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Abstract: Kirsten rat sarcoma virus (KRAS) is the most frequently 
mutated oncogene in human cancers, particularly in non–small cell 
lung cancer (NSCLC), where mutations are present in 32% of lung 
adenocarcinoma and 4% of squamous cell lung cancer. The most 
common KRAS variant is KRAS G12C, which accounts for nearly 40% 
of all KRAS mutations. Although it is the most common oncogenic 
driver in NSCLC, KRAS was considered a “nondruggable target” until 
recently, owing to the lack of any progress in developing targeted ther-
apies for this oncogene. With the recent development and approval of 
selective KRAS G12C inhibitors such as sotorasib and adagrasib for the 
treatment of advanced or metastatic NSCLC in the second-line setting 
and beyond, the standard of care for managing these tumors has 
undergone a significant change. Mechanisms of resistance to KRAS 
G12C inhibitors are highly heterogeneous, including both on-target 
and off-target resistance as well as morphologic switching, thus limiting 
the activity of these drugs when used as monotherapy. New-gener-
ation inhibitors and different combination strategies are being devel-
oped in early-phase trials to overcome or delay the onset of resistance 
as well as to target non-G12C mutations. Owing to the biological 
heterogeneity of KRAS-mutant NSCLC, treatment will likely need to be 
individualized based on factors such as co-occurring mutations.

Introduction

The treatment landscape for patients with advanced non–small 
cell lung cancer (NSCLC) has dramatically evolved over the last 2 
decades owing to the integration of tumor genomic sequencing into 
treatment paradigms and the approval of highly effective targeted 
therapies aimed against oncogenic driver alterations in EGFR, ALK, 
ROS1, HER2, BRAF, MET, RET, and NTRK. In addition, pro-
grammed death 1 (PD-1)/programmed death ligand 1 (PD-L1)-tar-
geting immune checkpoint inhibitors, used alone or in combination 
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ultimately promoting tumorigenesis.5 The most frequent 
codon 12 mutation subtype is p.G12C, consisting of the 
replacement of a native glycine with a cysteine due to a 
G9 T transversion, followed by the G12V (22%) and 
G12D (16%) mutations.

KRAS mutations are usually mutually exclusive with 
other targetable oncogenic drivers, such as EGFR or ALK 
mutations, likely owing to underlying synthetic lethality 
that may take place with the co-occurrence of these 2 
mutations.6,7 Notably, about half of KRAS G12C–mutant 
tumors have co-occurring mutations within nontarge-
table oncogenes, such as TP53 (39%), serine/threonine 
kinase 11 (STK11; 20%-28%), and kelch-like ECH-as-
sociated protein 1 (KEAP1; 13%-24%). These co-mu-
tations modulate the tumor microenvironment and the 
clinical responses to current treatments.2 Inactivation of 
STK11 (or its protein product, LKB1) is associated with a 
“cold” tumor immune microenvironment with a reduced 
CD8-positive (CD8+) T-cell density and predicts primary 
resistance to anti–PD-1/PD-L1 therapies. Conversely, 
co-occurring mutations within the TP53 gene are associ-
ated with increased CD8+ T-cell infiltration and predict 
improved clinical response to immunotherapy.2,8 Ricciuti 
and colleagues reported clinical outcomes for lung adeno-
carcinoma patients with high PD-L1 expression treated 
with first-line anti–PD-1/PD-L1 therapy. Both STK11 
and KEAP1 mutations were associated with worse clinical 
response and survival outcomes among the KRAS-mutant 
population, whereas KRAS wild-type NSCLC patients 
experienced a clinical benefit from anti–PD-1/PD-L1 
therapy regardless of STK11/KEAP1 mutation status, 
suggesting a deleterious impact of these co-mutations on 
the efficacy of immune checkpoints limited to KRAS-mu-
tant disease.9 This highlights the importance of next-gen-
eration sequencing testing for all patients with advanced 
or metastatic NSCLC to inform clinical decisions. A cir-
culating tumor DNA–based assay or other form of liquid 
biopsy may be a viable and minimally invasive option for 
patients who cannot undergo tissue biopsy or have insuf-
ficient tumor tissue available. 

Treatment Approach to KRAS-Mutated 
NSCLC

Currently, treatment algorithms for KRAS-mutant NSCLC 
continue to mirror those for NSCLC without a targetable 
genomic alteration. The only exception is the treatment of 
advanced NSCLC in the second-line and beyond setting, as 
two KRAS G12C inhibitors (sotorasib and adagrasib) have 
become the standard of care for patients who have tumor 
progression on first-line chemoimmunotherapy.10 The 
KRAS G12C mutation impairs GTP hydrolysis, keeps the 
protein in a constitutively activated form, and ultimately 

with chemotherapy, have become the standard of care 
for NSCLC without a targetable genomic alteration. 
These therapeutic advances in the treatment of advanced 
NSCLC have led to significant improvements in clinical 
outcomes and survival.

