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One sentence summary: 
KRASG12C inhibition mobilizes anti-tumour immunity in immunogenic lung cancer models 

through derepressing interferon signaling via repression of Myc. 
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Abstract: 
The recent development and approval of KRASG12C inhibitors promises to change profoundly 

the clinical management of lung cancer patients harbouring KRASG12C mutations. However, 

early clinical data indicate that acquired drug resistance can frequently develop after the initial 

response. Due to the immunosuppressive nature of the signaling network controlled by 

oncogenic KRAS, targeted KRASG12C inhibition can indirectly affect anti-tumour immunity. This 

has served as a rationale for combination with immune checkpoint blockade, showing 

therapeutic benefit in certain immunogenic pre-clinical tumour models. In this study, we 

characterised how  KRASG12C inhibition reverses immune suppression driven by oncogenic 

KRAS in a number of pre-clinical lung cancer models with varying levels of immunogenicity. 

Mechanistically, KRASG12C inhibition upregulates interferon pathway gene expression via 

inhibition of Myc and, in tumours, leads to reduced infiltration of immunosuppressive cells, 

increased interferon responses and antigen presentation, and also enhanced infiltration and 

activation of cytotoxic T cells. However, the combination of KRASG12C inhibitors with immune 

checkpoint blockade only provides synergistic benefit in the most immunogenic tumour model, 

with  KRASG12C inhibition failing to sensitize cold tumours to immunotherapy. In immunogenic 

tumours, complete responses to KRASG12C inhibition requires tumour cell autonomous 

interferon g signaling. Our data have important implications for the design of clinical trials 

combining KRASG12C inhibitors with anti-PD-1 drugs and suggest that additional combination 

strategies will be needed for immunotherapy refractory patients. 
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Main text: 
 
INTRODUCTION 
 

Lung cancer is the number one cause of cancer deaths worldwide, leading to some 1.8 

million deaths annually, and therefore represents a disease of very high unmet need (1). Non-

small cell lung cancer (NSCLC) comprises 84% of all lung cancers and has a 5-yr survival rate 

of only 25% (2). Fortunately, with the introduction of immune checkpoint blockade (ICB), aiming 

to boost anti-tumour T cell immunity, the paradigm for treatment has shifted, enabling long-

lasting responses in a subset of patients (3). However, only a minority of patients respond and, 

of those that do, many develop resistance to treatment over time, hence great efforts are 

currently aimed at trialing therapeutic combinations with ICB (4). Targeting oncogenic drivers 

has been another approach to control tumour growth, as recurrent genetic alterations are 

detected in more than half of lung adenocarcinoma patients (5). Targeted inhibition of receptor 

tyrosine kinases such as EGFR has extended progression-free survival beyond conventional 

cytotoxic therapies. But, until recently, inhibiting KRAS, the most frequent target of oncogenic 

mutations found in about 15% of all cancer patients and 33% of those with lung 

adenocarcinoma (6), has been notoriously difficult. In 2013, Ostrem et al. reported the 

development of a covalent inhibitor that was able to lock KRAS into its inactive GDP-bound 

state by binding to the cysteine resulting from the G12C mutation, present in 40% of KRAS-

mutant NSCLC patients (7). A mutation-specific inhibitor would be able to circumvent the high 

toxicity that has limited the widespread use of compounds targeting signaling downstream of 

KRAS, such as MEK inhibitors. The discovery of a KRASG12C-specific compound led to rapid 

development of clinical inhibitors and in 2021 Amgen was the first to obtain FDA approval for 

clinical use of AMG510 (Sotorasib) in locally advanced or metastatic KRASG12C-mutant NSCLC 

(8-10). As expected, toxicity from these drugs is low as signaling is only inhibited in cancer 

cells harboring the G12C mutation, and clinical response rates are high, but unfortunately 

resistance occurs frequently within a few months of treatment. Several mechanisms of 

resistance have already been described, including novel mutations in KRAS or bypassing the 

mutation via redundant signaling pathways (11-13). Hence, combination therapies will be 

needed to make a greater impact on patient survival (14, 15).  

Exploring the combination of targeted inhibition of KRAS with ICB seems an obvious 

approach and indeed the first clinical trials are already well underway. There are certainly 

rational arguments to make for this combination, with KRAS mutant lung cancer generally 

being associated with a smoking-history and therefore high tumour mutation burden, one of the 

positive predictors for response to ICB (16, 17). Moreover, KRAS-mutant lung cancer is 

strongly associated with an immune evasive phenotype and KRAS signaling is thought to play 

a role in orchestrating such an immune suppressive environment, for example by driving the 
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expression of cytokines and chemokines as was shown for IL-10, TGF-beta and GM-CSF in 

KRAS mutant pancreatic cancer (18). Inhibition of KRAS could provide temporary relief from 

such immune suppression and a window of opportunity for T cell activation. Indeed, initial 

reports of KRASG12C inhibition showed that durable responses in mice were dependent on T 

cells, and a combination of KRASG12C inhibition and ICB led to improved survival in a 

subcutaneous tumour model of the genetically engineered KRASG12C mutant CT26 colon 

cancer cell line (8, 19). While the KRASG12C mutation is only found in 3-4% of colon carcinoma, 

it is more prevalent in NSCLC (~14%) and clinical efficacy of the KRAS inhibitors also seems to 

be higher in lung cancer (9). Therefore, it will be most relevant to understand the mechanisms 

underlying potential therapeutic cooperation between KRAS inhibition and immune responses 

in the setting of lung cancer. Tissue site, existing immune evasive tumour microenvironment 

(TME) and intrinsic immunogenicity in the form of neoantigen presentation are all likely to be 

important factors in determining the outcome of combination treatments with ICB (4). Fedele, et 

al. showed that a combination of SHP2 and KRASG12C inhibition led to good tumour control and 

increased T cell infiltration in an orthotopic model of lung cancer (20). Using the strongly 

immune evasive 3LL DNRAS lung cancer cell line (14), we recently developed an imaging 

mass cytometry analysis pipeline which showed that KRASG12C inhibition was able to induce 

remodeling of the lung TME (21). Here, we use this 3LL DNRAS alongside other pre-clinical 

lung cancer models varying in degree of immunogenicity to perform an in-depth investigation of 

the impact of KRASG12C inhibition on the TME and anti-tumour immunity and explore the 

mechanisms that underly the changes observed. We describe several mechanisms by which 

tumour-specific KRAS inhibition has direct and indirect effects on the TME, such as reduced 

expression of chemokines attracting immune suppressive myeloid cells, enhanced uptake of 

tumour cells by antigen presenting cells, and enhanced intrinsic and extrinsic interferon (IFN) 

responses. Furthermore, we show that successful combination of KRASG12C inhibition with ICB 

is not universal, but rather varies between the models and correlates with immunogenicity, 

which will have important implications for the selection of patients that may benefit from such 

combination therapy. In particular, tumours that are refractory to ICB, either due to intrinsic or 

acquired resistance, may be unlikely to be resensitised by combination with KRASG12C 

inhibition alone.       
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RESULTS 
 

Oncogenic KRAS regulates expression of cytokine and immune regulatory genes in 
human and murine cell lines 

