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ABSTRACT
◥

AZD4625 is a potent, selective, and orally bioavailable inhib-
itor of oncogenic KRASG12C as demonstrated in cellular assays
and in vivo in preclinical cell line–derived and patient-derived
xenograft models. In vitro and cellular assays have shown
selective binding and inhibition of the KRASG12C mutant
isoform, which carries a glycine to cysteine mutation at residue

12, with no binding and inhibition of wild-type RAS or isoforms
carrying non-KRASG12C mutations. The pharmacology of
AZD4625 shows that it has the potential to provide therapeutic
benefit to patients with KRASG12C mutant cancer as either a
monotherapy treatment or in combination with other targeted
drug agents.

Introduction
KRAS is commonly mutated in human cancer with activating

alterations reported in 9% to 15% of tumors (1, 2). The prevalence
of KRAS mutations differs upon tumor type and they are particularly
enriched in pancreatic, colorectal, and lung cancers (3, 4).

KRAS is a small GTPase that cycles between inactive GDP-bound
and active GTP-bound states, to transmit signals from cell surface
receptors to regulate cellular processes (5). The intrinsic GTP hydro-
lysis and nucleotide exchange rates of KRAS are low, and the nucle-
otide cycle is controlled by additional regulators enabling KRAS
activity to be carefully modulated (5). Guanine exchange factors
(RASGEFs), such as SOS1 and SOS2, promote exchange of GDP for
GTP to positively regulate KRAS activity (6). In contrast, GTPase-
activating proteins (RASGAPs), such as p120GAP and NF1, stimulate
GTP hydrolysis returning KRAS to an inactive GDP-bound form (7).

Two flexible regions within KRAS (switch-I and switch-II) are
important for regulating protein–protein interactions forming distinct
conformational states depending upon which nucleotide is bound,
with GTP-KRAS able to bind and activate effector proteins (8). The
best characterized KRAS effectors are RAFs, which regulate the RAF-
MEK-ERK or MAPK signaling pathway, and the p110 catalytic
subunits of Class IA PI3K which regulate the PI3K-AKT-mTOR
pathway. Other RAS effector proteins have been also reported includ-
ing RalGDS, Tiam1, and PLC-e (9, 10).

Oncogenic KRAS mutation are predominantly found at glycine 12
(G12), glycine 13 (G13), or glutamine 61 (Q61), with G12 mutations
accounting for the majority (3, 4). These mutations impair intrinsic

and/or GAP-induced GTP hydrolysis (11) favoring the formation
of GTP-bound active KRAS and driving aberrant activation of down-
stream signaling pathways to promote cancer cell survival and
proliferation (12, 13). KRASG12C is an oncogenic mutant isoform with
a glycine to cysteine alteration at codon 12 (c.34G>T). KRASG12C

mutations are most prevalent in lung adenocarcinoma (�12%) but are
also found at a lower frequency in colon (�3%) and pancreatic
adenocarcinoma (�1%) [The Cancer Genome Atlas (TCGA)
PanCancer Atlas].

Until recently KRAS had been considered an intractable target, due
to lack of druggable pockets and high-affinity nucleotide binding.
However, the discovery of a novel binding pocket in the switch-II
region of KRASG12C enabled development of the first irreversible
targeted inhibitor of mutant KRAS, trapping it in an inactive GDP-
bound state (14). Molecules with improved potency and pharmaco-
logic properties have since been developed and demonstrated com-
pelling antitumor activity in KRASG12C preclinical models (15–17).
Sotorasib (AMG510) and adagrasib (MRTX849) were the first inhi-
bitors to enter clinical trials and have reported favorable safety profiles
with encouraging clinical benefit at least in some patients with
advanced KRASG12C tumors (18–21). The data from the CodeB-
reaK100 trial (NCT03600883) have led to the FDA granting acceler-
ated approval for sotorasib to treat patients with locally advanced or
metastatic KRASG12C non–small cell lung cancer (NSCLC).

Here we report the characterization of AZD4625, a novel potent and
selective irreversible inhibitor of oncogenic KRASG12C, in a range of
preclinical studies. We demonstrate that AZD4625 binds and
selectively inhibits KRASG12C, driving broad antitumor activity of
in vitro and in vivo KRASG12C preclinical tumor models. Further-
more, we also report that combinations with other anticancer
agents, including those that can improve the blockade of the RAS
pathway and immunotherapy agents, can deepen and improve
duration of response to AZD4625.

Materials and Methods
Materials and cell lines

AZD4625, SHP099, and afatinib were synthesized in-house
as per published methods (22, 23). RMC-4550 was purchased from
Selleckchem. Anti-mPD-L1 (mouse IgG1, clone D265A), anti-mPD-1
(mouse IgG2a, clone RMP1-14), and isotype controls were synthesized
in-house. For in vitro studies, compounds were solubilized in
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DMSO. For animal studies, AZD4625, afatinib, and RMC-4550 were
formulated in 0.5% HPMC/0.1% Tween 80 (HPMC/Tween), SHP099
in 1% Pluronic and antibodies in PBS (phosphate-buffered saline).

Cells were routinely grown in RPMI or DMEM supplemented with
10% FCS and 2 mmol/L glutamine at 37�C in 5% CO2. Cells were used
in studies between passage 2 and 10. All cell lines were authenticated by
short tandem repeat analysis upon banking and/or stock replenish-
ment and periodically screened by PCR for Mycoplasma and rodent
pathogens for in vivo studies. Details of cells including cancer type
and source are in Supplementary Table S1.

Generation of CT26G12C model
The KRASG12C mutation was introduced into CT26.WT (ATCC

CRL-2638, RRID:CVCL_7256) by CRISPR/Cas9 technology (Supple-
mentary Fig. S1A). A total of 0.5� 106 CT26 cells were combined with
ribonucleoprotein complex (22 pmol synthetic single-guide RNA
(sgRNA) and 18 pmol recombinant Cas9) and 50 pmol of homologous
directed repair template and electroporated using the Neon electro-
poration system 10 mL Kit (Thermo Fisher Scientific). Single-cell
clones, produced by FACS (BD FACSJazz), were expanded and
genomic DNA isolated by DirectPCR Lysis Reagent (Viagen). Muta-
tion frequencywas determined by digital droplet PCRusing theQX200
System (Bio-Rad) and confirmed that clones P5E11 and P5E6 had
biallelic G12C mutations (Supplementary Fig. S1B).