The Kirsten rat sarcoma viral oncogene homolog 
(KRAS) gene is the most frequently mutated oncogene 
in human cancers, particularly NSCLC. Mutations in 
KRAS are detected in up to 32% of lung adenocarcino-
mas and 4% of squamous cell lung cancers.1 In contrast 
to other oncogene drivers, KRAS-driven NSCLC is 
frequently associated with a history of smoking, high 
tumor mutational burden, and genomic signatures of 
tobacco smoke exposure with predominant G→C or 
G→T transversion mutations at codon 12.2,3 The most 
common KRAS variant is KRAS G12C, which accounts 
for nearly 40% of all KRAS mutations (12%-15% of 
all NSCLC).4 Although the most common oncogenic 
driver in NSCLC, KRAS was considered a “nondrugga-
ble target” until recently owing to the lack of any prog-
ress in developing targeted therapies for this target. This 
was likely because of the lack of classic drug-binding 
sites, as well as heterogeneity observed in KRAS-mutated 
NSCLC from different genotypes, and the presence 
of different co-mutations that in turn impact drug 
sensitivity patterns. With the recent development and 
approval of selective KRAS G12C inhibitors such as 
sotorasib (Lumakras, Amgen) and adagrasib (Krazati, 
Mirati Therapeutics) for the treatment of advanced or 
metastatic NSCLC in the second-line and beyond set-
ting, the standard of care for managing these tumors 
has undergone a significant change. Here, we review the 
approaches for managing KRAS-mutated NSCLC and 
highlight emerging treatment strategies. 

KRAS Gene in NSCLC 

The proto-oncogene KRAS is located on the 12p12.1 chro-
mosome and encodes the intracellular membrane-bound 
RAS protein.5 The RAS protein undergoes a transition 
from the active guanosine triphosphate (GTP) state to 
the inactive guanosine triphosphate (GDP) state, a pro-
cess promoted by guanine nucleotide exchange factors 
such as the Son Of Sevenless (SOS) protein. The RAS-
GTP complex activates several downstream signaling 
pathways, such as Raf/MEK/ERK and phosphoinositide 
3-kinase (PI3K)/AKT/mammalian target of rapamycin, 
which play key roles in cell proliferation, differentiation, 
and survival. KRAS mutations are mostly missense point 
mutations in exon 2 (codons 12 and 13) of the G domain, 
impairing its ability to either hydrolyze GTP or interact 
with GTPase-activating proteins, thus leading to a perma-
nent and constitutive activation of the RAS oncoprotein, 
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promotes cell proliferation. Owing to the visibility of the 
switch-II binding pocket in the GDP-bound state of the 
KRAS oncoprotein, selective direct KRAS G12C inhibi-
tors have been developed that bind and block the KRAS 
G12C protein in its inactive GDP-bound state (off).11,12 
Among these, both sotorasib (AMG-510) and adagrasib 
(MRTX849) are now US Food and Drug Administration 
(FDA) approved, and several other direct, covalent KRAS 
G12C inhibitors, such as GDC-6036, D-1553, JAB-
21822, JDQ443, and LY3537982, are in the early phases 
of clinical development. Trials are also underway to test the 
efficacy of these KRAS G12C inhibitors in the adjuvant 

and neoadjuvant settings for the treatment of early-stage 
NSCLC.

Role of PD-1/PD-L1 Inhibitors for Treating 
KRAS-Mutated NSCLC

Immunotherapy represents a promising approach in 
KRAS-mutant NSCLC, as PD-L1 is upregulated by KRAS 
mutation through sustained phosphorylation of ERK 
activation. Furthermore, this upregulation induces CD3+ 
T-cell apoptosis, which can be reversed by anti–PD-1/
PD-L1 antibody or ERK inhibitor treatment, suggesting 

Table 1. Management of Toxicities With Approved KRAS G12C Inhibitors 

Guidelines for dose modifications and discontinuations

Treatment for toxicity Sotorasib Adagrasib

Hepatotoxicity (1) Evaluate for other 
contributing factors
(2) For significant hepato-
toxicity, consider treatment 
with glucocorticoids 

Hold if grade 2 AST/ALT 
elevation with symptoms or 
grade 3-4 AST/ALT, resume at 
lower dose level once recovered 
to grade ≥1

Permanently discontinue if 
AST/ALT >3 × ULN with total 
bilirubin >2 × ULN in the 
absence of alternative causes

Decrease to the next lower 
dose level if grade 2 AST/ALT 
elevation.

