
Nature  |  Vol 575  |  7 November 2019  |  217

Article

The clinical KRAS(G12C) inhibitor AMG 510 
drives anti-tumour immunity
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KRAS is the most frequently mutated oncogene in cancer and encodes a key signalling 
protein in tumours1,2. The KRAS(G12C) mutant has a cysteine residue that has been 
exploited to design covalent inhibitors that have promising preclinical activity3–5. Here 
we optimized a series of inhibitors, using novel binding interactions to markedly 
enhance their potency and selectivity. Our efforts have led to the discovery of AMG 510, 
which is, to our knowledge, the first KRAS(G12C) inhibitor in clinical development. In 
preclinical analyses, treatment with AMG 510 led to the regression of KRASG12C tumours 
and improved the anti-tumour efficacy of chemotherapy and targeted agents. In 
immune-competent mice, treatment with AMG 510 resulted in a pro-inflammatory 
tumour microenvironment and produced durable cures alone as well as in combination 
with immune-checkpoint inhibitors. Cured mice rejected the growth of isogenic 
KRASG12D tumours, which suggests adaptive immunity against shared antigens. 
Furthermore, in clinical trials, AMG 510 demonstrated anti-tumour activity in the first 
dosing cohorts and represents a potentially transformative therapy for patients for 
whom effective treatments are lacking.

The KRAS oncoprotein is a GTPase and an essential mediator of intracel-
lular signalling pathways that are involved in tumour cell growth and sur-
vival1,2. In normal cells, KRAS functions as a molecular switch, alternating 
between inactive GDP-bound and active GTP-bound states6,7. Transition 
between these states is facilitated by guanine nucleotide-exchange fac-
tors—which load GTP and activate KRAS—and GTP hydrolysis, which is 
catalysed by GTPase-activating proteins to inactivate KRAS2. GTP binding 
to KRAS promotes binding of effectors to trigger signal transduction 
pathways including the RAF–MEK–ERK (MAPK) pathway8,9. Somatic, 
activating mutations in KRAS are a hallmark of cancer and prevent the 
association of GTPase-activating proteins, thus stabilizing effector 
binding and enhancing KRAS signalling10. Although there are clinically 
approved inhibitors of several MAPK pathway proteins (for example, 
inhibitors of MEK, BRAF and EGFR) for a subset of tumour types, to date 
there have been no clinical molecules that are selective for KRAS-mutant 
tumours. Moreover, several MAPK-pathway-targeting therapies are con-
tra-indicated for treatment of KRAS-mutant tumours owing to a lack of 
clinical efficacy11. Additionally, non-tumour or non-mutant selective 
therapies can introduce on-target toxicities due to the inhibition of MAPK 
signalling in normal cells12,13. This might limit the ability to combine such 
agents with standard-of-care treatments or immunotherapy. Thus, there 

is a considerable unmet need for the development of tumour-selective 
therapies that do not introduce liabilities for normal cells.

KRASG12C is present in approximately 13% of lung adenocarcinoma, 3% 
of colorectal cancer and 2% of other solid tumours14. The mutant cysteine 
of KRAS(G12C) resides adjacent to a pocket (P2) that is present in the 
inactive GDP-bound form of KRAS3. The proximity of P2 and the mutant 
cysteine led to a broad search for covalent inhibitors, eventually result-
ing in the identification of ARS-16203–5. This preclinical tool compound 
was a milestone for proof-of-concept, mutant-selective KRAS inhibi-
tion15. We identified a series of novel acrylamide-based molecules that 
utilize a previously unexploited surface groove in KRAS(G12C) to sub-
stantially enhance potency and selectivity. Intensive electrophile screen-
ing and structure-based design culminated in the discovery of AMG 
510, which is, to our knowledge, the first KRAS(G12C) inhibitor to reach 
clinical testing in humans (clinicaltrials.gov identifier NCT03600883)16. 
Here we present the data on the preclinical activity of AMG 510, its abil-
ity to induce tumour-cell killing as monotherapy or when combined 
with other therapies, and the marked impact of AMG 510 on immune 
cell infiltration, which renders the tumour microenvironment highly 
sensitive to immunotherapy. We also present promising evidence for 
clinical efficacy.
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Enhanced binding and potency of AMG 510
Direct inhibition of KRAS(G12C) was validated by ARS-1620, but the 
identification of improved inhibitors suitable for clinical testing has 
proven difficult. One key challenge is suboptimal potency owing to the 
small volume of the pocket occupied by ARS-1620, which offers limited 
avenues for additional protein–ligand interactions. This was illustrated 
by the X-ray crystal structure of the KRAS(G12C)–ARS-1620 covalent 
complex (Extended Data Fig. 1a), in which hydrogen bonding between 
ARS-1620 and His95 featured prominently. Our key breakthrough was 
the discovery that a surface groove, created by an alternative orienta-
tion of His95, could be occupied by aromatic rings, which enhanced 
interactions with the KRAS(G12C) protein17. AMG 510 emerged as the 
top candidate from an optimization campaign of His95 groove-binding 
molecules, as it represented the convergence of improved potency and 
favourable development properties. The X-ray co-crystal structure of 
the covalent AMG 510–KRAS(G12C) complex (Fig. 1a and Extended Data 
Table 1) highlighted the binding of AMG 510 in the P2 pocket of KRAS. 
Although portions of the AMG 510 and ARS-1620 ligands are structurally 
related and overlap (Extended Data Fig. 1b), the His95 groove is a novel 
feature of the binding of AMG 510 (Fig. 1a and Extended Data Fig. 1b). 
The highly optimized isopropyl-methylpyridine substituent of AMG 
510 that occupied the His95 groove engaged in a continuous network 
of 25 ligand–protein van der Waals contacts extending from the back-
bone of helix 2 (His95, Tyr96) to the backbone of the flexible switch 
II loop (Fig. 1a). These enhanced interactions improved the potency 
of AMG 510 approximately 10-fold (mean half-maximum inhibitory 
concentration (IC50) = 0.09 μM), as compared to ARS-1620 in a nucleo-
tide-exchange assay with recombinant GDP-bound KRAS(G12C). AMG 
510 did not inhibit wild-type KRAS and a non-reactive analogue did 
not inhibit KRAS(G12C) (Extended Data Fig. 1c, d). The kinetics of the 

reaction between AMG 510 and GDP-KRAS(G12C) were measured by 
mass spectrometry and exhibited a marked improvement compared 
to ARS-1620 (Extended Data Fig. 1e, f). Relative to cysteine-targeted 
kinase inhibitors in the clinic18, AMG 510 exhibited a larger maximal 
rate of inactivation (kinact), consistent with the KRAS-induced catalysis 
mechanism that has previously been described for ARS-162015. The 
non-specific reactivity of AMG 510 with glutathione was relatively slow 
(t1/2 = 196 min)19 and within the range of clinical acrylamides20.