Previous reports have described that KRAS signaling can mediate the expression of 

cytokines such as IL-8 and GM-CSF in pancreatic cancer models (22). We therefore decided to 

assess the role of oncogenic KRAS signaling in the regulation of the expression of 

immunomodulatory factors in the lung. For this purpose, we made use of a cell line model of 

immortalised human lung pneumocytes expressing a tamoxifen inducible oncogenic KRAS 

protein (KRASG12V-ER) (14) (Fig S1A). Activation of oncogenic KRAS signaling induced the 

secretion of a number of cytokines and chemokines which could affect the recruitment and 

polarisation of different immune cells (Fig 1A). To further expand the scope of our investigation 

we performed whole transcriptome analysis (RNA-Seq) on this model. Results validated the 

transcriptional induction of myeloid cell modulatory factors IL-8, CXCL1, CCL2, GM-CSF, and 

several other KRAS regulated cytokines (Fig 1B). Additionally, gene set pathway analysis 

revealed a KRAS-dependent negative regulation of type I and type II interferon (IFN) 

responses in lung pneumocytes (Fig 1C and S1B), previously shown to be crucial for anti-

tumour immunity and sensitivity to immunotherapy (23, 24), which could reflect a mechanism 

triggered by oncogenic KRAS to promote immune evasion.  

We then assessed whether treatment with a therapeutic KRASG12C inhibitor could reverse 

these mechanisms. In two KRASG12C-mutant human lung cancer cell lines, abrogation of 

oncogenic KRAS signaling by a KRASG12C inhibitor (Fig S1C) led to the downregulation of 

cytokines and chemokines, particularly those involved in the recruitment and differentiation of 

myeloid cell populations, known to exert tumour-promoting effects in the tumour 

microenvironment (Fig 1D and S1D top). Interestingly, only the neutrophil chemoattractants 

CXCL2 and CXCL8 were consistently KRAS-regulated in both models, while most factors were 

cell line-specific, suggesting that different cell lines exhibit different cytokine expression 

patterns. RNA-Seq analysis of these cell lines also revealed that KRASG12C inhibition 

upregulates IFNa and IFNg response gene expression, a mechanism that was consistent 

across both cell lines (Fig 1E and S1D bottom).   

We decided to extend our findings to a murine cell line in order to use immunocompetent 

mouse models to examine the effects of oncogenic KRAS on anti-tumour immunity in vivo. We 

made use of a murine transplantable KRASG12C-mutant lung cancer cell line derived from Lewis 

Lung Carcinoma, 3LL DNRAS (described in (14)), which is sensitive to KRASG12C inhibition 

((14), Fig S1E). Using this model, we validated the effect of KRASG12C inhibitors on the 

transcriptomic downregulation of secreted immunomodulatory factors, by both RNA-Seq (Fig 
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1F) and qPCR (Fig S1F) analysis. Likewise, we validated the upregulation of type I and II IFN 

gene sets observed in previous models (Fig 1G and S1G). 

Together, these data suggest that oncogenic KRAS signaling regulates the expression of 

factors that could affect the tumour microenvironment and anti-tumour immunity and highlight 

the role of KRASG12C inhibitors in reversing these potentially immune evasive mechanisms. 

 
KRAS signaling downregulates IFN pathway gene expression via MYC 

Next, we decided to further investigate the mechanistic link between KRAS signaling and 

IFN responses given their important role in anti-tumour immunity. We began by validating our 

RNA-Seq finding that genes coding for components of the IFN response were upregulated by 

KRASG12C inhibition in 3LL DNRAS cells (Fig 2A). This upregulation occurred in a MEK-

dependent manner, beginning at approximately 6h after treatment and peaking at 24h after 

treatment (Fig S2A and B). To extend our findings we used two additional mouse cell lines 

modified to harbor KRASG12C mutations, the KRAS mutant, p53 deleted lung cancer cell line 

KPB6G12C (25) and the KRAS mutant colon cancer cell line CT26G12C (19). In these models, 

treatment with the KRASG12C inhibitor MRTX1257 (MRTX) consistently led to the upregulation 

of canonical IFN signaling pathway genes (Fig 2B). 

The conserved regulation of IFN signaling pathway genes after KRAS inhibition could 

suggest a direct crosstalk between oncogenic KRAS and IFN signaling pathways. IFNs bind 

their receptors on the membrane of target cells and drive transcriptional changes via activation 

of JAK-STAT signaling modules. To investigate whether the increase in gene expression in 

response to KRAS inhibition was a result of augmented IFN signaling, we examined the effect 

of blocking or depleting individual IFN pathway components. However, antibody-mediated 

blocking of the IFNa receptor (Fig S2C), pharmacological inhibition of JAK1/2 signal 

transduction with ruxolitinib (Fig S2D) and gene knockdown of Stat1 or Stat2 (Fig S2E) did not 

affect the MRTX-driven upregulation of IFN genes (Fig S2F), suggesting that KRAS-driven 

inhibition of the IFN pathway occurs independently of the interferon receptors and JAK-STAT 

proteins. 

A known negative transcriptional regulator of IFN genes is the MYC oncoprotein, which is 

also a RAS target (26). As expected, MYC mRNA levels were downregulated by KRASG12C 

inhibition in vitro and in vivo and upregulated after KRASG12V activation (Fig 2C and D), 

confirming the KRAS-driven regulation of MYC in our models. We assessed the role of MYC in 

the regulation of IFN signaling pathway genes by the KRASG12C inhibitor.  In the 3LL DNRAS 

cell line, despite incomplete knockdown (Fig 2E), MYC depletion was able to significantly 

increase the expression of these genes (Fig 2F). Because MRTX treatment led to a further 

downregulation of MYC, increased gene expression was observed when MRTX and siMyc 

were combined. Importantly, upregulation of IFN signaling pathway genes in response to MYC 
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depletion was a common response observed across the three murine KRASG12C cell lines (Fig 

S2G and S2H). Furthermore, in CT26G12C and KPB6G12C cells, where near-complete 

knockdown of MYC was achieved (Fig S2G), no significant additional effects on gene or protein 

expression were observed by combined siMyc and MRTX treatment (Fig 2G), suggesting that 

MRTX-driven regulation of these genes is primarily through MYC. Together, these data 

suggests that KRASG12C inhibition, through downregulation of MYC, leads to increased 

expression of genes associated with the IFN response. 

 

KRASG12C inhibition enhances tumour cell intrinsic IFN responses 
We next investigated whether KRASG12C inhibitor-driven changes in gene expression 

affected the capacity of tumour cells to respond to IFNg. We found that, indeed, IFNg-driven 

transcriptional effects were enhanced by MRTX treatment (Fig 3A). KRASG12C inhibition 

augmented the IFNg-driven expression of immunomodulatory IFN-stimulated genes (ISG) such 

as T cell chemoattractants Cxcl9/10/11 and antigen presentation genes including H2-d/k1, Ciita 

and B2m (Fig 3A and S3A). Consistent with the KRAS-dependent regulation of type I and II 

IFN responses observed in our RNA-Seq analysis, MRTX treatment was likewise able to 

enhance IFNa and IFNb-driven gene expression (Fig S3B). These transcriptional changes also 

led to increased protein expression of ISG, as evidenced by an increased proportion of IFNg-

induced CXCL9-secreting tumour cells after treatment with MRTX (Fig 3B). We validated that 

MRTX treatment enhanced IFNg-driven gene (Fig 3C) and protein (Fig S3C) expression in two 

additional murine cell lines. A similar improvement of responses to IFNg could be achieved by 

MYC knockdown (Fig 3D), confirming the role of MYC in the regulation of IFN responses.  

