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Abstract

Mutations in oncogenes such as KRAS and EGFR cause a high proportion of lung cancers. Drugs 

targeting these proteins cause tumor regression but ultimately fail to elicit cures. As a result, 

there is an intense interest in how to best combine targeted therapies with other treatments, such 

as immunotherapies. However, preclinical systems for studying the interaction of lung tumors 

with the host immune system are inadequate, in part due to the low tumor mutational burden 

in genetically engineered mouse models. Here we set out to develop mouse models of mutant 

KRAS-driven lung cancer with an elevated tumor mutational burden by expressing the human 

DNA cytosine deaminase, APOBEC3B, to mimic the mutational signature seen in human lung 

cancer. This failed to substantially increase clonal tumor mutational burden and autochthonous 

tumors remained refractory to immunotherapy. However, establishing clonal cell lines from 

these tumors enabled the generation of an immunogenic syngeneic transplantation model of 

KRAS-mutant lung adenocarcinoma that was sensitive to immunotherapy. Unexpectedly, anti-

tumor immune responses were not directed against neoantigens but instead targeted derepressed 

endogenous retroviral antigens. The ability of KRASG12C inhibitors to cause regression of 

KRASG12C-expressing tumors was markedly potentiated by the adaptive immune system, 

highlighting the importance of using immunocompetent models for evaluating targeted therapies. 

Overall, this model provides a unique opportunity for the study of combinations of targeted and 

immunotherapies in immune-hot lung cancer.

Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related deaths 

worldwide (1). With less than 20% of NSCLC patients surviving more than 5 years (2), there 

is a pressing need for novel therapeutic strategies. Oncogenic mutations in KRAS, a member 

of the RAS family of small GTPases, occur in 20-30% of patients with NSCLC (3) and 

drive multiple processes that promote tumour development. Despite much effort, targeted 

therapies that directly inhibit signalling pathways downstream of KRAS have shown limited 

success in the clinic for NSCLC patients (4). However, the recent emergence of immune 

checkpoint blockade (primarily anti-PD(L)-1 agents), which can reverse tumour-driven 
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immune suppression and unleash powerful anti-tumour immune responses, has transformed 

the treatment of NSCLC, achieving durable responses in some patients (5). Unfortunately, 

as seen in other tumour types, only a subset of patients responds to immune checkpoint 

blockade (ICB).

It has therefore become critical to further elucidate the molecular determinants that underpin 

the interaction between the tumour and the immune system. Increasing evidence suggests 

that tumour-cell-intrinsic oncogenic signalling, including KRAS signalling (6), can hamper 

anti-tumour immune responses and there is considerable interest in using targeted therapies 

to broaden the clinical response to ICB. The recent development of KRASG12C inhibitors, 

which target the most common mutant form of the protein in lung cancer, has shown that 

inhibiting KRAS-signalling in tumour cells promotes anti-tumour immune responses and 

synergises with anti-PD-1 therapy in an immune-competent model of colorectal cancer (7).

Identifying rational therapeutic approaches to extend the clinical benefits of current ICBs in 

NSCLC requires preclinical models that recapitulate the interactions between tumour cells 

and the immune system, which is not possible in conventional xenograft models lacking 

a functional immune system. Genetically engineered mouse models (GEMMs) have been 

extensively used to gain mechanistic insights into the biology of KRAS-mutant lung cancer 

and to assess the efficacy of novel therapeutics. Such models recapitulate key aspects of 

the human disease in an immune-competent setting, however, they fail to elicit strong anti-

tumour immune responses (8,9) and therefore have limited use for studying tumour-immune 

interactions. Genetically engineered mouse cancer models usually feature a small

number of introduced strong driver mutations, sufficient for tumorigenesis, and acquire 

few additional mutations. Tumours arising from these models therefore have a low 

tumour mutational burden (TMB) compared to their human counterparts (10), limiting 

the presentation of neoantigens to the adaptive immune system. This problem has been 

overcome by the forced expression of highly immunogenic antigens, such as ovalbumin 

(9,11), but it is unclear whether the strong anti-tumour immune responses elicited by such 

foreign antigens reflect those in human cancers which occur towards less potent neoantigens 

and tumour-associated antigens.

To address this issue, we set out to generate a novel mouse model of KRAS driven lung 

adenocarcinoma with increased tumour mutation burden and increased immunogenicity. 

Approaches used included the use of carcinogens and also the over-expression of a member 

of the APOBEC family of single-stranded DNA deaminases, which are responsible for 

inducing mutations in a range of cancers (12). We were ultimately successful in generating a 

transplantable KRAS mutant lung cancer model that is partially sensitive to immunotherapy 

and shows a response to KRAS targeted agents that is potentiated by adaptive immunity. 