AMG 510 inhibits signalling and growth
The cellular activity of AMG 510 was assessed by measuring basal phospho-
rylation of ERK1/2 (p-ERK) and by mass spectrometry to detect the covalent 
conjugation or occupancy of KRAS(G12C) by AMG 510. In two KRASG12C cell 
lines, NCI-H358 and MIA PaCa-2, AMG 510 almost completely inhibited 
p-ERK (IC50 ≈ 0.03 μM) after a 2-h treatment and was 20-fold more potent 
than ARS-1620 (Extended Data Fig. 1g). This inhibition closely tracked the 
occupancy of KRAS(G12C) by AMG 510, with near maximal levels achieved 
in both assays at around 0.2 μM (Fig. 1b). AMG 510 also potently impaired 
cellular viability in both NCI-H358 and MIA PaCa-2 (IC50 ≈ 0.006 μM and 
0.009 μM respectively, approximately 40-fold more potent than ARS-1620; 
Extended Data Fig. 1h). Examining the time and concentration dependence 
of the inhibition of p-ERK in these lines revealed a kinetic advantage that 
favoured AMG 510 by approximately 22-fold (Fig. 1c and Extended Data 
Fig. 1f). The maximal inhibition rate of p-ERK by AMG 510 is approximately 
twofold greater than the rate-limiting GTP-KRAS(G12C) hydrolysis rate 
that has recently been proposed4. To estimate the GTPase rate by another 
method, we used a SHP2 inhibitor21 to eliminate all upstream signalling 
to KRAS, which yielded a rate (9.4 × 10−4 s−1, t1/2 = 12.2 min; Extended Data 
Fig. 2a) that was congruent with what was observed for AMG 510.
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Fig. 1 | AMG 510 exploits a cryptic groove in KRAS(G12C) to enhance potency 
and selectivity. a, X-ray co-crystal structure of KRAS(G12C/C51S/C80L/C118S) 
bound to GDP and AMG 510 at a resolution of 1.65 Å. Cyan dashes, van der Waals 
contacts; white dashes, water-mediated interactions; yellow dashes, ligand–
protein hydrogen bond interactions (PDB: 6OIM). b, Inhibition of p-ERK and 
occupancy of KRAS(G12C) by AMG 510 after a 2-h treatment. Data are 
mean ± s.d., n = 3 replicates. c, Kinetic properties as determined by inhibition of 
p-ERK. kobs and standard error of the curve were determined from nonlinear 

curve fitting of experimental values. d, e, Cellular activity of AMG 510 across a 
panel of KRASG12C and non-KRASG12C mutant cell lines measured as the inhibition 
of p-ERK after a 2-h treatment (d) and the effects on cell viability after a 72-h 
treatment (e). Representative examples of the data are shown (see 
Supplementary Table 1 for the number of replicates). f, Cysteine proteome 
analysis of NCI-H358 whole-cell lysates after a 4-h treatment with 1 μM AMG 510 
or DMSO. n = 5 independent replicates, P values were derived from a two-tailed 
Student’s t-test.

http://www.pdb.org/pdb/search/structidSearch.do?structureId=6OIM


Nature  |  Vol 575  |  7 November 2019  |  219

For further evaluation of the signalling effect of KRAS(G12C) inhi-
bition, two cell lines were treated with a titration of AMG 510 for 4 or 
24 h, and signalling nodes were analysed by immunoblot (Extended 
Data Fig. 2b). The KRAS species shifted mobility upon the formation of 
covalent adducts with AMG 510 and accumulated with increasing time 
and dose, consistent with downstream inhibition of the MAPK pathway 
(that is, p-MEK1/2 and p-ERK1/2) in both cell lines (Extended Data Fig. 2b). 
KRAS(G12C) inhibition by AMG 510 also led to an accumulation of active 
EGFR (p-EGFR(Y1068)). Inhibition of AKT phosphorylation (p-AKT) was 
apparent in one cell line, whereas a decrease in S6 phosphorylation 
(p-S6) and an increase in cleaved caspase-3 were observed at 24 h in 
both lines, suggesting induction of apoptosis. In time course studies, 
treatment with AMG 510 at 0.1 μM (Extended Data Fig. 2c) elicited rapid 
(<2 h) and sustained (>24 h) effects on MAPK and EGFR pathway signal-
ling, whereas p-S6 and caspase cleavage emerged 8–16 h after treatment 
in both lines. To assess activity and selectivity, AMG 510 was profiled in 
22 cell lines that had heterozygous or homozygous KRASG12C, KRAS muta-
tions other than KRASG12C or wild-type KRAS. Treatment with AMG 510 for 
2 h showed that basal p-ERK was inhibited in all KRASG12C cell lines, with 
IC50 values ranging from 0.010 μM to 0.123 μM (Fig. 1d and Supplemen-
tary Table 1). AMG 510 did not inhibit p-ERK in any of the non-KRASG12C 
lines (IC50 > 10 μM; Fig. 1d and Supplementary Table 1). In cell-viability 
assays, AMG 510 impaired the growth of all KRASG12C cell lines, except 
SW1573, with IC50 values ranging from 0.004 μM to 0.032 μM (Fig. 1e 
and Supplementary Table 1). Non-KRASG12C lines were insensitive to AMG 
510 (IC50 > 7.5 μM; Fig. 1e and Supplementary Table 1). As reported for 
other KRAS(G12C) inhibitors4,5, spheroid growth conditions enhanced 
the sensitivity of most tested lines to AMG 510 (Extended Data Fig. 2d 
and Supplementary Table 1). To further determine the selectivity of the 
covalent interaction of AMG 510 with KRAS(G12C) and to identify other 
potential ‘off-target’ cellular proteins, cysteine-proteome profiling by 
mass spectrometry was performed as previously described4. After 4-h 
treatment with DMSO or 1 μM AMG 510 (>30-fold above p-ERK IC50), the 

cysteine proteome was enriched and peptides were identified. Among 
6,451 unique cysteine-containing peptides, the Cys12 peptide from 
KRAS(G12C) was the only peptide that met the criteria for covalent target 
engagement4 (Fig. 1f and Supplementary Table 2).

The effect of AMG 510 treatment on KRAS(G12C) signalling in vivo 
was evaluated in pharmacodynamics assays in which p-ERK was meas-
ured. In three KRASG12C tumour models, AMG 510 inhibited p-ERK in 
a dose-dependent manner 2 h after treatment (Fig. 2a and Extended 
Data Fig. 3a, b) and maximal inhibition was observed at 30–100 mg kg–1. 
Time-course pharmacodynamics assays demonstrated peak plasma and 
tumour exposure of AMG 510 0.5 h after a single dose (10 mg kg−1), lead-
ing to maximal inhibition of p-ERK 2–4 h after treatment and sustained 
inhibition for 48 h (Extended Data Fig. 3c, d). This was consistent with 
covalent inhibition of the long-lived KRAS(G12C) protein (t1/2 ≈ 20–24 h; 
Extended Data Fig. 3e). Occupancy of KRAS(G12C) by AMG 510 was also 
measured by mass spectrometry and approached 100% at 100 mg kg−1, 
correlating with maximal suppression of p-ERK (Fig. 2b and Extended 
Data Fig. 3f). Time-course studies indicated that occupancy was detected 
by 0.5 h and maximal at 2 h (Extended Data Fig. 3g).