The sgRNA, HDR template, and primer and probe sequences are
detailed in Supplementary Materials and Methods.

Cellular assays
Incucyte proliferation and apoptosis assay

NCI-H358 (ATCC CRL-5807, RRID:CVCL_1559) were seeded at
2,000 cells/well in 384-well plates (Greiner) in 40 mL of growth media.
After 24 hours, cells were dosed with compounds and 1.5 mmol/L
NucView 488 caspase 3/7 reagent (Sigma) using a HP liquid dispenser
(Tecan) and imaged for 120 hours on an Incucyte (Sartorius). Images
were analyzed using Incucyte software, apoptosis normalized units
were derived by normalizing apoptotic nuclei number to cell
confluence.

Five-day two-dimensional proliferation assay
Two-dimensional (2D) proliferation was assessed by seeding cells

into 384-well plates (Greiner) in 70 mL of growth media at 250–1,000
cells/well. Plates were incubated for 24 hours and either processed
immediately (day 0) or dosed with compounds using an Echo 555
liquid handler (Labcyte) and incubated for a further 5 days. The
number of dead and live cells at days 0 and 5 were determined using
a SYTOXgreen assay. In brief, 2mmol/L SYTOXgreen nucleic acid dye
(Thermo Fisher Scientific) was added (5 mL/well) and incubated for
1 hour at 37�C. The number of green cells (dead cells) was measured
using anAcumenExplorer imager (TTPLabtech) using laser voltage at
425 V. Cells were then permeabilised overnight at room temperature
with 10 mL/ well 0.25% (w/v) Saponin (Sigma) before recounting for a
total cell count. Number of live cells were calculated by subtracting the
dead cell count from the total cell count.

Proliferation of semiadherent, suspension, and cells growing in
clumps were assessed by measuring ATP content using CellTiter-Glo
(Promega). Cells were plated and dosed as described above. On days 0
or 5, 35 mL of CellTiter-Glo was added and incubated for 1 hour at
room temperature. Luminescence was measured in a SpectraMax i3
reader (Molecular Devices).

Data were normalized to day 0 and analyzed using Genedata
Screener (Genedata AG, RRID:SCR_022506).

Three-dimensional soft agar proliferation assay
For anchorage-independent growth, soft agar proliferation assays

were performed. A total of 1,500–5,000 cells/well were seeded in 75 mL
of 0.3% agar onto a 50 mL 1% agar layer in RPMI growth media. The
agar layers were covered with 50 mL of growth media and compounds
dosed using a HP D300 Digital Dispenser (Tecan) considering the
combined agar/media compartments in the well. A total of 50 mL of
fresh media and compound was added every 7 days. A GelCount
(Oxford Optronix) was used to monitor the number of colonies above
a threshold of 40 or 70 mm diameter, with the final reading when 150–
400 colonies had formed in control wells (dependent on the cell line).
Data were analyzed using GraphPad Prism 8 (RRID:SCR_002798).

Time to regrowth proliferation assay
Cells were seeded into 48-well plates (Corning) at 1 � 104 (NCI-

H358) or 4� 103 (NCI-H1373) cells/well in 500mL growthmedia. The
following day fresh media containing compound treatment was added
and was replaced every 3–4 days. After 14 days, all compound
treatments were stopped. Cell confluency was measured on an Incu-
cyte ZOOM (Sartorius).

Cell-cycle analysis
A total of 1 � 106 NCI-H358 cells were seeded into 10 cm dishes

(Nunc), incubated for 24 hours and then dosed with compound. At
indicated timepoints, cells were detached with TripLE Express
(Thermo Fisher Scientific), washed with PBS, and fixed with 70%
EtOH for 1 hour on ice. Cells were washed in PBS and incubated in
1 mg/mL of RNase A (Sigma) in 0.5 mL PBS for 1 hour on ice.
Propidium iodide (Invitrogen) at a final concentration of 50 mg/mL in
0.5 mL PBS was added, incubated for 15 minutes and cell cycle
analyzed on a Fortessa flow cytometer (BD Biosciences).

Protein analysis of in vitro tumor lines
Protein extraction

For standard signaling and mass spectrometry target engagement
assays, samples were prepared as follows. Cells were seeded into 6-well
plates and after 24 hours dosed with compound and incubated for the
indicated period. Cells were washed in ice-cold PBS and lysed in cell
lysis buffer [137 mmol/L NaCl, 20 mmol/L TrisHCl, pH 7.4, 10%
volume per volume (v/v) glycerol, 1% (v/v) Triton X-100, 0.5% weight
per volume (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 2.0 mmol/L
EDTA; inhibitors of proteases and phosphatases (Merck) were added
immediately prior to use]. Lysates were centrifuged and protein
quantified in collected supernatants using a BCA kit (Thermo Fisher
Scientific).

RAS activity
Cell seeding and dosing were carried out as described above. A total

of 16 hours postdose, cells were washed in ice-cold PBS containing 2
mmol/L MgCl2 and lysed using RAS Activity Buffer (Thermo Fisher
Scientific). Cell lysates were centrifuged, supernatants collected, and
protein quantified. GTP-bound active RAS was isolated from 100 mg
total protein with the Active Ras Pull-Down and Detection Kit
(Thermo Fisher Scientific) using 40 mg of GST-CRAF-RBD. Samples
were analyzed by Western blotting.

Western blotting
Proteins were separated on 4%–12% Bis-Tris or 3%–8% Tris-

Acetate NuPAGE gels in MOPs, MES or Tris-Acetate SDS running
buffers and transferred onto nitrocellulose membrane using an iBlot
Dry Blotting System (Thermo Fisher Scientific). Membranes were
blocked for 1 hour in 5%milk or 5%BSA in TBST or PBST [TBS (Tris-
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buffered saline) or PBS containing 0.05% Tween-20] and then
incubated with primary antibody at 4�C overnight on a rocking
platform. Membranes were washed 3� 15 minutes with TBST or
PBST, incubated with horseradish peroxidase–conjugated secondary
antibody, washed 3� 15 minutes with TBST or PBST and developed
using SuperSignalWest Dura orWest Femto substrate (Thermo Fisher
Scientific). Proteinswere visualized on aG-BOX imager and quantified
using the GeneTools software (Syngene, RRID:SCR_022505). The
antibodies used are detailed in Supplementary Table S2.