Hold if grade 3-4 AST/ALT 
elevation, resume at lower dose 
level once recovered to grade ≥1

Permanently discontinue if 
AST or ALT >3 × ULN with 
total bilirubin >2 × ULN in the 
absence of alternative causes

Interstitial lung disease/
pneumonitis

Hold if suspected, permanently discontinue if confirmed

Diarrhea (1) BRAT diet and fluid 
intake
(2) Antidiarrheals, such as 
diphenoxylate-atropine or 
loperamide
(3) Monitor electrolytes if 
severe or persistent diarrhea

Supportive care including antidiarrheal if grade 1-2

Hold if grade 3-4, resume at lower dose level once recovered to grade 
≥1

Nausea/vomiting (1) Antiemetics and fluid 
intake
(2) Monitor electrolytes if 
severe or persistent vomiting

Supportive care including antiemetics if grade 1-2

Hold if grade 3-4, resume at lower dose level once recovered to  
grade ≥1

QTc interval prolongation (1) Monitor electrolytes and 
replete as needed

Hold if QTc >500 ms or >60 ms 
increase from baseline. Resume 
when <481 ms at a lower dose 
level

Permanently discontinue if 
torsades de pointes, polymorphic 
ventricular tachycardia, or 
signs or symptoms of serious or 
life-threatening arrhythmia

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BRAT, bananas, rice, applesauce, and toast; ms, milliseconds; QTc, corrected QT; 
ULN, upper limit of normal. 
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that PD-1 blockade potentially restores the antitumor 
immunity of T cells in KRAS-mutated NSCLC.13,14 
KRAS-mutant NSCLC, often linked to smoking, is fre-
quently associated with high mutational burden.15,16 A 
meta-analysis of 6 studies showed that immunotherapy 
combined with chemotherapy significantly prolonged the 
overall survival (OS; hazard ratio [HR], 0.59; P<.00001) 
and progression-free survival (PFS; HR, 0.58; P=.0003) 
in patients with KRAS-mutant NSCLC compared with 
chemotherapy alone, and the OS was significantly longer 
in patients with KRAS mutations than in the KRAS wild-
type group (P=.001).17 

KRAS co-occurring mutations are critical factors dic-
tating distinct immune phenotypes within KRAS-mutant 
NSCLCs, with co-mutations in TP53 and STK11 pro-
foundly influencing the tumor-immune contexture. In the 
Stand Up to Cancer cohort, PFS and OS were shorter in 
the KRAS/STK11 co-mutant lung adenocarcinoma group 
than in patients with KRAS/TP53 co-mutated tumors.8 
Other reports have also demonstrated that KRAS/TP53 
co-mutant lung tumors show remarkable benefits with 
single-agent PD-1 blockade.18 In a study investigating 
the impact of mutations in SWI/SNF genes, including 
SMARCA4, on immunotherapy outcomes in KRAS-mu-
tant NSCLC, the worst OS and prognosis were associated 
with SMARCA4 mutations, indicating the unfortunate 
outcome of this gene alteration with KRAS.19 Notably, 
STK11 mutations are a major determinant of primary 
resistance to PD-1 blockade in PD-L1–positive NSCLC, 
regardless of KRAS mutational status.8 Therefore, despite 
PD-1/PD-L1 inhibitors being promising biological 
therapy for KRAS-mutant lung adenocarcinomas, these 
drugs do not benefit all patients equally. Instead, immu-
notherapy for these patients should be individualized 
according to the presence of major co-mutations. For 
instance, single-agent anti–PD-1/PD-L1 therapy is an 
effective therapy and might be sufficient to obtain tumor 
regression in at least a subset of patients with KRAS/TP53 
co-mutant tumors. Conversely, patients with KRAS/
STK11 co-mutated NSCLC may benefit more from a 
regimen incorporating a cytotoxic T-lymphocyte–associ-
ated antigen 4 (CTLA-4) antibody to the chemotherapy 
and PD-1/PD-L1 inhibitor backbone. In POSEIDON, 
a phase 3 trial of first-line treatment in patients with 
metastatic NSCLC, those who received a combination of 
the anti–CTLA-4 agent tremelimumab, the anti–PD-L1 
agent durvalumab (Imfinzi, AstraZeneca), and chemo-
therapy reported a survival benefit compared with those 
who received chemotherapy alone, irrespective of KRAS, 
STK11, or KEAP1 mutational status.20