This transplantable lung cancer model will be a valuable tool for studying strategies for 

combining targeted agents against the RAS pathway with immunotherapies.
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Materials and Methods

In vivo tumour studies

All studies were performed under an animal research ethics project license that was 

approved by the UK Home Office and in accordance with institutional welfare guidelines.

KrasLSL-G12D/+;Trp53fl/fl mice (KP) were sourced from the Mouse Models of Human 

Cancer Consortium and maintained on a pure C57BL/6 background. KrasLSL-G12D/+; 

Trp53fl/fl;Rosa26A3Bi mice (KPA) and KrasLSL-G12D/+Trp53fl/fl;Rosa26A3Bi;Rag1-/- mice 

(KPAR) were generated by breeding KP mice with Rosa26A3Bi mice and Rag1-/- mice 

(see Supplementary Methods for development and validation of the Rosa26::LSL-A3Bi 
model). Tumours were induced by intratracheal intubation of 1x106 adenovirus expressing 

Cre recombinase as previously described (13). Tumour volume was assessed via micro-CT 

scanning.

For the urethane-induced models, tumours were induced by 3 intra-peritoneal injections of 

1mg/g of urethane over the period of a week. Three weeks following urethane first injection, 

APOBEC3Bi was induced by 3 doses of 100mg/g tamoxifen over a period of a week in 

Rosa26A3Bi/CreER(t2) mice (UrA3Bi-CreER). Tumour volume was assessed via micro-CT 

scanning.

All transplantation animal experiments were carried out using 8-12-week C57BL/6 mice. 

For subcutaneous studies, 1.5x105 KPAR1.3 or KPAR1.3G12C cells and 5x105 KPB6G12C 

cells (1:1 mix with Matrigel) were injected subcutaneously into the flank. Tumour volume 

was measured twice weekly and calculated using the formula 0.5 x [Length x Width2]. Mice 

were euthanised when the average tumour dimensions exceeded 1.5 mm. For re-challenge 

experiments, tumour-free mice were injected subcutaneously into the opposite flank with 

1.5x105 KPAR1.3 tumour cells. For orthotopic studies, 1.5x105 KPAR1.3 cells, 1x105 

KPAR1.3G12C and KPB6 cells were injected intravenously into the tail-vein. Mice were 

euthanised when the humane endpoint of 15% weight loss was reached.

For treatments, 200μg anti-PD-1 (clone RMP1-14, BioXcell) and 200μg anti-CTLA-4 

(clone 9H10, BioXcell), or their respective IgG controls, were administered per mouse 

via intraperitoneal injection twice weekly for a maximum of three weeks. Anti-PD-L1 

(clone 10F.9G2, BioXcell) or the respective IgG control were administered at 10 mg/kg via 

intraperitoneal injection twice weekly, for two weeks.

AZ-8037 or vehicle (10% Pluronic-F127) was administered 5 days per week via oral gavage 

at 100mg/kg. Mice were randomised into groups and treatments initiated once tumours 

reached an average volume of 150mm3 for subcutaneous studies or were detectable by 

micro-CT for orthotopic experiments.

Cell lines

The KPB6 cell line was obtained from Cell Services at the Francis Crick Institute. 

KPAR and KPA cell lines were established by cutting up lung tumours into small pieces 

and culturing in DMEM-F12 supplemented with Glutamax®, FBS (10%), hydrocortisone 

Boumelha et al. Page 4

Cancer Res. Author manuscript; available in PMC 2022 October 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(1μM), EGF (20ng/ml), IGF (50ng/ml), penicillin (100units/mL) and streptomycin (100μg/

mL). Clonal cells were derived by single-cell dilution into 96 well plates. Emv2-/- KPAR 

cells were generated by CRISPR/Cas9-mediated genetic deletion. Cell lines were routinely 

tested for Mycoplasma.

Flow cytometry

Mouse tumours were cut into small pieces, incubated with collagenase (1mg/ml; 

ThermoFisher) and DNase I (50U/ml; Life Technologies) for 45 min at 37°C and filtered 

through 70μm strainers (Falcon). Red blood cells were lysed for 5 min using ACK buffer 

(Life Technologies). Cells were stained with fixable viability dye eFluor870 (BD Horizon) 

for 30 min and blocked with CD16/32 antibody (Biolegend) for 10 min. Cells were then 

stained with one of three antibody cocktails for 30 min (see Supplementary Table 2). 