To exclude the possibility that reduced cell fitness contributed to the effects of KRASG12C 

inhibition on the response to IFNg, we validated our findings in the KRASG12V-ER human 

pneumocyte cell line. In this model, we observed that 4-OHT-induced KRASG12V activation led 

to the downregulation of IFN signaling pathway genes and was able to decrease IFNg-driven 

transcriptional effects (Fig 3E), suggesting a mechanistic link between the KRAS and IFN 

pathways which is not influenced by cell viability. 

In summary, we have shown that oncogenic KRAS signaling can suppress responses to 

IFN, and that this can be alleviated with pharmacological KRASG12C inhibition. KRAS inhibition 

in consequence leads to an increased sensitivity of tumour cells to type I and II IFNs, which 

translates to higher expression of IFN-induced genes such as T cell chemoattractants and 

antigen presentation genes that could positively affect anti-tumour immunity in vivo.  
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KRASG12C inhibition in vivo remodels the highly immunosuppressive TME of 3LL DNRAS 
lung tumours 

The results presented above demonstrate the ability of KRASG12C inhibitors to reverse 

KRAS-driven immune evasion mechanisms, such as enhancing tumour cell-intrinsic IFN 

responses and modulating the expression of secreted immunomodulatory factors. Next, we 

aimed to assess how inhibition of oncogenic KRAS in vivo can affect the composition of the 

tumour microenvironment (TME) in lung tumours.  

The 3LL DNRAS cell line can form orthotopic tumours in the lungs of C57BL/6 mice when 

delivered intravenously. Immunophenotypic characterisation of these tumours revealed a 

predominant infiltration of myeloid cells, known to exert immunosuppressive actions, while anti-

tumorigenic cells like lymphocytes and NK cells were largely absent from the TME (Fig 4A). 

Using Imaging Mass Cytometry (IMC) we recently showed that there was an inclusion of 

macrophages and neutrophils in the core of 3LL DNRAS lung tumours, while effector cells 

remained at the tumour periphery (21). Consistent with this apparent immunosuppressive TME, 

growth of these tumours was not affected by a lack of B and T cells in Rag1-/- mice (Fig S4A). 

Whole exome sequencing of two 3LL DNRAS single cell clones derived from the CRISPR-Cas9 

deletion of NRAS (14) revealed that these cell lines harbor thousands of clonal somatic 

nonsynonymous single nucleotide variations (SNVs) compared to the reference C57BL/6J 

genome (Fig 4B). Whole exome sequencing and RNA expression data were combined to 

perform in silico neoantigen prediction. Results showed that this cell line harbors numerous 

predicted neoepitopes with high or medium affinity for MHC binding (Fig S4B) but flow 

cytometric analysis revealed that it has lost the expression of one of the MHC alleles, H2-Kb, 

while retaining the other, H2-Db (Fig S4C), possibly reflecting a mechanism to escape 

immunological rejection. It is noticeable that neoantigens predicted to bind to the absent H2-Kb 

are several-fold more highly represented than neoantigens precited to bind to the expressed 

H2-Db. Therefore, we hypothesize that this cell line contains sufficient neoantigens to elicit an 

anti-tumour immune response, yet it is highly immune evasive and avoids rejection in 

immunocompetent hosts, likely through a combination of mechanisms including reduced 

neoantigen presentation and production of an immunosuppressive tumour microenvironment.  

Treatment of 3LL DNRAS lung tumour-bearing mice with the KRASG12C inhibitor 

MRTX1257 for one week resulted in marked tumour growth inhibition (Fig 4C), although 

relatively few tumours actually decreased in size, highlighting the extreme aggressiveness of 

this tumour model. At this time point, we harvested tumours to perform RNA-Seq analysis, flow 

cytometric analysis of immune cell infiltration and IMC to examine the effects of KRASG12C 

inhibition on the TME of this highly immunosuppressive model. As anticipated from the in vitro 

data, gene set enrichment analysis of 3LL DNRAS lung tumours treated with MRTX revealed 
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an upregulation of several immune-related pathways, including interferon a and g responses, 

IL2 and IL6 signaling, allograft rejection, complement and inflammatory responses (Fig 4D). 

We were likewise able to confirm the KRAS-dependent regulation of IFN signaling pathway 

gene sets in vivo (Fig S4D). This striking remodeling of the TME was confirmed by IMC 

analysis, where hierarchical clustering based on immune cell infiltration patterns was able to 

discern vehicle and MRTX-treated samples (Fig 4E).  

KRASG12C inhibition was able to significantly reduce the high infiltration of myeloid cells like 

monocytes and neutrophils observed in this lung tumour model, as measured by flow cytometry 

(Fig 4F). We then wondered whether the downregulation of tumour cell-intrinsic cytokine 

expression observed in vitro (Fig 1F) could play a role in the regulation of myeloid cell 

infiltration. The strongest KRAS-regulated cytokine in the 3LL DNRAS cells in vitro was Ccl2, a 

canonical chemoattractant for monocytes. The KRAS-dependent regulation of CCL2 secretion 

was also validated in our KRASG12V-ER pneumocyte cell line (Fig S4E). Furthermore, in vivo 

MRTX treatment of 3LL DNRAS tumour-bearing mice led to a significant downregulation of 

Ccl2 expression in the tumour (Fig 4G), suggesting that tumour cells may be one of the main 

sources of this cytokine in the TME. To validate the role of KRAS-mediated regulation of CCL2 

in the changes observed in the TME, we measured monocyte migration ex vivo. Results 

showed that migration was significantly abrogated when bone marrow-derived monocytes were 

cultured in conditioned medium from MRTX-treated cells and to a similar extent when cultured 

in medium from Ccl2-/- cells (Fig 4H). This data suggests that tumour cell specific KRASG12C 

inhibition, via inhibition of the secretion of CCL2, leads to an impaired recruitment of monocytes 

into the TME, which could constitute a mechanism that alleviates immunosuppression.   

 
KRASG12C inhibition in vivo increases T cell infiltration and activation 

While a reduction in immunosuppressive populations in the TME constitutes a mechanism 

to improve anti-tumour immunity, immunological rejection can only be achieved by the specific 

activation of cytotoxic populations such as CD8+ T cells.  

For the generation of an adaptive immune response, lymphocytes need to be primed by 

professional antigen presenting cells (APC), which in turn need to have been activated 

themselves by engulfment of tumour-specific antigens. Therefore, we sought to assess if the 

reduction of viability and increase of apoptosis caused by KRASG12C inhibition ((14) and Fig 

S1E) could affect dendritic cell (DC) activity in vitro. Indeed, the GFP+ Mutu DCs were able to 

phagocytose MRTX-treated CellTrace Violet (CTV) labelled 3LL DNRAS cells when co-cultured 

(Fig 5A), which constitutes the first step of DC activation. In addition, we found that in vivo 

MRTX-treatment increased the presence of APCs in the TME (Fig 5B), with a consistent 

increase in the expression of genes involved in antigen presentation (Fig 5C, S5A). Consistent 

with this finding, co-culture of tumour cells with DCs revealed that KRASG12C inhibition 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 18, 2021. ; https://doi.org/10.1101/2021.10.18.464819doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464819
http://creativecommons.org/licenses/by/4.0/


Mugarza et al.   