The combination of sotorasib and PD-1 inhibition 
increases the infiltration of CD8+ T cells into the tumor 
microenvironment and confers a complete and durable 

response to the combined treatment in most models.21 In 
KRAS G12C–mutated mouse models, adagrasib reduces 
intratumor myeloid-derived suppressor cells and increases 
M1 macrophages, dendritic cells, and CD4+/CD8+ T 
cells, positively modulating the tumor microenvironment 
immune composition.22 These observations provided a 
strong biological rationale for combining KRAS G12C 
inhibitors and immune checkpoint inhibitors. The first 
data on the safety and efficacy of this combined approach 
came from the phase 1b CodeBreak 100/101 study.23 
Overall, 58 NSCLC patients with KRAS G12C mutations 
received sotorasib in combination with either atezolizu-
mab (Tecentriq, Genentech) or pembrolizumab (Key-
truda, Merck). At a median follow-up of 12.8 months, 
confirmed responses were 29%, with a median duration 
of 17.9 months and a median OS of 15.7 months (95% 
CI, 9.8-17.8). Combination therapy resulted in a high 
rate of grade 3/4 toxicities, which were reported in 60% 
to 80% of patients and led to treatment discontinuation 
in approximately 50% of them. The incidence of hepa-
totoxicity was similar in checkpoint inhibitor–naive and 
–pretreated patients. Lowering the dose of sotorasib as 
well as making use of lead-in administration of sotorasib 
followed by combination treatment with pembroliz-
umab may be strategies to address this.23 Clinical trials 
combining either sotorasib or adagrasib with anti–PD-1/
PD-L1 inhibitors are currently ongoing (NCT03600883, 
NCT03785249, NCT04613596)

Direct KRAS Inhibitors

Sotorasib 
Sotorasib is an oral covalent KRAS G12C inhibitor that 
irreversibly and selectively binds to the mutant cysteine 
in a small pocket on the KRAS G12C protein 2, locking 
the KRAS G12C–mutant protein in an inactive state, thus 
preventing oncogenic signaling without affecting wild-
type KRAS.21,24 It received regulatory approval by the FDA 
in May 2021, and by the European Medicines Agency in 
January 2022, for the treatment of patients with KRAS 
G12C–mutant advanced NSCLC treated with at least 1 
prior line of systemic therapy. The recommended dosage 
of sotorasib is 960 mg (eight 120-mg tablets) orally once 
daily. The dose can be reduced to 480 mg or 240 mg daily 
for intolerable toxicities. Coadministration of sotorasib 
with gastric acid–reducing agents decreases sotorasib con-
centrations, which may reduce the efficacy of sotorasib.25 
Therefore, coadministration of sotorasib with proton pump 
inhibitors, H2 receptor antagonists, or antacids should be 
avoided. If coadministration with an acid-reducing agent 
cannot be avoided, sotorasib should be administered 4 
hours before or 10 hours after the agent. Coadministra-
tion of sotorasib with a strong CYP3A4 inducer decreases 
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sotorasib concentrations, which may reduce the efficacy of 
sotorasib. Coadministration of sotorasib with a P-glyco-
protein substrate such as digoxin increases concentrations 
of the P-glycoprotein substrate in the plasma, which may 
increase adverse reactions. Therefore, the coadministration 
of sotorasib with strong CYP3A4 inducers and P-glyco-
protein substrates should be avoided.25

Clinical Data. Hong and colleagues reported 
the results of the phase 1 CodeBreak 100 clinical trial 
(NCT03600883), an open-label multicenter study of 
sotorasib in heavily pretreated patients with KRAS G12C–
mutated metastatic solid tumors.26 Sotorasib was adminis-
tered orally once daily at a dose of 960 mg in the expansion 
cohort. No dose-limiting toxicities or deaths related to 
sotorasib treatment were reported. In the NSCLC sub-
group with 59 patients, 32% had a confirmed objective 
response (a complete or partial response) and 88% had 
disease control (objective response or stable disease). The 
median PFS was 6.3 months. Treatment-related adverse 
events (TRAEs) were reported in 56.7% of patients, with 
grade 3 or 4 TRAEs reported in 11.6% of patients. The 
most common grade 3 TRAEs were gastrointestinal (nau-
sea, 1.6% and diarrhea, 3.9%) and hepatic (elevated trans-
aminases, 7%). Pharmacokinetic analysis demonstrated 
that the half-life of sotorasib was approximately 5.5 hours. 

Skoulidis and colleagues published the efficacy 
results of the phase 2 expansion cohort of the CodeBreak 
100 study, including 126 KRAS G12C–mutated pre-
treated advanced NSCLC patients.27 The activity profile 
of sotorasib was confirmed in this larger population, with 
an objective response rate (ORR) of 37%, a disease con-
trol rate of 80.6%, and a median duration of response of 
11.1 months. Median PFS was 6.8 months and median 
OS was 12.5 months (95% CI, 10.0 to not evaluable). 
Two-year follow-up data from the CodeBreak 100 study 
were presented at the American Association for Cancer 
Research Annual Meeting 2022.28 In this updated anal-
ysis, including 174 patients with KRAS G12C–mutant 
advanced NSCLC, 1-year and 2-year survival rates were 
50.8% and 32.5%, respectively. Biomarker analysis 
showed that sotorasib activity was independent of PD-L1 
expression or STK11 co-mutation status. Among 104 
patients who were evaluated for co-occurring mutations 
in STK11, KEAP1, or TP53 genes, response rates were 
50% for STK11-mutant/KEAP1 wild-type tumors, 23% 
for STK11-mutant/KEAP1-mutant tumors, and 14% for 
STK11 wild-type/KEAP1-mutant tumors. 