Mutant-selective tumour inhibition in vivo
In mice with xenografts of human tumour cells, AMG 510 significantly 
inhibited the growth of MIA PaCa-2 T2 and NCI-H358 tumours at all doses, 
and regression of tumours was observed at higher doses (Fig. 2c, d). 
The dose of AMG 510 that was required to achieve the regression of MIA 
PaCa-2 T2 tumours was at least 3.3-fold lower than ARS-1620 (Extended 
Data Fig. 4a). Plasma exposures above the cellular IC90 of p-ERK for more 
than 2 h resulted in tumour regression (Extended Data Fig. 4b, c). AMG 
510 also inhibited the growth of KRASG12C-mutant patient-derived xeno-
grafts (Fig. 2e and Extended Data Fig. 4d). By contrast, AMG 510 treat-
ment had no effect on KRASG12V tumour growth (Extended Data Fig. 4e). 
In immune-competent mice, AMG 510 resulted in regression of CT-26 
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Fig. 2 | AMG 510 inhibits ERK phosphorylation 
and growth of KRASG12C-mutant tumours 
in vivo. a, p-ERK levels in NCI-H358 tumours 2 h 
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510 (blue bars). AMG 510 concentrations in 
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multiple-comparison test. b, AMG 510 treatment 
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which inversely correlates with p-ERK 
inhibition in NCI-H358 tumours. Data are 
mean ± s.d., n = 3 mice per group. c–f, Mice with 
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KRASG12C tumours, a mouse syngeneic tumour model generated by 
CRISPR technology (Fig. 2f). Two of the ten mice in the 100 mg kg−1 group 
had no detectable tumours at the end of the study (day 29). However, 
regression of the tumours lacked durability (Fig. 2g), possibly owing to 
incomplete inhibition of p-ERK (Extended Data Fig. 3b). Therefore, a dose 
of 200 mg kg−1 of AMG 510 was evaluated, resulting in near-complete 
inhibition of p-ERK (Extended Data Fig. 3b) and durable cures in eight 
out of ten mice (Fig. 2h), in which AMG 510 plasma levels were just below 
the cellular IC90 (Extended Data Fig. 4f). Intriguingly, in the same tumour 
model but in mice that lacked T cells, AMG 510 induced regression but 
not cures, suggesting that the immune system drives cures in immune-
competent mice (Extended Data Fig. 4g).

Evidence of clinical activity
The enhanced potency and efficacy of AMG 510 prompted its selection 
as, to our knowledge, the first KRAS(G12C) inhibitor to enter clinical 
trials (clinicaltrials.gov identifier NCT03600883)16. AMG 510 was admin-
istered orally, once daily, in escalating dosing cohorts (Fig. 3a). In the 
first two dosing cohorts there were four patients with non-small-cell 
lung carcinoma (180 mg, n = 3; 360 mg, n = 1). Treatment with AMG 510 
resulted in objective partial responses (as per RECIST 1.1) in two patients 
(Fig. 3b and Extended Data Fig. 5) and stable disease in two patients. The 
two patients with a partial response had progressed on multiple previous 
systemic treatments including carboplatin, pemetrexed and nivolumab 
with documented disease progression. After 6 weeks of treatment with 
AMG 510, the first responder (180 mg) exhibited tumour shrinkage of 
34%, and the second (360 mg) exhibited a tumour reduction of 67%. A 
follow-up scan at 18 weeks revealed complete resolution of target lesions 
in the second responder. AMG 510 exposures in both patients were above 
the cellular IC90 of p-ERK (165 nM in MIA PaCa-2; Extended Data Fig. 4b) 
for 24 h (Fig. 3c). These patients remain active on AMG 510 treatment 
with the durations of 42 and 29 weeks, respectively, as of the cut-off 
date for the present data. We show that these patients responded to a 

mutant-specific KRAS inhibitor, representing a milestone for patients 
with KRASG12C-mutant cancer.

AMG 510 improves efficacy of targeted agents
The clinically validated strategy of combining BRAF and MEK inhibi-
tors22 suggests that the combinations of AMG 510 and other inhibitors 
in the MAPK (and AKT) signalling pathways might enhance tumour-
cell killing and overcome resistance. Therefore, in vitro combination 
experiments were conducted in several KRASG12C cell lines with matrices 
of AMG 510 and inhibitors of HER kinases, EGFR, SHP2, PI3K, AKT and 
MEK (Extended Data Fig. 6a and Supplementary Table 3). As suggested 
by the induction of p-EGFR by AMG 510 (Extended Data Fig. 2b), the 
combination of AMG 510 with multiple agents resulted in synergis-
tic killing23 of NCI-H358 tumour cells (Fig. 4a, Extended Data Fig. 6a 
and Supplementary Table 3). Synergy was more limited in other lines, 
but the combination with a MEK inhibitor was synergistic in multiple 
settings and was enhanced in spheroid growth conditions (Fig. 4a). 
Significantly enhanced anti-tumour activity was also observed in vivo 
with a minimally efficacious dose of AMG 510 in combination with a MEK 
inhibitor, when compared to either of the single agents alone (Fig. 4b). 
These data suggest that the clinical combination of AMG 510 with MAPK 
inhibitors might eliminate bypass or residual signalling that could limit 
efficacy or induce resistance.

Given the prevalence of KRASG12C in lung adenocarcinoma, a  
combination treatment of AMG 510 with carboplatin, a standard-
of-care chemotherapeutic, was investigated. Treatment with either 
AMG 510 or carboplatin resulted in significant inhibition of NCI-H358 
tumour growth in mice (Fig. 4c). However, combination treatment at 
various doses resulted in significantly improved anti-tumour efficacy  
(Fig. 4c and Extended Data Fig. 6b). The demonstration of enhanced 
efficacy of the combination of a mutant-selective KRAS inhibitor and 
a chemotherapeutic agent provides rationale for this approach in  
the clinic.
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arrows. Left images show the lower-right lobe of the lungs (top), upper-left lobe 
of the lungs (middle) and lymph node (bottom). Right images show the upper 
left lobe of the lungs (top) and pleura (middle and bottom). Lesions in the 
18-week scans of the patient who received 360 mg AMG 510 were considered too 
small to accurately measure. c, Pharmacokinetic data from the two responders.
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AMG 510 synergizes with immunotherapy
Blockade of the immune checkpoint axis that involves programmed cell 
death 1 (PD-1)–programmed death ligand 1 (PD-L1) is clinically validated 
in multiple settings. As the long term cures induced by AMG 510 in the 
CT-26 KRASG12C model were dependent on the engagement of the immune 
system (Fig. 2h and Extended Data Fig. 4g), strategies such as anti-PD-1 
therapy that further boost anti-tumour T cell activity may synergize with 
AMG 510. The CT-26 KRASG12C model is dependent on the KRASG12C allele 
(Extended Data Fig. 7a, b) and is sensitive to AMG 510 treatment (Fig. 2f 
and Extended Data Fig. 3b). Furthermore, its parental line CT-26 has been 
broadly used to evaluate the effects of immunotherapy as well as combina-
tions of immunotherapeutic and targeted agents24–26. Therefore, we used 
this model to evaluate the combination of anti-PD-1 immune checkpoint 
inhibition with AMG 510, which was administered at a suboptimal dose 
to enable the evaluation of combination effects. As shown above (Fig. 2f, 
g), AMG 510 caused tumour regression in mice as a single agent (Fig. 4d), 