 18 October 2021 
  

10 

promoted the upregulation of activation markers MHCII and CD86 on DCs (Fig 5D). 

Interestingly MHC II upregulation seemed to be mediated by tumour cell secreted factors, while 

CD86 required the presence of tumour cells, suggesting that different mechanisms might be at 

play in the tumour cell-mediated activation of DCs (Fig S5B).  

Activated DCs are known to secrete CXCR3 ligands (CXCL9/10/11), a prominent feature 

of inflamed TMEs (27). We found that KRASG12C inhibition in vivo resulted in a higher 

expression of these T cell chemoattractants and their receptor (Fig 5E, Fig S5C). IMC analysis 

in the 3LL DNRAS lung tumours revealed that CXCL9 was mainly expressed in cells that also 

expressed markers for APCs (Fig S5D). Furthermore, while these tumours had negligible basal 

CXCL9 expression, CXCL9-expressing cells were mostly found among dendritic cells and 

macrophages in a subset of the MRTX treated tumours (Fig 5F). Mechanistically, we observed 

that the co-culture with MRTX-treated tumour cells was able to lead to the upregulation of 

CXCL9 in DCs in vitro (Fig 5G). This could not be recapitulated by conditioned medium 

incubation, suggesting that signals from MRTX-treated tumour cells, other than secreted 

factors, mediate this upregulation (Fig S5E). 

Next, we evaluated whether the observed activation of APCs coincided with changes in the 

T cell compartment. We observed that the presence of all T cell compartments, particularly 

Foxp3+ Tregs was increased by MRTX in these lung tumours (Fig 5H). Consistent with the 

increased T cells, cytotoxicity genes were also significantly upregulated in MRTX-treated 

tumours (Fig 5I). Interestingly, NK cell infiltration was also increased in treated tumours (Fig 

S5F) which could be contributing to the increased expression of cytotoxicity genes. This 

increase in cytotoxicity was confirmed by the significantly increased presence of CD69+ and 

antigen-experienced (effector and memory) CD8+ T cells observed after MRTX treatment (Fig 

5J and S5G). 

Previous reports have shown that KRAS inhibition triggers an improved immune response 

that drives T cell exhaustion, resulting in sensitivity to immune checkpoint blockade (ICB) in 

immunogenic models of KRASG12C-mutant cancer (8, 19) . In our immune evasive 3LL DNRAS 

lung tumour model, we also observed via flow cytometry that PD-1+ T cells were significantly 

increased after MRTX treatment (Fig S5H). A subset of these cells also expressed LAG-3 (Fig 

5K) and we likewise found an upregulation of several other T cell exhaustion genes in our 

RNA-Seq analysis (Fig S5I). 

As CXCL9 expression by DCs was previously described to be crucial to attract effector T 

cells (27), we further explored the relationship between the CXCL9+ DCs and the presence of 

different T cell subsets in the MRTX-treated tumours. There was a clear correlation between 

the abundance of CXCL9+ DCs and CD8+ T cells expressing PD-1 and LAG-3 as well as 

Tregs (Fig S6J). Using the spatial information captured by IMC, we could also see that these 
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cells are regularly found in close proximity to each other, with a clear enrichment of regulatory 

T cells and CD8+ T cells with an exhausted phenotype in the direct neighbourhood of CXCL9+ 

DCs compared to CXCL9- DCs (Fig 5L and 5M). Whether the CXCL9 expressing dendritic cells 

indeed play a role in recruiting these effector cells, or that activated T cells locally produce IFNg 

that in turn induces the CXCL9 expression in the dendritic cells, cannot be deduced from this 

data.    

Together, this data shows that tumour cell-specific KRASG12C inhibition in a mouse lung 

cancer model leads to a more inflamed TME, evidenced by an activation of APCs and a strong 

increase in the presence of activated T cells that could exert cytotoxic actions on the tumour 

cells, but also display an exhausted phenotype.  

 

KRASG12C inhibition synergizes with checkpoint blockade only in intrinsically 
immunogenic tumours 

An increased presence of exhausted T cells and augmented IFN responses suggest that 

MRTX treatment has the potential to sensitize these tumours to ICB.  Nevertheless, in this 

immune-resistant model (28), addition of an anti-PD-1 antibody (Fig 6A) or a combination of 

anti-PD-L1 and anti-LAG3 antibodies (Fig S6A) did not improve the response to KRASG12C 

inhibition alone, nor did it enhance the TME remodeling driven by KRASG12C inhibition (Fig 6B).  

To extend our findings, we made use of the KPB6G12C cell line, which has been established 

from the KRASLSL_G12D/+;Trp53fl/fl mice (KP) and genetically engineered to express a KRASG12C 

mutation (25). Due to the low number of clonal somatic SNVs, this model develops immune 

cold lung tumours (25). Orthotopic KPB6G12C lung tumours were highly sensitive to KRASG12C 

inhibition (Fig S6E). Treatment of KPB6G12C lung tumour-bearing mice with MRTX for a week 

led to increased T cell infiltration into the tumours (Fig 6C) accompanied by an upregulation of 

immune genes (Fig 6D). Similar to our findings in 3LL DNRAS, we found a significant increase 

in CD8+ T cell and Tregs and increased Ifng and Gzmb expression, suggesting increased 

cytotoxicity. However, in this alternative immune resistant model, no synergism occurred 

between KRASG12C inhibition and ICB, and mice in all treatment groups succumbed to disease 

(Fig 6E). We therefore concluded that despite the profound TME remodeling triggered by 

KRASG12C inhibition, it may not be sufficient to render highly immune resistant tumours 

sensitive to ICB. 

We therefore investigated the effects of KRASG12C inhibition in a new immunogenic model 

of KRAS-mutant lung cancer. The KPARG12C cell line has been shown to be immunogenic as its 

growth is impaired by the adaptive immune system (25). Treatment of subcutaneous 

KPARG12C-tumour bearing mice with a KRASG12C inhibitor resulted in outstanding tumour 

control, with two out of seven mice achieving complete responses (Fig 7A). These responders 
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were also resistant to tumour re-challenge, suggesting the development of immune memory. In 

contrast, treatment of 3LL DNRAS tumour-bearing mice in the same setting was not able to 

yield long-term responses, with all mice relapsing on treatment (Fig S7A), reflecting the higher 

immunogenicity of KPARG12C tumours. We then assessed the effects of KRASG12C inhibition on 

the remodeling of the TME in KPARG12C lung tumours. Flow cytometric analysis revealed a 

significant upregulation of activated, antigen-experienced and exhausted T cells (Fig 7B), 

similar to previous models examined. Treatment with MRTX also led to the upregulation of 

immune population genes (Cd8, Foxp3), T cell activation and cytotoxicity genes (Gzmb, Pdcd1) 

and IFN response/antigen presentation genes (Fig 7C and S7B). In this immunogenic model, 

where early treatment with anti-PD-1 alone confers therapeutic benefit (Fig 7D), treatment of 

orthotopic tumour-bearing mice with MRTX alone led to complete responses in 28% of the 

mice (Fig 7E). Furthermore, the percentage of complete responders was improved (66%) when 

KRASG12C inhibition was administered together with anti-PD1 immunotherapy treatment (Fig 

7E).  