More recently, the primary analysis of the randomized 
phase 3 CodeBreak 200 study (NCT04303780) compar-
ing sotorasib with docetaxel in pretreated patients with 
KRAS G12C–mutant NSCLC was presented at the Euro-
pean Society for Medical Oncology Congress 2022.29 All 
345 enrolled patients had progressed to first-line treatment 

with platinum-based chemotherapy and a checkpoint 
inhibitor, and were randomized 1:1 to receive sotorasib 
or docetaxel. The study met its primary endpoint of a 
statistically significant improvement in median PFS (5.6 
vs. 4.5 months; HR, 0.66; P=.002). The 1-year PFS was 
24.8% for sotorasib and 10.1% for docetaxel, whereas 
the ORR was 28.1% vs 13.2%, respectively. OS did not 
significantly differ between the 2 groups, with more than 
one-third of the patients experiencing a crossover from 
chemotherapy to sotorasib at the time of disease progres-
sion. The safety profile was manageable, with a higher 
incidence of grade 3 or higher toxicity in the docetaxel 
group vs the sotorasib group (33.1% vs 40.4%, respec-
tively). The most frequent grade 3 or higher toxicities 
were diarrhea (11.8%), increased alanine aminotransfer-
ase (ALT; 7.7%) and increased aspartate aminotransfer-
ase (AST; 5.3%) with sotorasib, whereas fatigue (6%), 
neutropenia (8.6%), and febrile neutropenia (5.3%) 
were more frequently reported in the docetaxel arm. For 
patient-reported outcomes, the times to deterioration 
in general health, physical function, and cancer-related 
symptoms were significantly delayed with sotorasib 
compared with docetaxel.29 These data support the use 
of sotorasib as the new standard of care in pretreated 
patients harboring KRAS G12C mutations, although 
the lack of survival data highlights the need to develop 
more novel combinations and therapies for this target. 
Sotorasib is currently being investigated as first-line 
monotherapy in the treatment-naive cohorts of the phase 
1/2 CodeBreak 100/101 studies as well as in the phase 2 
prospective CodeBreak 201 study (NCT04933695).

Adverse Events and Monitoring. In the CodeBreak 
100 trial,27 the most common TRAEs were diarrhea 
(31.7%), nausea (19.0%), transaminitis (increase in ALT/
AST, 15.1%), and fatigue (11.1%). TRAEs led to dose 
modification in 22.2% of patients and the discontinua-
tion of therapy in 7.1%. The most common TRAEs that 
led to dose modification were diarrhea, transaminitis, 
an increase in the blood alkaline phosphatase level, and 
nausea. Therefore, patients on sotorasib should have liver 
function tests (ALT, AST, and total bilirubin) before the 
initiation of therapy, then every 3 weeks for the first 3 
months of treatment, and then once a month or as clin-
ically indicated, with more frequent testing in patients 
who develop transaminitis and/or bilirubin elevations.25 
Also, interstitial lung disease (ILD) or pneumonitis, 
which is a rare but serious TRAE, occurred in about 1.6% 
of patients. Therefore, patients on sotorasib should be 
monitored for new or worsening pulmonary symptoms, 
and sotorasib should be permanently discontinued in 
patients who develop ILD/pneumonitis. Table 1 lists 
common adverse events that may occur with sotorasib 
and the approach to managing them. 
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Adagrasib
Adagrasib (MRTX849) is an oral covalent KRAS G12C 
inhibitor that irreversibly binds to the mutant cysteine in 
KRAS G12C and locks the mutant KRAS protein in its 
inactive state that prevents downstream signaling without 
affecting the wild-type KRAS protein.30 In December 
2022, adagrasib was approved by the FDA for the treat-
ment of advanced or metastatic KRAS G12C–mutated 
NSCLC. Adagrasib is taken at 600 mg orally twice daily; 
the dose can be reduced to 400 mg twice daily or 600 mg 
once daily if needed. Concomitant use of adagrasib 
with P-glycoprotein substrates or with any agent that 
may prolong the QTc interval should be avoided.31 If 
concomitant use cannot be avoided, cardiac monitoring 
with electrocardiography and electrolyte monitoring 
should be used while the patient is on adagrasib therapy. 
Adagrasib should be held if the QTc interval is greater 
than 500 ms or the change from baseline is greater than 
60 ms. Adagrasib is a CYP2C9 and CYP2D6 inhibitor 
and a CYP3A4 substrate. Concomitant use of adagrasib 
with strong CYP3A inhibitors should be avoided until 
adagrasib concentrations have reached a steady state (after 
approximately 8 days). Concomitant use of adagrasib 
with strong CYP3A inducers, sensitive CYP3A substrates, 
or sensitive CYP2C9 or CYP2D6 substrates should be 
avoided.31