but only one out of ten tumours remained completely regressed (Fig. 4d). 
Anti-PD-1 monotherapy delayed tumour growth, with complete regression 
in only one of ten tumours. Notably, combined treatment led to complete 
responses in nine out of ten mice (Fig. 4d). Treatment was stopped after 
day 43, and all complete responders remained cured 112 days later. Using 
a surrogate end point (tumour volume > 800 mm3), the combined treat-
ment significantly improved survival (Fig. 4e).

To understand the effects of treatment on immune cell composition, 
CT-26 KRASG12C tumours were immunophenotyped. After 4 days of treat-
ment, AMG 510 markedly increased the infiltration of T cells, primar-
ily CD8+ T cells, into the tumour (Fig. 5a and Extended Data Fig. 8a). 
Increased infiltration of CD8+ T cells was also observed in the combina-
tion group, but not after anti-PD-1 monotherapy. Immunohistochemical 
analysis also revealed an increased number of total and proliferating 
CD3+ T cells and total CD8+ T cells after AMG 510 treatment, which were 
further increased after the combination treatment (Fig. 5b, c). As an 
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additional comparison we used a MEK inhibitor, which blocked MAPK 
signalling downstream of RAS (Extended Data Fig. 8b). This inhibitor 
regressed CT-26 KRASG12C tumours in mice to a similar level as AMG 510 
(Extended Data Fig. 8c, d), but did not significantly affect the numbers 
of infiltrating CD8+ T cells (Fig. 5a). AMG 510 treatment also increased 
the infiltration of macrophages and dendritic cells, including CD103+ 
cross-presenting dendritic cells, which are critical for T cell priming and 
activation and are implicated in T cell recruitment27 (Fig. 5a and Extended 
Data Fig. 8a). PD-1 expression on CD8+ T cells was moderately increased 
by both AMG 510 and the MEK inhibitor (Extended Data Fig. 8a).

Tumour RNA was purified after 2 days of treatment for transcriptional 
profiling of a panel of immune-associated genes. AMG 510 induced a 
pro-inflammatory microenvironment characterized by increased inter-
feron signalling, chemokine production, antigen processing, cytotoxic 
and natural killer cell activity, as well as markers of innate immune sys-
tem stimulation, that were significantly higher compared to the effects 
induced by MEK inhibition (Fig. 5d and Extended Data Fig. 8e). Infiltra-
tion of immune cells was correlated with increased expression of several 
chemokines including Cxcl11 (Extended Data Fig. 8e and Supplementary 
Table 4). To examine whether these immune-enhancing effects were 
directly attributable to AMG 510, CT-26 KRASG12C cells were treated with 
AMG 510 in vitro and the expression of immune genes was measured. AMG 
510 induced expression of Cxcl10 and Cxcl11 (Extended Data Fig. 9a), which 
are key attractants of tumour-suppressive immune cells27,28. This provides 
a potential mechanistic link by which AMG 510 treatment increases the 
intratumoral concentration of chemokines, leading to the infiltration of 
T cells and dendritic cells and improved immunosurveillance.

Previous data suggested that although MEK inhibition could  
promote anti-tumour activity in combination with anti-PD-L1 treatment 
in vivo, it can also inhibit T cell function24. Using an in vitro co-culture 
system with mouse bone marrow-derived dendritic cells and transgenic 
CD8+ T cells, MEK inhibition impaired antigen-specific T cell prolifera-
tion, whereas AMG 510 did not affect the T cell response (Extended 
Data Fig. 9b). Furthermore, AMG 510 induced expression of MHC class 
I antigens on CT-26 KRASG12C tumour cells in vitro (Fig. 5e and Extended 
Data Fig. 9c). These data suggest that AMG 510 treatment leads to 
increased T cell priming, antigen recognition of tumour cells and the 
potential establishment of long-term anti-tumour T cell responses. 
To test this, mice that were cured by the combined treatment of AMG 
510 and anti-PD-1 (Fig. 4d) were rechallenged with bilateral tumours 
of CT-26 KRASG12C and parental CT-26 (KRASG12D) cells, or CT-26 KRASG12C 
and an unrelated mouse breast tumour model, 4T1. All 4T1 tumours 
(four out of four) grew, but none of the CT-26 KRASG12C tumours  
(zero out of eight) or CT-26 parental tumours (zero out of four) became 
established (Fig. 5f). In a control group of naive mice, all parental CT-26 
and CT-26 KRASG12C tumours grew (15 out of 15; Extended Data Fig. 9d). 
Splenocytes collected from the cured mice were stimulated with CT-26, 
CT-26 KRASG12C or 4T1 tumour cells, and we measured secreted IFNγ as 
a marker of tumour-specific T cell priming and activity. CT-26 KRASG12C 
cells and parental CT-26 cells caused nearly a threefold increase in  
IFNγ, which was not induced by 4T1 cells (Fig. 5g). Together, these 
data suggest that the combination of AMG 510 and anti-PD-1 therapy 
prompted the establishment of long-term tumour-specific T cell 
responses.
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Discussion
The discovery of the interaction with the His95 groove of KRAS(G12C) 
enabled markedly increased potency and the identification of AMG 
510, a first-in-class oral KRAS(G12C) inhibitor with evidence of clinical 
activity in patients with KRASG12C mutant cancer. Preclinically, AMG 510 
selectively targeted KRASG12C tumours, caused durable regression as 
a monotherapy, and could be combined with cytotoxic and targeted 
agents to synergistically kill tumour cells. AMG 510 treatment led to 
an inflamed tumour microenvironment that was highly responsive 
to immune-checkpoint inhibition. Combined treatment of anti-PD-1 
therapy and a MEK inhibitor has shown preclinical efficacy in several 
reports24,29,30, and this was associated with increased T cell infiltration. 
In the present study, significantly greater immune cell infiltration was 
observed after selective KRAS(G12C) inhibition compared to the MEK 
inhibitor. In contrast to the reported effects of non-tumour-selective 
MEK inhibition, which blocks T cell expansion and priming24, selec-
tive inhibition of KRAS(G12C) by AMG 510 resulted in increased T cell 
infiltration and activation. Furthermore, the combination of AMG 510 
and anti-PD-1 therapy established a memory T cell response against 
both the CT-26 KRASG12C cells and the parental CT-26 tumour cells. These 
data support a model of enhanced antigen recognition and T cell mem-
ory in which AMG 510-induced tumour cell death and innate immune 
responses, combined with anti-PD-1 treatment, results in an adaptive 
immune response that can recognize and eradicate related but non-
KRASG12C tumours. There is ample evidence that the intratumoral KRAS 
mutation status can be heterogeneous within the same tumour and 
between primary and metastatic sites31–33. Taken together, our data 
suggest that AMG 510 might be an effective anti-tumour agent even in 
settings in which KRASG12C expression is heterogenous.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Most of the data generated or analysed during this study are included in 
this published Article or available as Source Data. X-ray crystallographic 
coordinates and structure factor files have been deposited in the Protein 
Data Bank (PDB: 6OIM). Other data that support the findings of this study 
are available from the corresponding authors. Qualified researchers may 
request data from Amgen clinical studies. Further details are available 
at http://www.amgen.com/datasharing.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Enhanced binding of AMG 510 to KRAS(G12C) results 
in improved properties. a, X-ray co-crystal structure of KRAS(G12C/C51S/
C80L/C118S) bound to GDP and ARS-1620 (PDB: 5V9U). b, Overlay of ARS-1620 
and AMG 510. The right side shows different orientations of His95 (H95) 
depending on the ligand. c, Biochemical activity of AMG 510 and ARS-1620 in a 
nucleotide-exchange assay with purified KRAS(G12C/C118A) or KRAS(C118A) 
protein. Data are mean ± s.d., n = 4 replicates. The wild-type cysteine at position 
118 was changed to alanine to avoid reactivity with non-Cys12 cysteines.  
d, Biochemical activity of AMG 510 and its non-reactive propionamide analogue 