Given the KRAS-dependent regulation of IFN responses, we examined the role of tumour 

cell-intrinsic IFNg signaling in the therapeutic effect of KRASG12C inhibitors. To this end, we 

generated Ifngr2-/- KPARG12C cells, which are unable to mount an IFNg response (Fig S7C, 

S7D). We observed that complete responses to KRASG12C inhibition in vivo were dependent on 

tumour cell-intrinsic IFN signaling, as all mice bearing tumours formed by Ifngr2-/- KPARG12C 

cells relapsed after MRTX treatment (Fig 7F), while their sensitivity to KRAS inhibition in vitro 

remained unaffected (Fig S7E). Similarly, KRAS target gene Dusp6 reduction in vivo was 

comparable in KPARG12C WT and Ifngr2-/- tumours (Fig 7G, left). On the contrary, we observed 

that in Ifngr2-/- tumours, the increase in T cell cytotoxicity (Prf1, Gzmb) and activation (Pdcd1) 

in response to KRASG12C inhibition was significantly attenuated, probably contributing to the 

decreased long-term therapeutic efficacy of the inhibitor in this model. 

Together, these data suggest that in an immunogenic tumour, KRASG12C inhibition can 

stimulate anti-tumour immunity, drive complete tumour rejection in a subset of mice and 

sensitize tumours to ICB, resulting in increased complete responses when both treatments are 

combined. In addition, this process is dependent on the tumour cell-intrinsic ability to respond 

to IFNg, which is regulated by KRAS signaling and contributes to long-term therapeutic efficacy 

of KRASG12C inhibition. 
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DISCUSSION 
 

KRASG12C inhibitors have shown promising clinical activity in KRASG12C-mutant NSCLC 

patients (9, 10). However, similarly to other targeted therapies, early clinical results indicate 

that drug resistance frequently arises, resulting in clinical relapses (11, 12). KRASG12C inhibitors 

not only affect the survival of cancer cells but can also mediate immunomodulatory effects by 

reversing KRAS-driven immunosuppressive mechanisms and generate a TME that is more 

favorable for an anti-tumour immune response (8, 19, 21). This knowledge has served as a 

rationale to investigate clinical combinations of KRASG12C inhibitors with anti-PD1 or PD-L1 

antibodies (29). However, previous studies have only validated this combination using mouse 

models that are highly ICB-responsive (8, 19). Here we show that despite the profound TME 

remodeling caused by KRASG12C inhibition, this drug combination may not be sufficient to elicit 

durable responses in tumour models that are intrinsically resistant to immune checkpoint 

blockade.  

Understanding the mechanism of action of KRASG12C inhibitors and how they can modulate 

the TME may lead to the identification of additional combination strategies for those patients 

that will not benefit from the dual inhibition of KRASG12C and PD-1. Our analysis has gained 

insight into the different mechanisms by which oncogenic KRAS signaling mediates immune 

evasion in lung cancer. It has already previously been described that oncogenic KRAS 

regulates the expression of cytokines and chemokines that can modulate the TME (22, 30, 31). 

Here we show that KRASG12C inhibition reduces the secretion of monocyte and neutrophil 

chemoattractants by the tumour cells, which results in an impaired infiltration of these immune 

suppressive cell types in the TME. Reprograming myeloid populations by targeting selected 

cytokines or their receptors, like CCR2 (32) or CXCR2 (33) has been proposed as a 

mechanism to enhance response to immunotherapies (34). Treatment with KRASG12C inhibitors 

leads to modulation of various C(X)CL ligands secreted by tumours cells and can thus 

indirectly reduce immunosuppressive populations without associated toxicities. However, the 

identity of the KRAS regulated cytokines appears to vary between tumour types. 

Another mechanism by which oncogenic KRAS drives immune evasion is by inhibiting IFN 

responses. We have shown that KRASG12C inhibitor treatment releases the inhibition of IFN 

signaling pathway genes in all the models that we have analyzed. Moreover, activation of 

oncogenic KRAS in type II pneumocytes inhibits IFN pathway expression, suggesting that this 

is a conserved mechanism in the lung. Mechanistically, KRAS inhibits IFN gene expression via 

regulation of the oncogene MYC, which is consistent with previous observations in pancreatic 

cancer (26). Importantly, KRASG12C inhibition enhances tumour cell sensitivity to type I and II 

interferons and results in an increased IFN pathway activation in vivo. This is especially 

important as IFN responses are crucial for anti-tumour immunity and clinical responses to 
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immunotherapies (23, 24, 35, 36). By knocking out the IFNg receptor in tumour cells, we have 

demonstrated that tumour cell intrinsic IFN signaling is necessary to achieve long-lasting 

therapeutic responses to KRASG12C inhibitors in vivo. We have therefore expanded beyond the 

known role of IFN signaling in the response to immune therapies, showing that an intact 

interferon response is also required for durable immune responses to a targeted therapy such 

as KRASG12C inhibition. 

As a consequence of the KRAS-dependent regulation of IFN responses, treatment with 

KRASG12C inhibitors increases antigen presentation. Oncogenic KRAS has previously been 

linked to reduced expression of MHC class I molecules (37, 38). Reversion of this immune 

evasion mechanism can boost T cell recognition rendering tumour cells more susceptible to 

immune cell attack. Additionally, the cell death induced by KRASG12C inhibitors could also 

trigger an adaptive T cell response due to the release of dead cell-associated antigens. 

Consistent with this, we observe both in vitro and in vivo that KRASG12C inhibition indirectly 

increases professional antigen presentation by promoting the activation of APCs accompanied 

by an increase of CXCR3-binding chemokine expression by DCs. These effects of KRASG12C 

inhibition can explain the elevated CD8+ T cell recruitment and the increased T cell activation 

that we observe upon treatment. Importantly, these characteristics are a prominent feature of 

‘inflamed’ TMEs (27, 39), which are more likely to respond to immunotherapy. 

KRASG12C inhibition alleviates immunosuppressive mechanisms and enhances the 

infiltration and activation of cytotoxic T cells, accompanied by an increase in checkpoint 

molecule expression, such as PD-1 and LAG-3, even in a very immunosuppressive model like 

the 3LL DNRAS tumours. This TME could be considered optimal for the addition of immune 

checkpoint blockade inhibitors to potentiate a T-cell dependent immune response (40). 