Clinical Data. The first-in-human study to report 
on the safety and efficacy of adagrasib was KRYSTAL-1 
(NCT03785249), a multicenter, phase 1 study in 25 
patients with KRAS G12C–mutated solid tumors.32 After 
a median follow-up of 19.6 months, 8 of 15 patients 
(53.3%) with NSCLC treated with 600  mg twice a 
day achieved a confirmed partial response. The median 

duration of response was 16.4 months (95% CI, 3.1 to 
not estimable), and the median PFS was 11.1 months. 
The most common TRAEs were nausea (80.0%), diarrhea 
(70.0%), vomiting (50.0%), and fatigue (45.0%). The 
most common serious TRAE was fatigue (15.0%). In the 
NSCLC phase 2 cohort of KRYSTAL-1,30 116 patients 
with KRAS G12C–mutated pretreated NSCLC were 
treated. The ORR was 42.9%, the median duration of 
response was 8.5 months, and the median PFS was 6.5 
months (95% CI, 4.7-8.4). With a median follow-up 
of 15.6 months, the median OS was 12.6 months (95% 
CI, 9.2-19.2). TRAEs occurred in 97.4% of the patients, 
with grade 3 or higher TRAEs in 44.8% of patients and 
TRAEs resulting in drug discontinuation in 6.9% of 
patients.33 The exploratory biomarker analyses showed 
that ORR was similar across different PD-L1 expression 
levels. The ORRs in patients with co-occurring alterations 
in STK11, KEAP1, TP53, and CDKN2A were 40.5%, 
28.6%, 51.4%, and 58.3%, respectively, with the lowest 
response rates noted in tumors with KEAP1 co-muta-
tions. A phase 3 study comparing adagrasib vs docetaxel 
monotherapy in patients with pretreated NSCLC is cur-
rently ongoing (NCT04685135). Adagrasib as a first-line 
treatment is also being studied in cohorts of the phase 1/2 
KRYSTAL-1 study (NCT03785249).

Adverse Events and Monitoring. In the KRYSTAL-1 
study, the most common TRAEs were diarrhea (62.9%), 
nausea (62.1%), vomiting (47.4%), fatigue (40.5%), 
increased ALT (27.6%), increased blood creatinine (25.9%), 
and increased AST (25.0%). A total of 52 patients (44.8%) 
had grade 3 or higher TRAEs; the most common were 
fatigue, nausea, increased ALT (4.3% each), and increased 
AST (3.4%). Two grade 5 fatal events were reported (1 

Table 2. Emerging Drugs in Development to Target KRAS in NSCLC

Class of drugs Drug name Trial number

KRAS G12C inhibitors BI 1823911 NCT04973163

MK-1084 NCT05067283

JAB-21822 NCT05288205

LY3537982 NCT04956640

GDC-6036 NCT04449874, NCT05789082

JDQ-443 NCT05445843, NCT05132075

SOS1 inhibitors BI 1701963 NCT04111458

SHP2 inhibitors JAB-3312 NCT05288205

BBP-398 NCT04528836

TNO155 NCT04330664

RAF/MEK inhibitor VS-6766 NCT05375994, NCT04620330, 
NCT05074810

NSCLC, non–small cell lung cancer. 
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cardiac failure in a patient with a medical history of peri-
cardial effusion and 1 pulmonary hemorrhage). TRAEs 
led to dose reduction in 51.7% and dose interruption in 
61.2% of patients; the most common reasons were gas-
trointestinal-related events, increased ALT and AST, and 
fatigue. ILD/pneumonitis occurred in 4.1% of patients 
(median time to first onset, 12 weeks). Table 1 lists com-
mon adverse events that may occur with adagrasib, and 
the approach to managing these. For patients who start 
treatment with adagrasib, liver function tests should be 
conducted before the start of adagrasib and monthly for 
3 months after and as clinically indicated. When trans-
aminases are increased, it is important to evaluate other 
potential contributing factors, such as alcohol use, acet-
aminophen, other medications, and medical conditions. 
In the case of more significant hepatotoxicity, treatment 
with glucocorticoids can be considered.

