction. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit
http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/oncotargets-and-therapy-journal

OncoTargets and Therapy 2024:17 n kY in n Dove 695


https://doi.org/10.1200/JCO.2023.41.16_suppl.TPS9144
https://doi.org/10.1158/1538-7445.AM2022-3595
https://doi.org/10.1038/s41586-021-04065-2
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	KRAS Pathway and Non-Small Cell Lung Cancer
	Clinical and Pathological Characteristics of NSCLC Patients with KRAS p.G12C Mutation
	Incidence, Prognosis, and Treatment of KRAS p.G12C Mutant NSCLC with BMs

	KRAS<sup>G12C</sup> Inhibitors and Their Efficacy in NSCLC
	Sotorasib
	Adagrasib
	D-1553
	Jdq443
	Other Inhibitors

	Conclusions
	Abbreviations
	Funding
	Disclosure