Mass spectrometry target engagement
Samples for target engagement analysis were spiked with an

equal protein concentration of lysate derived from cells grown
in SILAC media containing 13C6 lysine as a loading control. Ras
protein was immunoprecipitated from the pooled extracts with an
anti-Ras antibody (clone RAS10, Millipore, catalog no. 05-516, RRID:
AB_2121151). Immunoprecipitated material was sequentially washed
with RIPA buffer (Sigma), PBS and water. Protein was denatured with
10 mmol/L dithiothreitol in 50 mmol/L ammonium bicarbonate at
65�C for 20minutes. Cysteine residues were alkylated with 50mmol/L
iodoacetamide for 30 minutes at room temperature. Trypsin was
added at a final concentration of 0.1 mg/mL and samples incubated
overnight at 37�C. The resulting peptides were dried by centrifugal
evaporation and stored at –20�C until analysis.

Peptides were resuspended in 0.1% (v/v) formic acid and analyzed
with an Acquity M-Class UPLC (Waters) coupled to a Xevo TQ-S
triple quadrupole mass spectrometer (Waters). Peptide separation was
achieved at aflow rate of 300 nL/minute across a 15 cmHSST3 column
(Waters) with a 20-minute gradient ranging from 5% to 40% aceto-
nitrile, 0.1% formic acid. The Xevo TQS was operated in multiple
reactions monitoring mode with the transitions described in Supple-
mentary Table S3. Peak integration was performed in TargetLynx
(Waters) and the ratio of endogenous: heavy calculated per peptide.
TheKRASG12C peptide area for each sample was normalized to the pan
RAS peptide signal. Target engagement was calculated as a percentage
relative to the vehicle control.

Animal studies
All experimental work conducted is detailed in an approved project

license and has been reviewed by an internal Ethical Review Process.
All work conducted in the UK adheres to the Animal Scientific
Procedures Act 1986. All work involving the use of animals at, or on
the behalf of, AstraZeneca complies with the company’s Global
Bioethics Policy.

In vivo studies were performed at either AstraZeneca [NCI-H358,
NCI-H2122 (ATCC CRL-5985, RRID:CVCL_1531), LU99 (JCRB
JCRB0080, RRID:CVCL_3015), CT26G12C and KrasG12C;Trp53�/�

genetically engineeredmousemodel (GEMM)], Champions Oncology
(CTG-1361, CTG-2011, CTG-2579, CTG-2539, CTG-2487, CTG-
2536, CTG-0192, CTG-2751, CTG-2026, CTG-0147, CTG-1489,
CTG-0387) or Crown Bioscience (CR1451, CR2528). Pathogen-free
animals were housed in pathogen-free conditions under controlled
conditions of temperature (19�C–23�C), humidity (55% � 10%),
photoperiod (12 hours light/12 hours dark), and air exchange. Animals
were housed in individually vented cages, with food and water
provided ad libitum.

AZD4625, afatinib, SHP099, and RMC-4550 were dosed orally in a
volume of 0.1 mL/10 g. In combination studies, the combining oral
agent was given 4 hours prior to AZD4625. Antibodies were admin-
istered by intraperitoneal injection and in combination immediately
following the oral dose of AZD4625.

For subcutaneous efficacy studies, tumors were measured twice or
thrice weekly by calliper and volume calculated using elliptical formula
(pi/6 � width � width � length). Animal bodyweight and tumor
condition were also recorded for the duration of the study. For the
efficacy response, the %TGI (tumor growth inhibition) was assessed
against the relative tumor volume at the end of the study. For
pharmacokinetic-pharmacodynamic analysis, animals were humanely
sacrificed at specified timepoints postdosing, tumor samples har-
vested, snap frozen in liquid nitrogen, and stored at �80�C before
processing.

Xenograft studies
For NCI-H358, NCI-H2122, and LU99 xenograft studies, cells were

prepared on the day of implant at a concentration of 3� 106, 2.5� 106,
5 � 106 cells, respectively, in a 50:50 ratio of matrigel:cells. A total of
0.1 mL cell suspension/mouse was subcutaneously implanted into the
left flank of male athymic nude-Foxn1nu mice (Envigo UK, Strain ID:
HSD-069). Once a mean tumor volume of approximately 0.2 cm3 for
efficacy studies or 0.5 cm3 for pharmacokinetic-pharmacodynamic
studies was reached, mice were randomized into relevant treatment
groups. For CT26 (G12C clone P5E6) xenograft studies, 5 � 105 cells
were implanted subcutaneously into the right flank of female BALB/
cOla mice (Envigo UK, Strain ID: HSD-162). Mice were randomized
into relevant treatment groups once a mean tumor volume of approx-
imately 0.2 cm3 was reached.

Patient-derived xenograft studies
For patient-derived xenograft (PDX) studies, female athymic nude-

Foxn1nu mice (Envigo UK, Strain ID: HSD-069; Champions Oncol-
ogy) or female BALB/cNj nude mice (GemPharmatec China, Stain ID:
D000521; Crown Bioscience) were implanted on the left or right flank
with relevant tumor tissue from stock animals. Once tumors reached
an average tumor volume of 0.1–0.3 cm3, mice were randomized into
treatment groups.

Genetically engineered orthotopic lung tumor model
Lung tumors were induced in ODIn Cas9mice (ODIn) as described

previously (24). In summary, to induce Cas9 expression water with
2mg/mL of doxycycline and 1% sucrose was provided for 3 days to 10-
week-old C57Bl/6ODInmice. An adeno-associated virus bearingKras
and Trp53 targeting sgRNAs was then administered (oropharyngeal
route, 5� 1010 GC/mouse). Treatment was started 11.5 weeks post-
induction, when both adenomas and adenocarcinomas are present.
For histologic analysis, lung tissue was inflated and fixed in 4% neutral
buffered formalin. Paraffin sections were stained with hematoxylin
and eosin (H&E) and tumor burden quantified using theHALO image
analysis platform.