Intracellular staining was performed using the Fixation/Permeabilization kit (eBioscience) 

according to the manufacturer’s instructions. Samples were analysed using a BD Symphony 

flow cytometer. Data was analysed using FlowJo (Tree Star).

For FACS analysis in vitro, cells were trypsinised, washed with FACS buffer and stained 

for eMLV envelope glycoprotein using the 83A25 monoclonal antibody followed by a 

secondary staining with anti-rat IgG2a. Samples were run on LSRFortessa (BD).

Histopathology and Immunohistochemistry

Tumour-bearing lungs were fixed in 10% NBF for 24h followed by 70% ethanol. Fixed 

tissue was embedded in paraffin wax. Tissue sections were stained with haematoxylin and 

eosin, using standard methods. Sections were examined by two board-certified veterinary 

pathologists (ASB and SLP).

For immunohistochemistry staining, tissue sections were boiled in sodium citrate buffer (pH 

6.0) for 15min and incubated with the following antibodies for 1h: anti-Foxp3 (D6O8R, 

CST), anti-CD8 (4SM15, Thermo Scientific) and anti-A3B (5210-87-13) (14). Primary 

antibodies were detected using biotinylated secondary antibodies and detected by HRP/

DAB. Slides were imaged using a Leica Zeiss AxioScan.Z1 slide scanner.

Micro-CT imaging

Mice were anesthetised by inhalation of isoflurane and scanned using the Quantum GX2 

micro-CT imaging system (Perkin Elmer). Serial lung images were reconstructed and 

tumour volumes subsequently analysed using Analyse (AnalyzeDirect).

Exome sequencing and neoantigen prediction

Genomic DNA was extracted from tumours, cell lines and mouse tails using DNeasy Blood 

& Tissue kit (Qiagen). Exome libraries were prepared by the Advanced Sequencing Facility 

at the Crick and sequenced using an Illumina HiSeq 4000 using 100 base pair paired-end 

reads. Reads were aligned to the GRCm38 mouse genome and tumour specific somatic 

mutations called against matched tail samples from the same animal using Mutect1 (v1.1.7) 

and Mutect2 (GATK v4.1.3.0). For details, see Supplementary Methods. Mutated peptide 

sequences were processed using NetMHC4.0 with k-mer of 8-11 length. Rank threshold 
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of 0.5, or 2.0, were used to identify putative strong, or weak, MHC-I (H2-Kb and H2-Db) 

binders, respectively.

qPCR

Total RNA was extracted from cell lines or frozen tumour samples using RNeasy kit 

(Qiagen). Frozen tumour samples were homogenised prior to RNA extraction either using 

a syringe and needle or QIAshredder columns (Qiagen). cDNA was synthesised using 

Maxima First Strand cDNA Synthesis Kit (ThermoFisher) and qPCR was performed using 

Fast SYBR™ Green Master Mix (ThermoFisher). mRNA relative quantity was calculated 

as previously described (15) and normalised to at least three housekeeping genes. See 

Supplementary Table 3 for list of qPCR primers.

Tumour Cell Viability

For short-term viability assays, 1.5x103 KPAR1.3G12C or 2x103 KPB6G12C cells were 

seeded in 96-well plates and grown in the presence of different inhibitors for 72h. Cell 

viability was assessed using CellTiter-Blue (Promega).

Western blotting

Cells were lysed using protein lysis buffer (Sigma) with protease and phosphatase inhibitor 

cocktails (Sigma). Protein concentration was determined using a BCA protein assay kit 

(Pierce). 15-20μg of protein was separated on a 4-12% Bis-Tris gel (Life Technologies) and 

transferred to PVDF membranes. Protein expression was detected by Western blotting using 

the following primary antibodies against: S6 (54D2, Cell Signalling), p-S6 (Ser235/236) 

(2211, Cell Signalling), Erk1/2 (3A7, Cell Signalling), p-Erk1/2 (Thr202/Tyr204) (9101, 

Cell Signalling), Akt (40D4, Cell Signalling), p-Akt (Ser473) (D9E, Cell Signalling), and 

Vinculin (VIN-11-5, Sigma). Primary antibodies were detected with HRP-conjugated anti-

rabbit or anti-mouse IgG and visualised with Immobilon Western HRP substrate (Merck).

ELISA

CXCL9 and CXCL10 were quantified from 300μg of tumour protein lysates using Duoset 

ELISA kits (R&D) according to the manufacturer’s instructions.

ELISpot analysis

Either 1x105 splenocytes or 1x104 CD8+ TILs, isolated from tumours using the EasySep 

Mouse CD8α Positive Selection Kit (Stemcell Technologies), were harvested from tumour-

bearing mice and pulsed with 1μM peptide corresponding to clonal neoantigens predicted 

from KPAR1.3 WES (Supplementary Table 1) or eMLV env peptide (KSPWFTTL). TILs 

were co-incubated with 1x105 splenocytes from naïve mice as a source of dendritic cells. 