in a nucleotide-exchange assay with purified KRAS(G12C/C118A); propionamide, 
mean of n = 2 replicates. e, Kinetic properties of AMG 510 and ARS-1620 as 
determined by mass spectrometry. f, Calculated maximal reaction rates (kinact or 
kobs) and the concentrations that achieve a half-maximal rate (KI or [I]50) of AMG 
510 and ARS-1620. e, f, kobs, KI, [I]50 and standard error of the curve were 
determined from nonlinear curve fitting of experimental values. g, h, Inhibition 
of p-ERK after a 2-h treatment (g; mean, n = 2 replicates) and effects on cell 
viability after 72-h treatment (h; mean ± s.d., n = 3 replicates) with AMG 510 or 
ARS-1620.

http://www.pdb.org/pdb/search/structidSearch.do?structureId=5V9U


Extended Data Fig. 2 | AMG 510 inhibits KRAS(G12C) signalling and impairs 
viability. a, Inhibition of p-ERK with RMC-4550 in NCI-H358 cells. Data are 
mean ± s.d., n = 3 replicates. b, c, Effect on cellular signalling in NCI-H358 or MIA 
PaCa-2 after 4- or 24-h treatment with a serial titration of AMG 510 (b) or 
treatment with 0.1 μM AMG 510 at time points for up to 24 h (c). Top arrow, AMG 

510–KRAS(G12C) covalent adduct; bottom arrow, KRAS. Data are from a single 
experiment (Supplementary Fig. 1). d, Effect of 72-h treatment with AMG 510 on 
cell viability in adherent monolayer or spheroid culture conditions (mean, n = 2 
replicates).
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Extended Data Fig. 3 | AMG 510 covalently modifies KRAS(G12C) in tumours 
and inhibits signalling in vivo. a–d, Mice bearing MIA PaCa-2 T2 (a, c, d) or CT-
26 KRASG12C (b) tumours were treated orally with a single dose of vehicle (black 
bars) or with the indicated doses of AMG 510 (blue bars). Tumours were collected 
2 h later (a, b) or over time as indicated (c, d) and levels of p-ERK were measured. 
AMG 510 concentrations in plasma (red triangles) or tumours (black open 
circles). Data are mean ± s.e.m., n = 3 mice per group; ****P < 0.0001, ***P < 0.001, 

**P < 0.01 compared with vehicle; one-way ANOVA followed by Dunnett’s 
multiple-comparison test. e, Half-life determination of KRAS(G12C) in MIA 
PaCa-2 and NCI-H358 cells by SILAC. Data are mean ± s.d., n = 3 replicates.  
f, g, AMG 510 treatment results in covalent modification of KRAS(G12C) that 
inversely correlates with p-ERK inhibition in MIA PaCa-2 T2 tumours. Data are 
mean ± s.d., n = 3 mice per group.



Extended Data Fig. 4 | AMG 510 inhibits tumour growth of patient-derived 
xenografts, and exposure to AMG 510 at or above cellular IC90 drives 
regression of xenografts. a, Mice bearing MIA PaCa-2 T2 tumours were treated 
with ARS-1620 at the indicated doses. Data are mean ± s.e.m., n = 10 mice per 
group; ****P < 0.0001, ***P < 0.001, *P < 0.05 compared with vehicle; repeated-
measures ANOVA followed by Dunnett’s multiple-comparison test. #P < 0.05 
regression by two-sided Student’s t-test. b, c, Plasma levels of AMG 510 from MIA 
PaCa-2 T2 or NCI-H358 xenografts. The dotted line represents the p-ERK IC90 
values in cells after treatment with AMG 510 for 2 h. d, e, Effect of AMG 510 

treatment on tumour growth in KRASG12C small-cell lung cancer (SCLC) and non-
small-cell lung cancer (NSCLC) PDX models (d) or a SW480-1AC xenograft model 
(e). Data are mean ± s.e.m., n = 10 mice per group. ****P < 0.0001 compared with 
vehicle; repeated-measures ANOVA followed by Dunnett’s multiple-comparison 
test. f, Plasma levels of AMG 510 from CT-26 KRASG12C tumour model. The dotted 
line represents the p-ERK IC90 values in cells after treatment with AMG 510 for 
2 h. g, Individual CT-26 KRASG12C tumour plots of BALB/c nude mice (n = 10) 
treated with AMG 510 (200 mg kg−1).
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Extended Data Fig. 5 | Clinical activity of AMG 510 in patients with lung 
cancer in a first-in-human dose-escalation study. Computed tomography 
scans of two patients with KRASG12C lung carcinoma who were treated with AMG 
510. Additional representative pre-treatment (baseline) and post-treatment (Rx) 
scans of patients described in Fig. 3 (left, 180 mg; right, 360 mg). Lesions are 

denoted by red outline or red arrows. Left images show, from top to bottom, the 
lung upper left lobe, lung lower left lobe, lung upper left lobe and lung upper left 
lobe. Right images show, from top to bottom, the lung lower left lobe, lung lower 
left lobe and adrenal gland. Lesions in the 18-week scans of the patient who was 
treated with 360 mg AMG 510 were considered too small to accurately measure.