Gene profiling of in vivo tumor samples
RNA extraction

A total of 30 mg frozen tumor was homogenized in 650 mL of RLT
buffer (Qiagen) for 2�3 minutes at 50 Hz in a TissueLyser LT
(Qiagen). Following centrifugation RNA was extracted using the
RNeasyMini Kit on a QIACube followingmanufacturer’s instructions
(Qiagen). RNA concentration and quality were measured using a
NanoDrop 2000 Spectrometer (Thermo Fisher Scientific).

Targeted qRT-PCR analysis
Gene expression was determined by qRT-PCR with 20 ng of RNA

using the QuantiTect RT PCR Kit (Qiagen). Reactions were run in
triplicate and performed on a LightCycler 480 (Roche) using the
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following protocol: (i) 50�C 30 minutes, (ii) 95�C 15 minutes, (iii) 40
cycles of 95�C 15 seconds and 60�C 1 minute. On run completion,
automatic thresholds were set, and Ct values generated. Gene expres-
sion was normalized to housekeeper and percent inhibition (or fold
change) determined relative to vehicle. Statistically significant changes
were determined using ANOVA analysis.

Fluidigm profiling and analysis
Reverse transcription was performed using 50 ng of RNA with a

Reverse Transcription kit (Thermo Fisher Scientific) and cDNA was
preamplified (14 cycles) using a pool of TaqManprimers, following the
manufacturer’s instructions (Fluidigm). Sample and assay preparation
of the 96.96 FluidigmDynamic arrayswere carried out according to the
manufacturer’s instructions. Data were collected and analyzed using
Fluidigm Real-Time PCR Analysis 2.1.1 software (Fluidigm Real-time
PCR Analysis software, RRID:SCR_015686) and Ct values used to
calculate ddCt and fold change. Significant P values were calculated by
performing a Student t test on the -ddCt values. Signature scores were
calculated per sample as the mean of the expression of the genes (-dCt)
in each signature and P values calculated using a two-sample t test.
Data was plotted using TIBCO Spotfire software (RRID:SCR_008858).

Primers and probes
Predesigned TaqMan FAMMGBprimer and probe gene expression

assays were from Thermo Fisher Scientific (Supplementary Table S4).

Protein profiling of in vivo tumor samples
Protein extraction

Frozen tumor pieces were lysed in ice-cold lysis buffer (as described
in in vitro protein extractions) using a FastPrep-24 homogenizer (MP
Biomedicals). In brief, samples were homogenized in 400 mL of buffer,
sonicated for 30 seconds at high amplitude (Diagenode), then homo-
gized again with an additional 400 mL of buffer. Samples were
incubated on ice for 30 minutes before centrifuging and collecting
supernatants. Protein concentrations were determined using a BCA
assay kit (Thermo Fisher Scientific).

Western analysis
A total of 45 mg of total protein were used in Western analysis as

described for in vitro studies.

Mass spectrometry target engagement
Target engagement measurement was essentially performed as

described for in vitro samples except to enable quantification of
samples from tumor extracts synthetic stable isotope coded peptides
(Cambridge Research Biochemicals) were added prior to LC/MS
analysis. Peak integration was performed in TargetLynx and the
amount of free KRASG12C calculated. Statistically significant changes
in free KRASG12C (unbound) from control samples were determined
by ANOVA analysis.

Data availability statement
The data generated in this study are available within the article and

its Supplementary data.

Results
AZD4625 binds and inhibits cellular KRASG12C

AZD4625 is a covalent allosteric inhibitor of KRASG12C interacting
with GDP bound-KRASG12C to potently inhibit functional activity
with an IC50 of 0.003 mmol/L (22).

Cellular potency and selectivity of AZD4625 was assessed in NCI-
H358 cells, a human lung cancer model which carries a heterozygous
KRASG12C mutation. AZD4625 binds selectively to cellular KRASG12C

in NCI-H358 cells in a concentration dependent manner. Binding is
dependent upon the cysteine-12 residue present in themutant isoform
with no interaction with wild-type RAS peptides observed (Supple-
mentary Fig. S2A). Target engagement correlated with robust inhibi-
tion of the interaction between KRAS and the Ras-binding domain of
CRAF, reduction in KRAS effector pathway signaling and modulation
of cell-cycle arrest and apoptosis biomarkers (Supplementary
Fig. S2B). Kinetic analysis demonstrated maximal cellular binding of
AZD4625 to KRASG12C by 3 hours of treatment with almost complete
inhibition of MAPK pathway signaling (pCRAF, pMEK, pERK,
p-RSK90) also being observed at this timepoint (Fig. 1A and B). In
contrast, inhibition of PI3K pathway biomarkers (pAKT, pS6) and
induction of apoptotic biomarkers (PDCD4, BIM, and cleaved PARP)
were not observed until 16 hours of incubation of cells with compound
(Fig. 1B). Consistent with KRASG12C inhibition, AZD4625 reduced
proliferation and survival of NCI-H358 cells driving cell-cycle arrest
and apoptosis (Fig. 1C and D).

AZD4625 inhibited RAS signaling (Supplementary Fig. S3), and the
proliferation of multiple KRASG12C cancer cells across different tumor
tissues in 2D cell growth assays (Fig. 1E). Target engagement and
pathway inhibition was broadly similar across KRASG12C cells
although maximal and duration of response varied, likely due to
multiple factors including availability of GDP-bound KRASG12C (Sup-
plementary Fig. S3). A range of AZD4625 antiproliferative activity was
observedwith 15 of 25 cells having aGI50 of less than 200 nmol/L and 4
of 25 cells having a GI50 of greater than 3 mmol/L (Fig. 1E; Supple-
mentary Table S5). AZD4625 showed minimal antiproliferative activ-
ity in all the six non-KRASG12Cmutant andKRASWT cancer cells in the
2D assay, with a GI50 of 2.5 mmol/L or greater (Fig. 1E; Supplementary
Table S5). Anchorage-independent 3D proliferation of NCI-H358 and
MIAPaCa-2KRASG12C cells were also robustly inhibited byAZD4625,
with minimal impact on the growth of A549 (KRASG12S) or PC9
(KRASWT) cells in this assay format (Fig. 1F).