However, the combination of KRASG12C inhibition with anti-PD-1 was only synergistic in the 

immunogenic tumour model (KPAR1.3G12C), but not in the two models that were intrinsically 

resistant to ICB, one ‘cold’ tumour model lacking neoantigens (KPB6G12C) and one ‘T cell 

excluded’ model which evades anti-tumour immunity by downregulating MHC and recruiting 

immunosuppressive myeloid cells (3LL DNRAS). While we cannot rule out a beneficial effect of 

the combination in all tumours with immune refractory TMEs, it will be of utmost importance to 

identify which patients can benefit from the addition of anti-PD-1 inhibitors to KRASG12C 

inhibitors and to investigate additional therapeutic strategies for the remaining patients. Our 

mouse models offer the opportunity for future investigation on additional combinatorial 

therapies as the therapeutic approach could differ depending on the mechanism of immune 

evasion. ‘Cold’ tumour-bearing patients may benefit from the addition of drugs aimed to 

increase antigen load, such as chemotherapy, radiotherapy, epigenetic modulators or STING 

agonists (41), whereas targeting immunosuppressive cells could be a valid therapeutic strategy 
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for ‘T cell excluded’ tumours. KRASG12C inhibitors can already decrease some myeloid immune 

suppressive populations, however treatment consistently results in an increase in the infiltration 

of Tregs, which inhibit cytotoxic T cell activity and might represent an alternative target for 

combination therapy (42). 

Several preclinical studies, including this one, have demonstrated that combinations of 

KRASG12C inhibitors with immunotherapies can clearly result in therapeutic benefit in 

immunogenic mouse cancer models (8, 19). Based on these data, a number of different clinical 

trials are underway testing combinations of KRASG12C inhibitors and PD-1 pathway immune 

checkpoint blockade, such as KRYSTAL-1, KRYSTAL-7, CodeBreak 100 and CodeBreak 101, 

with results eagerly awaited. With these and other clinical trials already running, there are still 

open questions that need to be addressed in order to set up the basis for patient stratification. 

Our findings are particularly relevant for those patients with highly immune refractory TMEs as 

they could benefit instead from other combination strategies. While it is likely that the ongoing 

trials of combinations of KRASG12C inhibitors with immunotherapies will be beneficial for a 

subset of KRAS-mutant NSCLC patients, this study has highlighted the need for additional 

treatment strategies in highly immune refractory patients. In particular, it should be noted that 

most of these combination clinical trials, with the exception of KRYSTAL-7, do not exclude prior 

treatment with immunotherapy, and are therefore likely to be enriched with patients whose 

tumours show either intrinsic or acquired resistance to immune checkpoint blockade. 

Extrapolating from the preclinical studies reported here, such patients may be less likely to 

benefit from combinations of KRASG12C inhibitors with immunotherapies. 

While KRASG12C inhibitors have only recently been approved for clinical use, MEK 

inhibitors, targeting the MAPK pathway downstream of KRAS, have been used for some time 

and can result in similar tumour cell-intrinsic immunomodulatory changes (43) and in some 

cases have shown to ameliorate anti-tumour immunity (44-47). However, the positive effects in 

the TME caused by the tumour cell-intrinsic changes can be reduced by the detrimental effects 

of MEK inhibition on immune cells (8). Moreover, although combinations of inhibitors targeting 

MAPK pathway plus anti-PD-1 can improve clinical outcomes, they do so at the expense of 

increased toxicities (48, 49). In contrast, KRASG12C inhibitors offer the unique ability to improve 

anti-tumour immunity via a myriad of mechanisms discussed above while not affecting MAPK 

signaling in non-tumour cells, including those involved in the anti-tumour immune response. 

Consequently, unlike other targeted therapies that do not specifically target oncogenic mutant 

proteins, KRASG12C inhibitors have the potential to achieve long-term survival which is 

dependent on the activation of anti-tumour immune responses in immunogenic tumours. The 

tumour cell-specific activity of KRASG12C inhibitors provides an unprecedented opportunity to 

investigate combinations of multiple therapeutic approaches without producing excessive 

toxicity profiles. Several clinical trials are testing combinations of KRASG12C inhibitors with other 
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targeted therapies, including MEK inhibitors (29). It will be important to validate that the 

beneficial effects upon the TME are not lost when these two drug classes are combined. With 

that in mind, it is possible the “vertical” combinations of KRASG12C inhibitors with SHP2 

inhibitors upstream or CDK4/6 inhibitors downstream may be more promising, as both these 

drug types have also been shown to produce positive immunomodulatory effects (20, 50, 51).  
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MATERIALS AND METHODS 

 
Study design 

The objective of this study was to examine non-tumour cell intrinsic effects of KRASG12C 

inhibitors. We performed controlled (non-blinded) laboratory experiments using cancer cell 

lines to examine the effects of KRASG12C inhibitors on gene and protein expression and co-

culture systems with immune cells to assess indirect effects of the drug treatment on different 

cell populations. For all in vitro experiments a minimum of two biological replicates 

(independent experiments) were acquired. 

We also used transplantable murine lung cancer models to assess the effects of KRASG12C 

inhibitors in non-blinded randomized studies (alone or in combination with ICB) on mouse 

survival. Endpoints were pre-defined and not modified throughout the duration of the study and 

mice whose cause of death could not be attributed to lung tumours were excluded. Other in 

vivo experiments aimed to investigate the TME, by combining RNA, flow cytometry and 

imaging mass cytometry data. Sample size was chosen empirically based on results of 

previous studies and no datapoints, including outliers, were excluded from these analyses.  

 

In vivo tumour studies 
All studies were performed under a UK Home office approved project license and in 

accordance with institutional welfare guidelines.  

For subcutaneous tumour injection, cells were mixed 1:1 with GeltrexTM matrix 

(ThermoFisher) and 400,000 3LL DNRAS or 150,000 KPARG12C cells were injected in a total 

volume of 100µl subcutaneously into one flank of 8-week-old C57BL/6 mice. Tumour growth 

was followed twice a week by caliper measurements and tumours were left to grow not larger 

than 1.5cm in diameter following a UK Home Office approved project license.  

For orthotopic growth, 106 3LL DNRAS or 150,000 KPARG12C cells were injected in PBS in 

a total volume of 100µl in the tail vein of 8-week-old C57BL/6 mice. Mouse weight was 

monitored regularly as a measure of tumour growth and mice were sacrificed if weight loss was 

over 15% as per the UK Home Office approved project license. Tumour burden was also 

assessed by regular Computed Tomography (CT) scanning of the lungs. Briefly, mice were 

anesthetized by inhalation of isoflurane and scanned using the Quantum GX2 micro-CT 

imaging system (Perkin Elmer) at a 50μm isotropic pixel size. Serial lung images were 

reconstructed and tumour volumes subsequently analyzed using Analyse (AnalyzeDirect).  

For therapeutic experiments, mice were treated daily via oral gavage with 50mg/kg 

MRTX1257 (Mirati Therapeutics), 50mg/kg MRTX849 (MedChemExpress) or 10% Captisol® 

(Ligand) in 50mM citrate buffer (pH 5.0) as vehicle control.  
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For ICB treatments, mice were administered 10mg/kg anti-PD-1 (clone RMP1-14, 

BioXcell), 10mg/kg anti-PD-L1 (clone 10F.9G2, BioXCell) and/or 10mg/kg anti-LAG3 (clone 

C9B7W, BioXCell) or isotype control (10mg/kg IgG2b and 5mg/kg Syrian hamster IgG2) 

dissolved in PBS at a dose of 4µl/g mouse intraperitoneally twice a week for a total of four 

doses.  