Extended Data Fig. 6 | AMG 510 combines with targeted and 
chemotherapeutic agents, resulting in the synergistic killing of tumour 
cells and enhanced anti-tumour activity. a, Growth inhibition matrices and 
Loewe additivity excess of AMG 510 added in combination with targeted agents 
to the indicated cell line, with darker colours denoting greater cell killing 
(growth inhibition) and stronger synergistic interactions (Loewe excess). The 

maximum tested concentration of the inhibitors and the dose range covered by 
the matrices for each combination are listed in Supplementary Table 3. b, AMG 
510 in combination with carboplatin in NCI-H358 tumour xenografts. Data are 
mean ± s.e.m., n = 10 mice per group; ****P < 0.0001 compared with vehicle; 
repeated-measures ANOVA followed by Dunnett’s multiple comparison test; 
#P < 0.001 regression by two-sided Student’s t-test.
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Extended Data Fig. 7 | AMG 510 inhibits KRAS(G12C) signalling and viability 
of syngeneic CT-26 KRASG12C cells. a, b, Cellular activity of AMG 510 and the MEK 
inhibitor trametinib in CT-26 KRASG12C and parental CT-26 cell lines as measured 
by the inhibition of p-ERK after a 2-h treatment (a; mean ± s.d., n = 3 replicates; 

except trametinib in CT-26, mean of n = 2 replicates) and the effects on cell 
viability after 72-h treatment in spheroid culture (b; AMG 510 in CT-26 KRASG12C, 
mean ± s.d., n = 3 replicates; all others, mean of n = 2 replicates).



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | AMG 510 treatment induces a pro-inflammatory 
tumour microenvironment. a, CT-26 KRASG12C tumours were 
immunophenotyped by flow cytometry. Data are mean ± s.d., n = 8 mice per 
group; ****P < 0.0001, *P < 0.05; NS, not significant; one-way ANOVA followed by 
Tukey’s multiple-comparison test. MEKi, MEK inhibitor. b, Mice bearing CT-26 
KRASG12C tumours were treated orally with a single dose of vehicle (black bar) or 
with the indicated dose of MEK inhibitor (blue bar). Tumours were collected 2 h 
later and levels of p-ERK were measured. MEK inhibitor concentrations in plasma 
(red triangle) or tumours (black open circle). Data are mean ± s.e.m., n = 3 mice 
per group; ****P < 0.0001 compared with vehicle; one-way ANOVA followed by 

Dunnett’s multiple-comparison test. c, Mice bearing CT-26 KRASG12C tumours 
were treated with MEK inhibitor at the indicated doses. Data are mean ± s.e.m., 
n = 8 mice per group; **** P < 0.0001 compared with vehicle; repeated-measures 
ANOVA followed by Dunnett’s multiple comparison test. d, Tumour volumes 
from the immunophenotyping study (a) of CT-26 KRASG12C tumour-bearing mice 
treated over 4 days. n = 8 mice per group. e, RNA was isolated from CT-26 
KRASG12C tumours. n = 5 mice per group. Gene expression and scores were 
calculated by nSolver v.4.0. Data are mean ± s.d.; ****P < 0.0001, ***P < 0.001,  
** P < 0.01, *P < 0.05; NS, not significant; one-way ANOVA followed by Tukey’s test.



Extended Data Fig. 9 | See next page for caption.



Article
Extended Data Fig. 9 | AMG 510 induces expression of chemokines and MHC 
class I antigens in CT-26 KRASG12C cells. a, Quantification of Cxcl10 or Cxcl11 
transcripts, as well as secreted CXCL10 (IP-10) protein, after 24-h treatment of 
parental CT-26 or CT-26 KRASG12C cells with AMG 510 or MEK inhibitor. Data are 
mean ± s.d., n = 4 replicates; ****P < 0.0001, ***P < 0.001, **P < 0.01; NS, not 
significant; two-way ANOVA followed by Tukey’s multiple-comparison test.  
b, Ova-pulsed bone-marrow-derived dendritic cells and CellTrace Violet (CTV)-
labelled OT-I CD8+ T cells co-cultured with AMG 510 or MEK inhibitor. T cell 
proliferation was assessed by measuring CTV dilution in T cells. Left, T cells 

treated with mock (shaded), AMG 510 (solid line) or MEK inhibitor (dashed line) 
from a representative experiment. Right, data from four independent 
experiments were pooled and show the frequency of dividing T cells relative to 
mock treatment. Data are mean ± s.e.m.; **P < 0.01; NS, not significant; one-way 
ANOVA followed by Tukey’s multiple-comparison test. c, Cell surface expression 
of MHC class I antigens (H-2Dd and H-2Ld) on CT-26 KRASG12C cells after 24-h 
treatment with AMG 510 with or without IFNγ as measured by flow cytometry.  
d, Growth curves of either CT-26 or CT-26 KRASG12C tumours in BALB/c mice 
(n = 15).



Extended Data Table 1 | Data collection and refinement statistics for AMG 510-KRAS(G12C) complex

One crystal dataset was collected for the X-ray co-crystal structure of the AMG 510–KRAS(G12C) covalent complex. Values in parentheses are for the highest-resolution shell.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection B3 v3 (x-ray crystallography) 
EnVision Manager v1.13-1.14 (nucleotide exchange, viability, combination assays) 
Discovery Workbench v4.0 (p-ERK assays) 
ImageLab v4.1 and v5.2.1 (immunoblotting) 
Agilent RapidFire v4.0, MassHunter Workstation B.05.01 (mass spectrometry kinetic assay) 
nSolver v4.0 (NanoString) 
StudyDirector v3.1 (in vivo studies) 
BD FACSDiva v8.0.1(flow cytometry) 
Immunospot v2.6.1 (ELIspot) 
Analyst v1.6 (AMG 510-KRAS G12C conjugate detection, SILAC)

Data analysis CCP4 Program Suite v6.4.0, HKL2000 v717, MolRep v11.2.08, Refmac5 v5.8.0073, Coot v0.7.2, PRODRG v050106.0517 (x-ray 
crystallography) 
Microsoft Excel for Office 365 (nucleotide exchange, viability, p-ERK, kinetic, ELIspot, cysteine proteomics, flow cytometry) 
GraphPad Prism v7.04 (nucleotide exchange, viability, p-ERK, kinetic, in vivo efficacy/survival, flow cytometry, NanoString, ELIspot, SILAC) 
MassHunter Qualitative Analysis B.07.00 (mass spectrometry kinetic assay) 
Chalice Analyzer v1.5.0.71 (combination synergy scores) 
SEQUEST (cysteine proteomics) 
nSolver v4.0 (NanoString) 
Mathematica v11.3 (SILAC) 
Immunospot v2.6.1 (ELIspot) 
BD FACSDiva v8.0.1, FlowJo software v10 (flow cytometry) 
Biostatistical Analysis R Shiny application v1.0.5 (in vivo PKPD studies)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The majority of data generated or analyzed during this study are included in this published article or available at the source data links. X-ray crystallographic 
coordinates and structure factor files have been deposited in the Protein Data Bank (PDB ID code: 6OIM). Other data that support the findings of this study are 
available from the corresponding authors.  Qualified researchers may request data from Amgen clinical studies. Complete details are available here: http://
www.amgen.com/datasharing.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For in vivo PKPD studies, n=3/group were used.  For efficacy studies, n=8-10 mice per group were used.  Animal numbers for in vivo studies 
were selected using power analysis alpha 0.05 and 80% power such that a minimum change of 32-49% could be detected on the observed 
data scale. No sample size calculation was performed for in vitro studies.