AZD4625 has a similar mechanism of action to sotorasib
(AMG510) and adagrasib (MRTX849) and as expected shows com-
parable antiproliferative activity in vitro (Supplementary Fig. S4).
Some differences in activity were noted, primarily in the extent of
stasis and cytotoxity observed across both KRASG12C and KRASWT

cells (Supplementary Fig. S4B), suggesting subtle differences in com-
pound profile.

Taken together, these data confirm that the novel compound
AZD4625 is a potent and selective inhibitor of cellular KRASG12C

with a similar profile to other KRASG12C inhibitors.

AZD4625 inhibits the growth ofKRASG12Cmutant tumors in vivo
AZD4625 has favorable pharmacokinetic properties with good oral

bioavailability inmouse (22); therefore, target engagement and efficacy
was explored in vivo in KRASG12C lung cancer xenografts. Mass
spectrometry analysis of NCI-H358 andNCI-H2122 tumors following
a single oral treatment of tumor-bearing mice with AZD4625 at 100,
20, or 4 mg/kg demonstrated dose dependent binding of the com-
pound to KRASG12C, that correlated with plasma exposure (Fig. 2A
and B; Supplementary Tables S6 and S7; Supplementary Fig. S5A and
S5B). MAPK pathway activity was also inhibited in tumors with
expression ofDUSP6 and FOSL1mRNA transcripts being significantly
reduced (Fig. 2A and B; Supplementary Tables S6 and S7). Western
analysis of tumors further demonstrated KRAS inhibition by
AZD4625with reductions inMAPK (pMEK1/2, pERK1/2, p-p90RSK)
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and PI3K (pAKT, pS6) pathway biomarkers (Supplementary Fig. S5C
and S5D).

Chronic daily treatment of tumor-bearing mice with AZD4625
inhibited the growth of the KRASG12C xenografts in vivo, with a daily
dose of 100 mg/kg significantly inhibiting the growth of both models.
In the NCI-H358 model, robust and sustained regressions were
observed at 100 mg/kg and significant tumor growth inhibition at
the lower doses of 20 and 4 mg/kg (Fig. 2C; Supplementary Table S8).
In contrast to the NCI-H358 model and in vitro sensitivity, the NCI-
H2122 xenografts appeared relatively resistant to AZD4625 treatment
demonstrating modest but statistically significant antitumor activity
with 100 and 20 mg/kg chronic dosing (Fig. 2D; Supplementary
Table S9). All doses of AZD4625 were well tolerated with no effects
on animal body weight on chronic daily dosing (Supplementary
Fig. S6). Analysis of tumor samples taken after chronic treatment of
AZD4625 demonstrated continued inhibition of DUSP6 and FOSL1
expression (Supplementary Fig. S6; Supplementary Tables S8 and S9)
indicating sustained target engagement and MAPK pathway
inhibition.

Tumor growth inhibition and regression were also observed with
AZD4625 treatment in additional KRASG12C cell line–derived xeno-
graft (CDX) and PDX spanning disease lineage and genetic hetero-
geneity (Fig. 3A; Supplementary Table S10). Consistent with the
in vitro data there was a range of responses, with the lung tumor
models appearing broadly more sensitive to AZD4625 than colorectal.

AZD4625 also showed strong antitumor activity in established
KrasG12C;Trp53�/� lung tumors in situ generated in the ODIn
(ObLiGaRe doxycycline-inducible) Cas9 mouse model (24). This
model has tightly controlled doxycycline-inducible Cas9 expression
and generates multifocal lung adenocarcinomas when sgRNA to
modify Kras and Trp53 are delivered to the lung following Cas9
expression induction (24). Treatment with AZD4625 led to a signif-
icant reduction in lung tumor burden in this GEMM within 7 days of
treatment (Fig. 3B and C).

Combinations that inhibit receptor tyrosine kinase activity
deepen and extend the duration of response to AZD4625

The activity of receptor tyrosine kinases (RTK) may modulate
sensitivity to AZD4625. This could be through driving KRASG12C

into a GTP-bound state, which would be insensitive to drug. Alter-
natively, RTKs may reduce KRASG12C dependency by activating
cellular proliferation and survival pathways through wild-type RAS
isoforms or alternative RAS-independentmechanisms (25, 26). There-
fore, we explored the combination of AZD4625 with anticancer agents
inhibiting RTK activity. In both NCI-H358 and NCI-H1373 lung
models monotherapy treatment with 0.1 mmol/L of AZD4625 inhib-
ited cellular proliferation; however, the depth and duration of response
at this suboptimal dose of AZD4625 was improved when combined
with inhibitors of EGFR (gefitinib), ErbB (afatinib), or SHP2
(SHP099; Fig. 4A–C). Biomarker analysis demonstrated increased
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Figure 1.

AZD4625 selectively binds and inhibits cellular KRASG12C. A and B, Binding of AZD4625 to KRASG12C (% target engagement) measured by mass spectrometry and
biomarkermodulation in lysates fromNCI-H358 cells dosedwith 0.1 or 1mmol/L of AZD4625. Sampleswere collected at 1, 3, 6, 16, and48 hours postdosing. AZD4625-
and DMSO-treated NCI-H358 cell lysates were analyzed in parallel. Line indicates physical separation on theWestern blot analysis. C, Proliferation and apoptosis of
NCI-H358 cells following treatment with a dose range of AZD4625. D, Cell-cycle profiling of NCI-H358 cells following treatment with 0.1 or 1 mmol/L of AZD4625 for
4 hours. E, Inhibition of cellular proliferation by AZD4625 in 2D assays. Data shown are the geometric mean of the GI50, error bars represent geometric SD factor.
Proliferation was measured after 5 days of compound treatment by either a nuclei count or CellTiter-Glo assay endpoints. Data generated using CellTiter-Glo are
indicated by the asterisk. F, Inhibition of anchorage-independent cellular growth by AZD4625 in soft agar assays. Data shown represent the geometric mean, error
bars represent geometric SD factor.
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and extended duration of MAPK/PI3K pathway inhibition, as well as
enhanced apoptosis with combination treatments (Fig. 4D and E). In
addition, afatinib and SHP2 inhibitor combination with AZD4625
increased AZD4625 binding to KRASG12C (Supplementary Fig. S7).