 

Statistical analysis 
For most experiments, data were compared using unpaired or paired two-tailed Student’s 

t-tests, or ANOVA if more than two experimental groups were examined. In mouse tumour 

analysis, the Mann-Whitney u-test was used for volume comparison. To compare read counts 

of individual genes in mRNA-seq datasets of two groups, Wald test was used with a Benjamini 

and Hochberg correction with an FDR Q value of 5% to obtain adjusted p values (Statistical 

analysis was performed by Crick Bioinformatics Facility). To compare two survival curves, the 

Mantel-Cox log-rank test was used. Statistical analyses were performed in Prism 7 (GraphPad 

Software) or in RStudio. Significance is presented as *P < 0.05, **P < 0.01, ***P < 0.001 and 

****P < 0.0001. 

 

 

SUPPLEMENTARY MATERIALS 
Materials and Methods 

Fig. S1. KRAS-dependent regulation of secreted factors in human and murine cell lines. 

Fig. S2. Mechanism of KRAS-dependent regulation of IFN genes. 

Fig. S3. KRAS-driven augmentation of type I and II IFN treatment.  

Fig. S4. In vivo characterisation of 3LL DNRAS tumours and the effects of KRASG12C inhibition 

on myeloid cells. 

Fig. S5. KRASG12C effects on antigen presentation, T cell infiltration and activation in vivo. 

Fig. S6. Lack of combinatorial effects of KRASG12C inhibition and ICB in immune refractory 

tumours. 

Fig. S7. Effects of KRASG12C inhibition in immunogenic tumours and role of IFN signaling. 
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Figure 1 
 

 
 
Fig. 1. Oncogenic KRAS regulates immune gene expression in cell lines. (A) Cytokine 

array of cell culture supernatant from KRASG12V-ER pneumocytes treated with 500nM 4-OHT or 

ethanol control for 24h. Graph shows secreted protein relative to control spots on the array for 

each condition. (B) Log2Fold change of selected cytokine genes from RNA-Seq data in 4-OHT 

(500nM, 24h treated KRASG12V-ER pneumocytes. (C) MSigDB Hallmarks gene set enrichment 

analysis (GSEA) plots of IFNa and IFNg pathways in 4-OHT treated versus control samples. 

(D) Log2Fold change of selected cytokine genes from RNA-Seq data in ARS-1620 (2µM, 24h) 

treated NCI-H358 cells versus DMSO control. (E) MSigDB Hallmarks GSEA plots of IFNa and 

IFNg pathways in ARS-1620 treated versus control samples. (F) Same analysis as (D) of RNA-

Seq from 3LL DNRAS cells treated with 100nM MRTX1257 (24h, n=3). (G) Same analysis as 

(E) of RNA-Seq from 3LL DNRAS cells. All statistics represent FDR adjusted p values (q<0.05). 
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Figure 2 
 

 
 
Fig. 2. KRAS signaling downregulates IFN pathway gene expression via MYC.  (A)  qPCR 

analysis of IFN-induced genes in MRTX1257-treated (100nM, 24h) 3LL DNRAS cells (2-DDCT, 

normalised to control sample for all genes, n=6, unpaired t test, mean+SEM). (B) Same as (A) 

using KPB6G12C (n=4) and CT26G12C (n=3) cell lines. (C) qPCR showing KRAS-dependent 

regulation of Myc in 3LL DNRAS cells (n=3) after treatment with MRTX and KRASG12V-ER 

pneumocytes (n=4) after treatment with 4-OHT (unpaired t test, mean+SEM). (D) RNA-Seq 

mRNA counts of 3LL DNRAS lung tumours treated with vehicle or 50mg/kg MRTX1257 for 28h 

or 8 days (each dot represents a tumour, n=6 per group, FDR p adjusted value). (E) Western 

blot showing MYC knockdown and STAT2 upregulation of 3LL DNRAS cells treated with 

100nM MRTX (24h), Myc siRNA (48h), or both. Quantification for two independent experiments 

is shown on the right (mean+SEM). (F) qPCR analysis of IFN-induced genes in 3LL DNRAS 

cells treated with MRTX, Myc siRNA or both (2-DDCT, normalised to control sample for all genes, 

n=3, paired t tests siMyc versus Mock, mean+SEM). (G) Same analysis as (F) in KPB6G12C 

(n=4) and CT26G12C (n=3) cells. 
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Figure 3 
 

 
 
Fig. 3. KRASG12C inhibition enhances tumour cell intrinsic IFN responses. (A) qPCR 

analysis of IFN-induced genes in MRTX1257 (100nM, 24h) and/or recombinant IFNg 

(100ng/ml) treated 3LL DNRAS cells (2-DDCT, normalised to control sample for all genes, n=6, 

paired t test, mean+SEM). (B) Protein validation of IFN response regulation by KRAS. Left: 

Percentage of CXCL9-positive cells as measured by flow cytometry on 3LL DNRAS cells after 

treatment with MRTX and/or IFNg. Right: concentration of CXCL9 secreted to the medium of 

3LL DNRAS cells after treatment with MRTX and/or IFNg, measured by ELISA (normalised to 

control sample, n=3, paired t test, mean+SEM for both). (C) Same as (A) using KPB6G12C (n=4) 

and CT26G12C (n=3) cell lines. (D) qPCR analysis of IFN-induced genes in 3LL DNRAS cells 

treated with IFNg only or IFNg and MRTX in presence of 48h of Mock or Myc siRNA (2-DDCT, 

normalised to IFNg only-treated sample for all genes, n=3, paired t test, mean+SEM). (E) qPCR 

analysis of IFN pathway genes in human KRASG12V-ER pneumocytes after treatment with 4-OHT 

and/or recombinant IFNg for 24h (normalised to control sample n=4, paired t test, mean+SEM). 
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Figure 4 
 
 

 
 
Fig. 4. KRASG12C inhibition remodels the immunosuppressive TME of 3LL DNRAS lung 
tumours. (A) Immunophenotyping of dissected lung tumours obtained by intravenous 

administration of 3LL DNRAS cells (n=5 mice) versus healthy lung tissue (n=6 mice) obtained 

by flow cytometry. (B) Whole exome sequencing SNV analysis of two NRAS CRISPR-edited 

3LL clones. (C) Post-treatment tumour volume change as measured by µCT scanning of 3LL 

DNRAS lung tumours after one week of treatment with vehicle control or 50mg/kg MRTX1257 

(Each bar represents one tumour, Mann-Whitney test). (D) Summary of significantly (FDR 

q<0.05) up- and down-regulated pathways in MRTX- versus vehicle-treated lung tumours 

(MSigDB Hallmarks). (E) Hierarchical clustering of relative frequencies of tumour infiltrating cell 

types in MRTX- and vehicle-treated tumours obtained by IMC. (F) Percentage of neutrophils 
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(gated as CD45+ CD11b+ Ly6C+ Ly6G+) and monocytes (gated as CD45+ CD11b+ Ly6Chi 

Ly6G-) in vehicle (n=5) and MRTX-treated (n=8) lung tumours measured by flow cytometry 

(each dot represents a mouse, unpaired t test). (G) mRNA counts for Ccl2 gene in MRTX 

treated 3LL DNRAS tumours (n=6 per group, left) and cells (n=3, right) obtained by RNA-Seq 

(FDR adjusted p value). H) Live cell count (by flow cytometry) of bone marrow-derived 

monocytes that have migrated through a transwell in presence of conditioned medium from 3LL 