Data exclusions No data were excluded.

Replication In vitro experiments were repeated the indicated number of times, with the exception of immunoblot experiments which were performed 
once.  Synergy scores were determined from the aggregate of two 10x10 matrices for adherent monolayer combinations, but only one 6x10 
matrix for spheroid combinations.  In vivo PKPD dose response studies (MIA PaCa-2 T2, CT-26 KRAS p.G12C) were repeated with similar results 
at least twice.  The combination of AMG 510 with anti-PD-1 in CT-26 KRAS p.G12C, as well as the tumor growth measurements of untreated 
CT-26 parental and CT-26 KRAS p.G12C tumors, were repeated twice with similar results. All other in vivo studies were performed once.  
 
Independent repeats and sample sizes, as well as statistical analyses and significance levels, are also indicated in the Figure legends or in the 
Statistics and Reproducibility section.  

Randomization Sample randomization is not relevant to the in vitro studies presented.  For in vivo studies, animals were evenly distributed such that each 
group had a similar mean and SEM at the start of the study.

Blinding Treatment groups for the in vivo combination studies were blinded to the investigator.  

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Immunoblot:  all antibodies were used at 1:1,000 dilution unless otherwise indicated. 

phospho-EGF Receptor (Tyr1068) (D7A5) XP® Rabbit mAb Cell Signaling #3777; Lot 13 



3

nature research  |  reporting sum
m

ary
O

ctober 2018
EGF Receptor (D38B1) XP® Rabbit mAb Cell Signaling #4267; Lot 11 
Phospho-MEK1/2 (Ser217/221) Antibody Cell Signaling #9121; Lot 44 
MEK1/2 Antibody Cell Signaling #9122; Lot 14 
Phospho-S6 Ribosomal Protein (Ser235/236) (D57.2.2E) XP® Rabbit mAb Cell Signaling #4858; Lot 16 
S6 Ribosomal Protein (5G10) Rabbit mAb Cell Signaling #2217; Lot 7 
Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb Cell Signaling #4060; Lot 19 
Akt Antibody Cell Signaling #9272, Lot 27 
Phospho-ERK1/ERK2 (Thr185, Tyr187) Polyclonal Antibody ThermoFisher #44-680G; Lot SB248818 
p44/42 MAPK (Erk1/2) Antibody Cell Signaling #9102; Lot 26 
Anti-Ras antibody [EPR3255] Abcam #ab108602; Lot GR117071-23 
Cleaved Caspase-3 (Asp175) Antibody Cell Signaling #9661; Lot 45 
Anti-β-Actin−Peroxidase Mouse mAb AC-15 Sigma #A3854; Lot 026M4820V; 1:20,000 
Donkey Anti-rabbit IgG HRP GE Healthcare #NA934V; Lot 9677977; 1:5,000 
 
Flow cytometry:  all antibodies were used at 1:100 unless otherwise indicated. 
PE Mouse anti-mouse H-2Dd (34-2-12, Biolegend #110608, Lot B256526)  
PE Mouse anti-mouse H-2Kd (SF1-1.1, Biolegend #116608, Lot B244820) 
PE Mouse anti-mouse H-2Ld/H-2Db (28-14-8, Biolegend #114507, Lot B240332) 
BUV737 rat anti-mouse CD4 (RM4-5, BD Biosciences #564933, Lot 8164630) 
BV421 rat anti-mouse CD8a (53-6.7, BD Biosciences #563898, Lot 7201962) 
BUV737 rat anti-CD11b (M1/70, BD Biosciences #564443, Lot 7338572) 
BV786 mouse anti-mouse CD45.2 (104, BD Biosciences #563686, Lot 8235903) 
APC-H7 rat anti-mouse Ly-6G (1A8, BD Biosciences #565369, Lot 8121728) 
BV711 hamster anti-mouse TCR B chain (H57-597, BD Biosciences #563135, Lot 7054698)   
FITC rat anti-mouse CD24 (M1/69, ThermoFisher #11-0242-81, Lot 1937898) 
APC hamster anti-mouse CD103 (2E7, ThermoFisher #17-1031-80, Lot 17-1031-80) 
PE hamster anti-mouse CD279 (PD-1) (J43, ThermoFisher#12-9985-82, Lot 4329622) 
APC/Cy7 rat anti-mouse CD90.2 (30-H12, Biolegend #105328, Lot B241601) 
BV650 rat anti-mouse F4/80 (BM8, Biolegend #123149, Lot B256505) 
BV711 rat anti-mouse Ly-6C (HK1.4, Biolegend #128037, Lot B247973) 
BV510 rat anti-mouse I-A/I-E (MHCII) (M5/114.15.2, Biolegend #107635, Lot B263357) 
APC rat anti-mouse CD8a (53-6.7, eBioscience #17-0081-82, Lot E07056-1635) 
rat anti-mouse CD16/CD32 (2.4G2, BD Biosciences #553142, Lot 4198965) 
FITC hamster anti-mouse TCR B chain (H57-597, BD Biosciences #553171, Lot 8351664) 
 
Immunohistochemistry: 
Rat anti-human CD3 (mouse CD3 cross-reactive) (CD3-12, Bio-Rad #MCA1477, Lot 7708); 1:1,000 
Rabbit anti-mouse CD8a (D4W2Z, Cell Signaling Technology #98941, Lot 0712017); 1:500 
Rabbit anti-human Ki67 (mouse Ki67 cross-reactive) (SP6, Sigma-Aldrich #275R-1, Lot 45305); 1:500 
Rat IgG isotype negative control (Jackson Immunoresearch Labs #012-000-003, Lot 68714); 2 mcg/mL 
Rabbit IgG isotype negative control (Jackson Immunoresearch Labs #011-000-003, Lot 132409); 2 mcg/mL 
HRP-anti-rat-IgG (Biocare Medical #BRR4016L, Lot 100317); undiluted 
HRP-anti-rabbit-IgG (Dako #K4003, Lot 10147964); undiluted

Validation All antibodies were validated by the manufacturer.  Please refer to the manufacturers' websites with the catalog information 
listed above.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The following cell lines were purchased from American Type Culture Collection (ATCC):  MIA PaCa-2, NCI-H1373, NCI-H2030, 
NCI-H2122, SW1463, SW1573, UM-UC-3, Calu-1, NCI-H1792, NCI-H23, NCI-H358, SW837, AsPC-1, A-427, LS 174T, SW480, 
A549, NCI-H1355, HCC-827, COLO-205.  KM12 and NCI-H3122 were obtained from the Amgen internal cell bank, originally 
sourced from the National Cancer Institute. 
 