Central Nervous System Activity of KRAS G12C 
Inhibitors. Data on the intracranial activity of adagrasib 
from KRYSTAL-1 in patients with KRAS G12C–mutant 
NSCLC and active, untreated central nervous system 
(CNS) metastases reported an intracranial ORR of 
31.6%, with 3 complete responses.34 Cerebrospinal fluid 
(CSF) analysis of 2 patients with a complete encephalic 
response showed that adagrasib concentrations in the 
CSF exceeded the partition coefficients observed for other 
therapies, demonstrating penetration and efficacy in the 
CNS. Ramalingam and colleagues have also reported on 
the intracranial efficacy of sotorasib in 40 patients with 
NSCLC and stable brain metastases enrolled in the Code-
Break 100 trial, with median intracranial PFS and OS of 
5.3 and 8.3 months, respectively.35 These data demonstrate 
that KRAS G12C inhibitors have CNS efficacy, yet it 
remains unclear how to incorporate this information in 
treatment paradigms. More research is needed to better 
delineate the approach to patients with untreated brain 
metastases. 

Resistance to KRAS G12C Inhibitors. Acquired 
resistance mechanisms of KRAS G12C inhibitors can be 
divided into the following 3 categories36: on-target resis-
tance, histological transformation to squamous cell car-
cinoma, and off-target resistance. In on-target resistance, 
KRAS G12C mutation transforms to G12D/R/V/W 
and other subtypes or G12C amplification. In off-target 
resistance, acquired bypass resistance mechanisms include 
amplification of MET; activation mutations of NRAS, 
BRAF, MAP2K1, and RET; oncogenic fusing of ALK, 
RET, BRAF, RAF1, and FGFR3; and loss-of-function 
mutations in NF1 and PTEN.

The largest assessment of acquired resistance to 
sotorasib on plasma samples of patients with KRAS G12C 
mutations was conducted in the CodeBreak 100 study, 
with at least 1 novel acquired genomic alteration detected 

upon progression in 28% of patients with NSCLC.37 
The most prevalent putative resistance pathway was the 
receptor tyrosine kinases (RTKs, 24%), highlighting the 
potential role of combination therapies of sotorasib with 
upstream RTK inhibitors, such as SHP2 or epidermal 
growth factor receptor (EGFR) inhibitors.37

On-Target Resistance. Since covalent “off” inhibi-
tors, like sotorasib and adagrasib, bind the KRAS G12C-
GDP complex in its inactive state, acquired resistance 
mutations may arise within the KRAS G12C domain, 
by either inactivating GTPase or promoting the gua-
nine exchange from GDP to GTP. Acquired resistance, 
including mutations or amplifications, was found in 
half the patients with adagrasib-resistant KRAS G12C–
mutant advanced NSCLC.36 Preclinical studies in cell 
lines showed that R68S, H95D/Q/R, and Y96C confer 
resistance to adagrasib and R68S and Y96C confer resis-
tance to sotorasib.38 These findings suggest the possible 
sequential use of the 2 drugs in some cases.39

Off-Target Resistance. Another main mechanism of 
acquired resistance under the selective pressure of targeted 
therapies is the activation of bypass signaling pathways. 
Currently approved inhibitors are highly selective for the 
G12C protein isoform and do not inhibit the wild-type 
RAS receptor coexisting within the same cell. This selective 
inhibition may provide potential feedback to reactivate 
the RAS signaling pathways. This reactivation is related to 
increased NRAS-GTP and HRAS-GTP, suggesting that 
KRAS G12C–mutant cell lines may rapidly adapt to selec-
tive inhibition by activating wild-type RAS and restoring 
mitogen-activation pathway kinase (MAPK) signaling.40 
The increase in wild-type RAS activity results from the 
activation of several RTKs, including EGFR, human 
epidermal growth factor receptor 2 (HER2), fibroblast 
growth factor receptor (FGFR), and cMET.41 Blood-
based genomic sequencing of samples collected at the 
time of adagrasib progression revealed up to 10 distinct 
mutations affecting effectors of the RAS/MAPK pathway, 
including activating mutations in NRAS (Q61L/K/R), 
MAP2K1, and BRAF V600E.36 RTK activation was 
reported in sotorasib-resistant cells that acquired the 
epithelial–mesenchymal transition (EMT) phenotype.42 
Recent studies have shown that the activation of EMT 
leads to primary and acquired resistance to KRAS G12C 
inhibitors. In cells with KRAS G12C inhibitor resistance, 
EMT is induced via activation of the PI3K pathway, 
which eventually leads to drug resistance.42 

Other KRAS-Targeting Drugs in Development
New-generation, tri-complex inhibitors of the GTP-
bound isoform of the KRAS G12C oncoprotein are 
currently in development to overcome RTK-mediated 
tumor escape mechanisms. RMC-6291 is a potent oral 
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tri-complex inhibitor of both KRAS G12C and NRAS 
G12C that has shown promising antitumor activity in 
preclinical models of NSCLC.43 RMC-6236 is another 
potent selective oral RAS tri-complex inhibitor, with 
antitumor activity in preclinical models of solid tumors 
with KRAS G12D and G12V mutations, but also in 
RAS-dependent wild-type tumors as well as RAS-medi-
ated acquired resistance mechanisms.44 Table 2 provides 
a list of ongoing trials investigating emerging targeted 
therapies for KRAS-mutated NSCLC.