DNRAS cells, MRTX-treated cells or two clones from Ccl2 CRISPR knockout (n=3 independent 

experiments, one-way ANOVA). 
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Figure 5 
 

 
 
Fig. 5. KRASG12C inhibition promotes professional antigen presentation, T cell infiltration 
and activation. (A) Normalised percentage of GFP+ Mutu dendritic cells that have 

phagocytosed CTV+ 3LL DNRAS cells, previously treated with DMSO control, or 100nM 

MRTX1257 for 24h or 48h, measured by flow cytometry (n=3 independent experiments, One-

way ANOVA, mean±SEM). (B) Flow cytometry analysis of 3LL DNRAS lung tumours treated 

with vehicle or 50mg/kg MRTX1257 for 7 days. Macrophages are gated as Live CD45+ 

CD11b+ CD24- CD64+ and DC1s are obtained by Live, CD45+, CD11c+ CD24+ CD103+ 

gating (n=5 for vehicle n=8 mice for MRTX-treated, unpaired t test, mean±SEM). (C) qPCR 

data for 3LL DNRAS lung tumours treated as in (B) (2-DDCT, unpaired t test, n=7 vehicle, n=8 
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treated, mean±SEM). (D) Normalised mean fluorescence intensity of MHCII and CD86 as 

measured by flow cytometry of DCs co-cultured with 3LL DNRAS cells previously treated with 

either DMSO or MRTX for 48h (pre-gated as GFP+, unpaired t test, n=3 independent 

experiments, mean±SEM). (E) qPCR data of Cxcl10 gene in 3LL DNRAS tumours, analyzed as 

in (C). (F) Proportion of CXCL9+ cells in each population, as detected by IMC, per ROI (n=11 

vehicle, n=9 MRTX, unpaired t tests, mean±SEM). (G) Normalised percentage of CXCL9+ DCs 

after co-culture with 3LL DNRAS cells as in (D) (n=5 independent experiments, unpaired t test, 

mean+SEM). (H) Summary of T cell infiltration measured by flow cytometry in vehicle versus 

MRTX-treated lung tumours (n=5 for vehicle, n=8 mice for treated, unpaired t tests). (I) qPCR 

analysis of cytotoxicity genes in 3LL DNRAS lung tumours, analyzed as in (C). (J) Flow 

cytometry analysis of CD8+ T cell phenotypes. Left: percentage of CD69+ CD8+ T cells in both 

treatment groups (n=5 vehicle, n=8 MRTX-treated, unpaired t test, mean±SEM). Right: 

Percentage of naïve (CD44- CD62L+), effector (CD44+ CD62L-) and memory (CD44+ 

CD62L+) CD8+ T cells, same analysis as on the left for each cell population. (K) Contour plot 

of PD-1 and LAG-3 expression on CD8+ cells in vehicle and MRTX-treated 3LL DNRAS lung 

tumour samples (graph shows one representative example for n=5 vehicle and n=8 MRTX 

treated samples). (L) Visualization of cell outlines as measured by IMC, of CXCL9 negative and 

positive DCs, PD-1+ and LAG-3+ CD8+ T cells and regulatory T cells in a vehicle and a MRTX-

treated tumour. (M) Quantification of occurrence of the different T cell subsets in the 

neighbourhood of CXCL9+ and CXCL9- DCs, depicted as the average proportion of that cell 

type among all neighbors within 100px radius of the DCs subset. 
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Figure 6 
 

 
Fig. 6. KRASG12C inhibition does not synergize with ICB in immune refractory tumours. 
(A) Tumour volume change after two weeks of treatment of 3LL DNRAS-tumour bearing mice 

with either MRTX only (n=9 mice) or MRTX and anti-PD-1 (n=10 mice). (B) Flow cytometry 

analysis of proliferating tumour cells (CD45- Ki67+), Tregs (CD3+ CD4+ Foxp3+) and activated 

T cells (CD69+ CD8+) in vehicle (n=10), MRTX (n=7) or MRTX plus anti-PD1 (n=8) treated 

(two week treatment) 3LL DNRAS lung tumours (One way ANOVA, mean±SEM). (C) 

Immunohistochemistry analysis and quantification for CD8 (n=4 mice per group) and Foxp3 

(n=3 mice per group) in KPB6G12C-tumour bearing lungs after 7 days of vehicle or MRTX1257 

treatment (each dot represents one tumour, unpaired t test, mean±SEM). (D) qPCR analysis of 

immune genes in vehicle (n=15 tumours) or MRTX-treated (n=10 tumours) KPB6G12C lung 

tumours (2-DDCT, Unpaired t test, mean±SEM). (E) Survival of KPB6G12Clung tumour-bearing 

mice treated with vehicle (+IgG control, n=6 mice), MRTX1257 (+IgG control, n=6 mice), anti-

PD-1 (n=5 mice) or combination (n=4 mice, Log-Rank Mantel Cox test).  
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Figure 7 
 

 
 
Fig. 7. In an immunogenic model, KRAS inhibition yields long-term responses, which are 
further improved by ICB.  (A) Growth of subcutaneously implanted KPARG12C-tumours treated 

with either vehicle (Captisol) or 50mg/kg of MRTX849 for two weeks. At day 71, remaining 

mice were re-challenged with KPARG12C cells in the opposite flank, which did not give rise to 

tumours. (B) Flow cytometry analysis of KPARG12C-bearing lungs treated with either vehicle 

(n=8 mice) or 50mg/kg MRTX849 (n=7 mice) for 6 days, showing increased CD69+ CD8+ T 

cells (left), increased CD44+CD62L- effector CD8+ T cells (middle) and increased checkpoint 

molecule expression on CD8+ T cells (right) after KRAS inhibition (n=8 for control and n=6 for 

treated, all statistics are Student’s t tests, mean±SEM). (C) qPCR analysis of KPARG12C lung 

tumours treated with vehicle or MRTX849 for two days or 6 days (n=3 mice per treatment 

group, 3 tumours per mouse). Each dot represents a lung tumour, one way ANOVA. (D) 
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Survival of KPARG12C lung tumour-bearing mice after treatment with IgG control (n=8 mice) or 

10mg/kg anti-PD-1 (n=6 mice). Dotted lines represent start and end of treatment, respectively, 

Log-Rank Mantel Cox test.  (E) Survival of KPARG12C lung tumour-bearing mice after treatment 

with Vehicle (+IgG control, n=6 mice), 10mg/kg anti-PD-1 (n=8 mice), 50mg/kg MRTX1257 (+ 

IgG control, n=4 mice) or both (n=6 mice). Dotted line represents end of treatment, Log-Rank 

Mantel Cox test. (F) Survival of KPARG12C Ifngr2-/- lung tumour-bearing mice after treatment 

with vehicle or 50mg/kg MRTX1257 (n=7 mice per group). Dotted lines represent treatment 

start and end, respectively, Log-Rank Mantel Cox test. (G) qPCR analysis of KPARG12C WT or 

Ifngr2-/- lung tumours treated with vehicle or MRTX1257 for 4 days (n=6 tumours per group, 

mean±SEM, 2-DDCt). Each dot represents a lung tumour, one way ANOVA. 
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