MIA PaCa-2 T2 and SW480-1AC cells were generated by passaging MIA PaCa-2 and SW480 cells, respectively, in mice. 
 
CT-26 KRAS p.G12C cells were generated from the murine CT-26 colorectal line (ATCC) using CRISPR technology to replace 
both KRAS p.G12D alleles with p.G12C (ThermoFisher Scientific).

Authentication Cell lines were authenticated by short tandem repeat (STR) profiling or were used immediately after purchase from ATCC.

Mycoplasma contamination All cell lines used for in vivo studies were confirmed to be negative for mycoplasma contamination.  

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals BALB/c or athymic nude mice, all female, all 6-12 weeks of age.
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Wild animals Studies did not involve wild animals.

Field-collected samples Studies did not involve samples collected in the field.

Ethics oversight All animal experimental protocols were approved by the Amgen Animal Care and Use Committee and were conducted in 
accordance with the guidelines set by the Association for Assessment and Accreditation of Laboratory Animal Care.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics See clinicaltrials.gov NCT03600883. 
Key inclusion criteria: age ≥18; documented locally-advanced or metastatic KRASG12C; measurable or evaluable disease; ECOG 
≤2; life expectancy >3 months (mo). Key exclusion criteria: active brain metastases; myocardial infarction within 6 mo. 

Recruitment Patients were recruited at clinical study sites based on the presence of the KRAS p.G12C mutation in their tumor by standard 
genotype testing.

Ethics oversight Clinical trial NCT03600883 was conducted in compliance with all relevant ethical regulations. The protocol was approved by the 
institutional review boards (IRB)/independent ethics  committees (IEC) of all clinical study sites.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT03600883

Study protocol Study is ongoing; clinical trial information is available on clinicaltrials.gov

Data collection This multicenter, open-label, 1st in human, phase 1 study (NCT03600883) evaluates safety, tolerability, PK/pharmacodynamics 
(PK/PD), and efficacy of AMG 510 in patients (pts) with KRASG12C advanced solid tumors. Primary endpoint: safety [eg, adverse 
events (AEs); dose limiting toxicities (DLT)]; key secondary endpoints: PK, ORR (overall response rate)[assessed every 6 weeks 
(wks)] and PFS (progression free survival). Key inclusion criteria: age ≥18; documented locally-advanced or metastatic KRASG12C; 
measurable or evaluable disease; ECOG ≤2; life expectancy >3 months (mo). Key exclusion criteria: active brain metastases; 
myocardial infarction within 6 mo. Sequential dose escalation cohorts are enrolled to evaluate safety, tolerability, PK/PD and to 
find the maximum tolerated dose (MTD). After identifying the MTD, 60 pts with advanced KRASG12C STs can enroll. Daily oral 
AMG 510 is given until disease progression (PD), intolerance, or consent withdrawal.  
 
Clinical data presented in this manuscript was collected at participating clinical sites from September 2018 through June 2019.

Outcomes The endpoints described in this manuscript were based on RECIST 1.1 criteria for clinical responses.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For in vitro studies, cells were non-enzymatically detached from the wells, washed with staining buffer (PBS/0.5% BSA), and then 
incubated with PE-conjugated H-2Dd, H-2Kd, or H-2Ld antibodies (BioLegend) for 30 minutes on ice.  After washing, cells were 
resuspended in staining buffer containing SYTOX Blue Dead Cell Stain (Life Technologies), and then analyzed by flow cytometry. 
 
For co-cultures, CellTrace Violet-labeled CD8+ T cells from spleens of OT-I transgenic mice were combined with bone marrow-
derived dendritic cells (BMDCs) in 96-well plates with or without further AMG 510 or MEKi treatment. Co-cultures were 
incubated for three days at 37°C. Cell division was assessed by flow cytometry by measuring CTV dilution in TCRβ+ CD8α+ cells. 
 
For in vivo studies, tumors were harvested, weighed, minced, and placed in Liberase TL (0.2 mg/ml; Roche) and DNase I (20 μg/
ml; Ambion). Tumor cell suspensions were then homogenized using a gentle MACS Dissociator (Miltenyi Biotech) and incubated 
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at 37°C for 15 minutes on a MACSmix Tube Rotator (Miltenyi Biotech). Cells were then treated with 0.02% EDTA (Sigma) and 
heat-inactivated FBS (ThermoFisher Scientific) and filtered to remove clumps. After centrifugation, the cell pellets were 
resuspended in LIVE/DEAD Fixable Blue Dead Cell Stain (ThermoFisher Scientific) for 30 minutes. Cell surface staining was 
performed with the indicated antibodies (see Antibodies section above) before fixation and permeabilization of the cells 
(Intracellular Fixation & Permeabilization Buffer Set, eBiosciences) for intracellular staining. CountBright™ Absolute Counting 
Beads (ThermoFisher Scientific) were added to each sample before analysis on an LSR II flow cytometer (BD Biosciences). All 
analyses were performed with FlowJo software v10 (FlowJo). Absolute cell counts were determined by normalizing cell numbers 
to beads recorded, divided by the volume of tumor aliquot analyzed and the mass of the tumor. 

Instrument In vitro samples were run on a BD LSRFortessa. In vivo samples were run on a LSR II flow cytometer (BD Biosciences). 

Software All analyses were performed with either BD FACSDiva or FlowJo software v10.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples 
and how it was determined.

Gating strategy For in vitro experiments, FSC-H/FSC-A gate was used to identify single cells and eliminate doublets from the analysis.  FSC/SSC 
gate (P1) was used to gate on the population of CT-26 KRAS p.G12C cells.  Cells from P1 were displayed on a histogram and 
SYTOX Blue negative cells were gated on to identify live cells.  The mean fluorescent intensity (MFI) of MHC class I antigen 
expression was measured on these live cells.  
 
For co-culture experiments, lymphocytes were first gated using FSC/SCC.  Live cells were then gated using 7AAD viability dye, 
followed by exclusion of doublets using SSC-A/SSC-H.  CD8+ T cells were then gated using fluorescently labeled antibodies.  
Finally, CellTrace Violet dye incorporation was assessed on the CD8+ T cells. 
 
For in vivo experiments, cells were gated first in intact cells using FSC/SCC.  Cells were then gated on live cells using the viability 
dye, followed by cell type-specific gating using fluorescently labeled antibodies.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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