These data indicated that AZD4625 combinations with inhibitors
targeting multiple RTKs could be of particular benefit, with SHP099
driving sustained regressions and afatinib achieving superior combi-
nation activity compared with gefitinib in both models at clinically
relevant doses. To explore further, afatinib and SHP2 inhibitor com-
binations with AZD4625 were assessed in NCI-H358 and LU99 lung
xenograft models in vivo. Chronic treatment of mice with 100 mg/kg
daily dose of AZD4625 drove significant antitumor activity in mono-
therapy in both of these xenografts (Fig. 5A–D; Supplementary Tables
S11–S14). Therefore, to explore the potential combination benefit,
AZD4625 was lowered to 20 mg/kg in NCI-H358 and 50 mg/kg in
LU99.

In the NCI-H358 model, 20 mg/kg AZD4625 achieved 74% TGI in
monotherapy increasing to 93% TGI in combination with a well-
tolerated clinically relevant dose of afatinib (Fig. 5A; Supplementary
Fig. S8; Supplementary Table S11). The SHP2 inhibitor combination
achieved even greater responses with 55% tumor regression on codos-
ing 20 mg/kg AZD4625 and 100 mg/kg SHP099 (Fig. 5C; Supple-
mentary Table S13); however, this was accompanied with unexpected
bodyweight loss (Supplementary Fig. S8). The LU99 model was
less responsive to AZD4625 with 50 mg/kg monotherapy treatment

driving 53 or 57% TGI (Fig. 5B and D; Supplementary Tables S12
and S14). Afatinib or SHP099 combinations with AZD4625 showed
greater antitumor activity when compared with dose-matched mono-
therapy treatments. SHP099 combinations were particularly effective
with 67% regressions being achieved with 50 mg/kg codosing. Impor-
tantly, the combination of AZD4625 with SHP099 at 50 mg/kg was
well tolerated in the LU99 study with no bodyweight changes (Sup-
plementary Fig. S8). The activity of the AZD4625 in combination with
afatinib and SHP099 were also explored in KRASG12C lung and
colorectal PDX models (Fig. 5E and F; Supplementary Fig. S9).
Chronic treatment of mice with AZD4625 coadministered with
afatinib or SHP099 generally enhanced antitumor activity when
compared with dose-matched AZD4625 monotherapy treatment in
lung PDXmodels; however, SHP099 combinations weremore broadly
active (6/6 models) and achieved deeper regressions than afatinib
(Fig. 5E and F). The SHP099, but not the afatinib, combination was
also able to drive increased antitumor activity compared with
AZD4625 monotherapy in colorectal PDX models (Supplementary
Fig. S9).

In the clinic, SHP2 inhibitors are being explored with intermittent
dosing schedules (27). Therefore, to evaluate the potential clinical
relevance of this combination, we compared efficacy with daily or
intermittent codosing of SHP2 inhibitors (SHP099 or RMC-4550)
with AZD4625 (Fig. 5G andH). SHP099 or RMC-4550, codosed daily
or on a “2 days on 5 days off” weekly schedule with 100 mg/kg daily
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Figure 2.

AZD4625 inhibits the growth of KRASG12C mutant tumors in vivo. Target engagement of AZD4625 in NCI-H358 (A) or NCI-H2122 (B) tumors following a single oral
treatment of mice with 100, 20, or 4 mg/kg of compound. Target engagement was measured by a reduction in free KRASG12C protein by mass spectrometry or by
inhibition of DUSP6 or FOSL1 mRNA. DUSP6 and FOSL1 expression was normalized to POLR2A and relative to time matched vehicle controls. Data shown are
individual animal, mean and SEM. Relative tumor volume of subcutaneous NCI-H358 (C) or NCI-H2122 (D) tumorswith daily oral dosing of AZD4625. Data shown are
geometric mean and error. Average start tumor volume was 0.28 cm3 for NCI-H358 tumors and 0.193 cm3 for NCI-H2122 tumors.
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dose AZD4625 achieved robust regression of LU99 tumors greater
than monotherapy treatments (Fig. 5G and H; Supplementary
Table S15). Importantly either lowering the daily dose or reducing
dosing frequency of the SHP2 inhibitors had minimal impact on the
combination benefit observed with AZD4625 as well as improving the
tolerability of the combination (Supplementary Fig. S8).

Taken together, these data suggest that RTK inhibitor combinations
could improve the monotherapy activity of AZD4625 and that inhi-
bitors ofmultiple RTKs, such as SHP2 inhibitors, could be of particular
benefit.

Immune checkpoint inhibitor combinations improve the
response of a KRASG12C syngeneic mouse model

Oncogenic KRAS induces the expression of immune modulatory
factors in tumors, which drives an immune suppressed tumor micro-
environment (28). Therefore, KRASG12C inhibitors may augment the
activity of immune checkpoint inhibitors (ICI) through generating a
more favorable immune microenvironment (29). To explore potential
combination opportunities for AZD4625 with ICIs, a CT26G12Cmodel
was generated by CRISPR (Supplementary Fig. S1A and S1B). In vitro
profiling confirmed the presence and functionality of the KrasG12C

allele with clone P5E6 being selected for in vivo work (Supplementary
Fig. S1). AZD4625 activity alone or in combination with anti-PD-1 or
anti-PD-L1 was then explored in the CT26G12C model in immuno-
competent mice (Fig. 6). The CT26G12C model had a robust response
tomonotherapy AZD4625 at 100mg/kg, with rapid tumor regressions
and extended survival compared with vehicle control (Fig. 6B).
However, even on continued AZD4625 treatment most tumors started

to regrow and there were no complete responses. The addition of
murine anti-PD-1 or anti-PD-L1 treatment with AZD4625 further
improved responses, extending antitumor activity and driving some
complete tumor regressions (Fig. 6B). There were four complete
responders in combination with anti-PD-1 which were sustained
beyond the cessation of dosing and two complete responders were
observed in the anti-PD-L1 codosed group (Fig. 6B).