SRC homology phosphatase 2 (SHP2) is a tyrosine 
phosphatase that promotes activation of the RAS signal-
ing pathway by activating SOS1 and interacting with 
the SRC kinase, and it also plays a role in KRAS-mutant 
NSCLC carcinogenesis.45 The preliminary results of 
the phase 1b CodeBreak 100/101 study, including the 
combination of sotorasib and the SHP2 inhibitor RMC-
4630, were presented at the 2022 World Conference on 
Lung Cancer.23 Twenty-one patients with KRAS G12C–
mutated NSCLC or other solid tumors were treated with 
the combination of full-dose sotorasib and RMC-4630 at 
increasing dose levels. Of the 11 patients with NSCLC, 
the ORR was 27% and the disease control rate was 64%.23 
The SPH2 inhibitor TNO155 is currently in early-phase 
development either as monotherapy (NCT03114319) or 
in combination with the selective KRAS G12C inhibitor 
JDQ443 (NCT04699188). In cases of acquired resis-
tance to sotorasib, the allosteric SHP2 inhibitor SHP099 
significantly reduced tumor growth in orthotopic xeno-
grafts.45 In sotorasib-resistant cells with EMT characteris-
tics, the addition of both the PI3K inhibitor GDC-0941 
and SHP099 to sotorasib effectively suppressed the phos-
phorylation of PI3K/AKT, MAPK, and S6.42

SOS1 is a guanine nucleotide exchange factor that can 
bind the catalytic site of KRAS GDP–bound state as well 
as the allosteric binding site of the KRAS GTP–bound 
state, ultimately promoting KRAS downstream signaling 
activation.46 SOS1 plays an important role in RAS-medi-
ated carcinogenesis and is a promising target owing to its 
role in the feedback reactivation of the MAPK pathway.47 
BI-3406, a recently developed potent and selective SOS1 
inhibitor, specifically binds the catalytic site of SOS1, 
blocking its interaction with the GDP-bound KRAS.48 
Preclinical studies revealed the therapeutic efficacy of 
BI-3406 not only on G12C but also on G12V, G12D, 
and G12S KRAS-mutant models.48 BI-3406 also prevents 
the development of adaptive resistance to MEK inhibitors 
in KRAS-mutant cell lines and prevents rebound activa-
tion of ERK in vitro after treatment with sotorasib.48 

MEK1/2 is a downstream effector of KRAS in the 
MAPK signaling pathway and is a promising target for 
indirect KRAS inhibition.49 Initial data from a small 
(n=87) randomized phase 2 trial suggested a potential 

benefit in terms of response rates and PFS with the combi-
nation of selumetinib (Koselugo, Alexion) plus docetaxel 
in pretreated patients with KRAS-mutant NSCLC,50 
but these data were not validated in the larger phase 3 
SELECT-1 study of 510 patients.51 Median PFS was not 
significantly different between selumetinib plus docetaxel 
vs placebo plus docetaxel (3.9 vs 2.8 months, respectively; 
P=.44), nor was there a significant difference in median 
OS or ORR.51 The development of directly targeted 
inhibitors to other KRAS mutations is still ongoing, with 
the KRAS G12D allele–specific inhibitor MRTX1133 
receiving investigational new drug clearance from the 
FDA in January 2023, enabling the initiation of a phase 1 
trial (NCT05737706).52 

Conclusion

KRAS is no longer considered an undruggable target 
in NSCLC owing to the recent clinical development of 
KRAS G12C inhibitors and a better understanding of 
the biology underlying KRAS-related lung carcinogene-
sis. Both sotorasib and adagrasib have shown promising 
efficacy and tolerability in patients with KRAS G12C–
mutated, pretreated advanced NSCLC, establishing 
these as the new standard in second-line treatment for 
these tumors. Mechanisms of resistance to KRAS G12C 
inhibitors are highly heterogeneous, including both 
on-target and off-target resistance as well as morphologic 
switching, thus limiting the activity of these drugs when 
used as monotherapy. New-generation inhibitors as well 
as different combination strategies are being developed in 
early-phase trials to overcome or delay the onset of resis-
tance as well as to target non-G12C mutations. Owing 
to the biological heterogeneity of KRAS-mutant NSCLC, 
treatment will likely need to be individualized based on 
factors such as co-occurring mutations. Finally, the emer-
gence of new strategies, such as oncolytic cancer vaccines 
and adoptive T-cell therapy, will likely provide further 
treatment options in the future.
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