Cells were stimulated for 24h in anti-mouse IFNγ-coated ELISpot plates (BD Bioscience). 

Plates were developed according to manufacturer’s instructions and quantified using a CTL 

S6 machine.

Boumelha et al. Page 6

Cancer Res. Author manuscript; available in PMC 2022 October 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Results

Autochthonous KP lung tumours do not engage with the adaptive immune system

The introduction of adenovirus expressing Cre recombinase (AdCre) into the lungs of 

KrasLSL-G12D/+;Trp53fl/fl (KP) mice leads to expression of oncogenic KrasG12D and deletion 

of p53 in lung epithelial cells, resulting in the induction of lung adenocarcinoma (16). This 

system represents one of the most widely used mouse models of lung cancer. To assess the 

immunogenicity of lung tumours in KP mice, we crossed them onto a Rag2-/- background, 

which lacks mature T and B cells, and monitored tumour growth by micro-computed 

tomography (micro-CT) imaging. Adaptive immunity was unable to constrain the growth 

of KP tumours as they grew at similar rates in immune-competent (Rag2+/-) and immune-

deficient (Rag2-/-) mice (Fig. 1A, B). To assess whether an adaptive immune response could 

be generated against KP tumours, we treated tumour-bearing mice with a combination of 

anti-PD-L1 and anti-CTLA-4 (Fig. 1C). This combination therapy failed to delay tumour 

growth (Fig. 1D, E) and did not lead to an increase in the survival of tumour-bearing mice 

(Fig. 1F). It has previously been shown that MEK inhibition enhances anti-tumour immunity 

and synergises with anti-PD-L1 in KRAS-mutant CT26 colorectal tumours (17). However, 

we found that the combination of anti-PD-L1 and trametinib failed to control KP tumour 

growth compared to trametinib alone (Supplementary Fig. 1A-C). These data suggest that 

the adaptive immune system cannot recognise autochthonous KP tumours.

Human APOBEC3B does not induce immunogenicity in KP or carcinogen-induced lung 
tumours

Compared to human lung cancer, KP mouse lung tumours exhibit very few mutations 

necessary to generate neoantigens that can make tumour cells visible to the immune 

system (10). APOBEC3B is a single-stranded DNA cytosine deaminase that induces 

C>T/G substitutions in several solid cancers (12,18). APOBEC3B expression increases 

during NSCLC progression(19) and has been associated with intra-tumoral heterogeneity 

(20,21). Analysis of lung adenocarcinoma (LUAD) samples from The Cancer Genome Atlas 

(TCGA) revealed that the mutational rate of non-synonymous APOBEC mutations was 

lower in comparison with other types of

mutation, suggesting that non-synonymous mutations generated by APOBEC could be 

immunogenic and preferentially eliminated by the immune system (Fig. 2A).

We therefore decided to express human APOBEC3B in the KP model to increase the 

frequency of mutations in these tumours to promote the generation of neoantigens that 

could stimulate adaptive anti-tumour immune responses. We inserted a human APOBEC3B 
minigene (A3Bi) in the Rosa26 locus under the control of a lox-STOP-lox cassette so 

that its expression is inducible upon exposure of cells to Cre recombinase (Supplementary 

Fig. 2A-J). A3Bi expression alone did not induce tumours and did not decrease the 

lifespan of the mice (Supplementary Fig. 2K-L). We crossed the mice with KP mice 

to generate KrasG12D/+;Trp53fl/fl;Rosa26A3Bi (KPA) mice. Following intratracheal AdCre 

delivery, A3Bi is initially expressed in the same cells as those that undergo KrasG12D 

expression and Trp53 deletion (Supplementary Fig. 3A). As expected, we observed A3Bi 
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protein expression in the nucleus of the tumour cells, however, tumours contained different 

percentages of A3Bi-expressing cells (Fig. 2B and Supplementary Fig. 3B) as well as 

heterogeneous levels of expression (Fig. 2C), suggesting a selection pressure against A3Bi 

expression during tumour growth. Consistent with this, KPA tumours were of lower grade 

compared to KP tumours, had a lower percentage of mitotic cells and showed a moderate 

CD8+ T cell infiltration –although most CD8+ T cells accumulated at the periphery of the 

tumours (Fig. 2D-G and supplementary Fig. 3C). However, KPA tumours grew at similar 

rates to KP tumours (Supplementary Fig. 3D), suggesting other mechanisms triggered by 

APOBEC3B expression could affect tumour growth.