To confirm target engagement and explore changes in the immune
cell composition and phenotype in CT26G12C tumors followingmono-
therapy and combination treatments, we utilized a targeted gene panel
(Supplementary Table S4) and assessed modulation following 3 or
7 days of treatment (Fig. 6C). AZD4625 treatment at 100 mg/kg in
monotherapy or combination reduced expression of Dusp6 and Fosl1
from 3 days consistent with target engagement and inhibition of
KRASG12C activity (Fig. 6D). Modulation of the immune cell com-
position and microenvironment of the tumor was also evident on
AZD4625 monotherapy and combination treatments (Fig. 6E; Sup-
plementary Fig. S10).

Gene expression changes supportive of driving an antitumor
immune response were observed with AZD4625 as a monotherapy
or in combination with anti-PD-1/PD-L1. In addition to significant
and sustained upregulation of transcripts associated with increased
Cd8þ T cells and Cd19þ B cells (Fig. 6E; Supplementary Fig. S10A),
there were increases in expression of genes linked with cytotoxic
immune cell function (Gzma, Nkg7, and Prf1), antigen presentation
(B2m, H2K1), dendritic cell maturation (Batf3) and increased expres-
sion of proinflammatory cytokines transcripts, such as Ifng and Tnf
(Supplementary Fig. S10B and S10C). Genes encoding arginase (Arg1)
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AZD4625 inhibits the growth of
KRASG12C mutant PDX models and
murine lung KRASG12C tumors in situ.
A, Antitumor activity of AZD4625
across a panel of KrasG12C mutant
in vivo models. Tumor-bearing mice
were treated with daily oral dosing of
AZD4625 at 100 mg/kg. Data shown
are change in tumor volume compared
with vehicle control following 1 week
of continuous dosing. B, Representa-
tive H&E-stained lung sections of
KrasG12C/Trp53�/� lung tumors from
ODIn mice treated with vehicle or
AZD4625 for 7 days, once lung tumors
were established (scale bar: 1,000
mmol/L). C, Relative lung tumor bur-
den per lung section/mouse (n ¼ 5
mice/treatment group). �� , P: 0.0060
(t test).
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and VEGF (Vegfa), involved in driving an immunosuppressive micro-
environment, were also downregulated by AZD4625 monotherapy or
combination treatments (Supplementary Fig. S10B). However, some
gene expression changeswithin the tumor following treatment, includ-
ing an increase in regulatoryT cell (Treg) transcripts (Foxp3), increases
in the expression of some checkpoint genes (Ctla4, Lag3, and Pdcd1)
and induction of anti-inflammatory cytokines (Il10) could be more
tumor promoting (Supplementary Fig. S10). All changes appeared to
be predominantly driven by AZD4625 treatment.

Taken together, these data suggest AZD4625 can drive changes to
the tumor immune microenvironment and that deeper and more
durable responses may be achieved if AZD4625 is combined with ICIs.

Discussion
KRAS is frequently mutated or amplified in human tumors and

effective targeted therapies forKRASmutant cancers remain an unmet
clinical need. TheKRASG12Cmutation is present in approximately 12%
NSCLC (TCGA PanCancer Atlas) although differences in prevalence
have been reported in Western (13%) and Asian (3.6%) popula-
tions (30). The KRASG12C mutation is also present in approximately
3% of colorectal cancer [TCGAPanCancer Atlas (30, 31)] and at lower
frequencies in other solid tumors including pancreatic, endometrial,
and bladder cancers [TCGA PanCancer Atlas (30)].

AZD4625 is a potent, selective and orally bioavailable KRASG12C

inhibitor as demonstrated in biochemical and biophysical in vitro
assays, in cellular assays and in vivo in preclinical models. In vitro and

cellular assays have shown selective binding and inhibition of the
KRASG12C isoform, which carries a glycine to cysteine mutation at
residue 12, with no binding and inhibition of wild-type RAS or
isoforms carrying other non-KRASG12C mutations.

Cellular studies confirmed that binding of AZD4625 to KRASG12C

leads to inhibition of KRAS activity, inhibition of RAS regulated
downstream signaling and induction of biomarkers of apoptosis.
AZD4625 broadly inhibits KRASG12C cancer cell growth, with a range
of potencies. Inhibition of proliferation is dependent upon the pres-
ence of the mutant cysteine-12 residue supporting a wide therapeutic
margin. In vivo studies inKRASG12C xenografts have shown that orally
dosed AZD4625 can bind to KRASG12C and inhibit downstream
effector pathway activity in a dose-dependent manner. Chronic daily
dosing ofAZD4625 iswell tolerated in preclinicalmodels and can drive
robust and sustained antitumor activity against KRASG12C tumors
including PDX and primary lung tumors in GEMMs.

Although demonstrating broad activity, AZD4625 had a range of
in vitro and in vivo antitumor responses, ranging from robust regres-
sion to relatively modest effects. This differential activity is not
unexpected and has been reported for other KRASG12C inhibitors.
Indeed, despite encouraging clinical data with sotorasib and adagrasib,
especially in NSCLC, not all patients with KRASG12C mutant tumors
respond robustly to treatment with a reported objective response rate
to sotorasib of 37.1% in NSCLC (19) and a modest 9.7% in colorectal
cancer (32). Reported rates of response to adagrasib are broadly
similar (20). Differences in KRASG12C tumor response may reflect
magnitude of target engagement, heterogeneity of the depth, and
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Figure 4.

RTK inhibitor combinations deepen and extend the duration of AZD4625 response in vitro. A, Schematic representation of dosing regimen used in proliferation
assays. B and C, NCI-H358 or NCI-H1373 cells were treated with AZD4625, gefitinib, afatinib or SHP099 in monotherapy or in combination and cell growth
continuously monitored as confluency using an imaging assay. After 14 days, compound treatments were removed, and regrowth of cells off-drug was assessed.
Representative data from one of the independent assays are shown. The data plotted are the average from two wells. D and E, Western blot analysis of key
biomarkers from NCI-H358 or NCI-H1373 cells following treatment with AZD4625 monotherapy or combinations.
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duration of effector pathway inhibition and intrinsic dependency on
KRASG12C, likely impacted by co-occurring genetic alterations.
Indeed, exploratory tumor biomarker analysis of NSCLC patients
being treated with sotorasib suggests a potential lower response rate
in patients with KEAP1 comutated tumors compared with those with
wild-type KEAP1 (19). In addition, emerging data indicate acquired
resistance mechanisms are likely to limit the duration of response with
a median progression-free survival for sotorasib of 6.8 months in
NSCLC (19). Potential clinical resistancemechanisms are beginning to
emerge and appear diverse with both genetic and histological potential
mechanisms of escape reported (33–35). Therefore, combination
approaches are considered necessary to drive deeper andmore durable
patient responses. Furthermore, the mutant selective properties of
KRASG12C inhibitors, which will limit normal tissue toxicities, are
expected to enable tolerated dosing with additional therapeutic agents.

RTK activitymaymodulate sensitivity toKRASG12C inhibitors, such
as AZD4625, through several mechanisms. First, AZD4625 selectively
binds KRASG12C in its inactive GDP-bound confirmation, and RTK
activity may drive it into a drug insensitive GTP-bound form through
activation of SOS-mediated nucleotide exchange (36). Second, RTK
activity may reduce dependency of the cancer cell on KRASG12C

through activating proliferation and survival pathways through
wild-type RAS isoforms or through RAS-independent mechan-
isms (25, 26). In addition, as MAPK pathway activity phosphorylates

and negatively regulates upstream activators of RAS, including RTKs,
such as EGFR and FGFR (37), KRASG12C inhibitor treatment is likely
to lead to enhanced RTK activity therefore driving adaptive feedback.
The importance of EGFR signaling in KRASG12C colorectal cancer is
emerging from the clinic, with monoclonal EGFR antibody combina-
tions improving response rates of adagrasib and sotorasib (32, 38).We
explored the combination treatments of AZD4625 with inhibitors of
RTK activity including afatinib and SHP2 inhibitors. Afatinib is a
second-generation ErbB family inhibitor which irreversibly binds and
inhibits EGFR (ErbB1), HER2 (ErbB2), andHER4 (ErbB4; refs. 39, 40)
and is approved for treating patients withmetastaticNSCLCharboring
specific EGFRmutations (41, 42). SHP2, encoded by the PTPN11 gene,
is a nonreceptor protein tyrosine phosphatase which is required for full
activation of the RAS/MAPK signaling pathway downstream of RTKs
through dephosphorylation of tyrosine residues in adaptor and scaf-
fold proteins (43). The position of SHP2 as a common node down-
stream of multiple RTKs makes it an attractive target for combination
with AZD4625. SHP099 and RMC-4550 are allosteric inhibitors of
SHP2, which stabilize the protein in an autoinhibited conformation
and are suitable for preclinical studies (44, 45).

Cellular and in vivo studies demonstrated the potential of afatinib
and SHP2 inhibitor combinations to improve the therapeutic response
of KRASG12C tumors to AZD4625 and this appeared to be through
increased and extended target engagement and downstream RAS
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pathway inhibition. SHP2 inhibitor combinations appeared to bemore
broadly active in both lung and colorectal models and drive greater
combination responses likely by impacting signaling downstream of
multiple RTKs. Indeed in the two KRASG12C colorectal PDXs, in
contrast to SHP099, afatinib codosing showed no efficacy benefit,
suggesting RTKs other than the ErbB family are limiting AZD4625
activity in these models. Interestingly, we did observe combination
activity with cetuximab in the same models which could be through
activation of natural killer cells and induction of antibody-dependent
cellular cytotoxicity. Importantly, for SHP2 inhibitors, we have dem-
onstrated that combination activity can be achieved with tolerated and
clinically relevant intermittent dosing schedules.

ICIs have been found to be more efficacious and better tolerated
than first-line platinum-based chemotherapy inNSCLCwith high PD-
L1 expression and some reports show patients with a KRASmutation
treated with ICIs derived better survival benefit than those treated with
chemotherapy (46, 47). In addition, KRAS signaling has been reported
to drive an immune suppressed tumor microenvironment (28) which
is modulated on KRASG12C inhibition (29). Therefore, we explored the
potential combination benefit of AZD4625 with ICIs. In a syngeneic
CT26 KrasG12C model AZD4625 initially drove robust tumor regres-
sions; however even on continued treatment regrowth was observed.

Codosing with antibodies blocking murine PD-1 or PD-L1 improved
the rate and duration of antitumor response, particularly anti-PD-1,
which achieved complete responses in 4 of 10 animals even after
treatments were stopped. The increased antitumor response of com-
bining AZD4625 with anti-PD-1 is in agreement with the result
reported before with AMG510 (17) and MRTX849 (48). In addition,
our data show that anti-PD-L1 in combination with AZD4625 also
have increased efficacy, albeit lower than anti-PD-1.

Consistent with the reported role of oncogenic KRAS signaling in
cross-talk with the tumor microenvironment (49) and the impact
reportedwith otherKRASG12C inhibitors (16, 48), AZD4625 treatment
of the CT26G12C model modulated gene expression signatures indic-
ative of major changes in tumor immune cell population, phenotype,
and microenvironment. The transcriptional changes with AZD4625
are complex and dynamic with both antitumor and protumor mod-
ulations observed. These changes were predominantly driven by
AZD4625 treatment with little augmentation with anti-PD-1/PD-L1
combination therapies. Interestingly, on acute AZD4625 treatment
when tumors are regressing, genes associated with cytotoxic T cells are
expressed, however on chronic dosing when response is plateauing
gene signatures associated with Tregs increase. Further understanding
of how KRASG12C inhibition impacts both the tumor, and the tumor
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immune microenvironment could help establish the mechanisms
driving the combination activity observed with ICIs as well as iden-
tifying other potential combination partners.

In conclusion, the nonclinical pharmacology of AZD4625 shows
that it has the potential to provide therapeutic benefit to patients with
KRASG12C mutant cancer as either a monotherapy treatment or in
combination with other targeted drug agents.
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