To address this issue and assess whether the increased CD8+ T cell recruitment in KPA 

tumours promoted immune control, we crossed KPA mice onto a Rag1-/- background 

(KPAR) and evaluated tumour growth in KPA and KPAR animals. We observed no 

differences in tumour number, growth, or survival in KPAR mice compared with KPA 

mice (Supplementary Fig. 3E-G). We also treated KP and KPA tumour-bearing mice with 

anti-PD-1 and anti-CTLA-4 and observed no differences between the two groups (Fig. 2H 

and Supplementary Fig. 3H). We then performed whole-exome sequencing (WES) of KP 

and KPA tumours to assess whether A3Bi expression increased tumour mutational burden 

and neoantigens. We found that the total number of subclonal exonic SNVs and predicted 

neoantigens were moderately increased in A3Bi-expressing tumours (Fig. 2I-J). However, 

the majority of these were not typical A3Bi T(C>T/G) mutations, suggesting indirect 

mechanisms linking APOBEC3B with the formation of new mutations (Supplementary Fig. 

3I-J).

Altogether, these findings suggest that A3Bi expression in the KP model of lung 

adenocarcinoma did not produce sufficient immunogenic mutations to elicit an adaptive 

immune response. This may be partly because of the heterogeneity of A3Bi expression 

in the tumours, the subclonal nature of any potential neoantigens, or due to insufficient 

numbers of mutations induced in this system.

Murine KP tumours develop extremely rapidly, inducing a life-threatening tumour burden in 

about 14 to 18 weeks. We reasoned that the aggressive nature of the KP model did not allow 

sufficient time for APOBEC3B to induce mutations during tumour development, leading 

to only a few detectable SNVs with low allelic frequency. Carcinogen-induced tumours 

tend to be less aggressive than GEMMs and develop more slowly. To extend the length of 

tumour development, we exposed the mice to urethane before A3Bi expression. Urethane is 

a carcinogen which induces A>T/G substitutions and initiates lung tumours by inducing an 

activating mutation at codon Q61 in Kras (22,23). To model A3Bi expression in carcinogen-

induced tumours we initiated tumours with urethane in Rosa26A3Bi/CreER(t2) mice (UrA3Bi) 

which when treated with tamoxifen express A3Bi in all tissues. Since APOBEC mutations 

are often late events in tumour evolution (20), we delayed the induction of A3Bi by three 

weeks after the first injection of urethane (Supplementary Fig. 4A).

Consistent with our observation in the KPA model, A3Bi expression was downregulated 

in tumours compared with adjacent lung (Fig. 2K), suggesting a selective pressure against 

A3Bi expression in tumours. Tumour growth and the number of tumours per animal were 
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also similar between urethane and UrA3Bi tumours (Supplementary Fig. 4B-C). In contrast, 

UrA3Bi tumours had more advanced histological grades than tumours induced by urethane 

alone (Fig. 2L).

Interestingly, flow cytometry analysis revealed increased activation of tumour-infiltrating 

CD8+ T cells in UrA3Bi tumours with increased expression of the early activation marker 

CD69 and the immune checkpoint receptor LAG-3 (Supplementary Fig. 4D). However, as 

with the KPA model, co-treatment with anti-PD-1 and anti-CTLA-4 failed to control tumour 

growth (Fig. 2M). We performed WES to assess the mutation burden in UrA3Bi tumours. 

As expected, urethane exposure generated a substantial number of clonal exonic SNVs (Fig. 

2N and Supplementary Fig. 4E). In all UrA3Bi tumours but one, we observed an increase 

in total SNVs and neoantigens (Fig. 2N-O and Supplementary Fig. 4E-F). Unfortunately, 

the small number of samples in this study did not provide sufficient statistical power to 

determine if this difference was significant. Like in the KPA model, A3Bi expression failed 

to induce typical APOBEC T(C>T/G) mutations (Supplementary Fig. 4E) and predicted 

neoantigens (Supplementary Fig. 4F).

To summarise, as with the KP model, APOBEC3B expression failed to induce 

immunogenicity in carcinogen-induced models of lung cancer.

Establishment of immunogenic clonal cell lines from KPAR tumours

We hypothesised that the lack of immunogenicity in APOBEC3B-expressing autochthonous 

tumours might be due to the subclonality of mutations, which have been shown to be 

less effective at generating effective adaptive immune responses (24,25). We therefore 

established cell lines from these models which were subsequently single-cell cloned to 

increase the frequency of clonal neoantigens. Cell lines established from urethane-induced 

tumours grew poorly in vitro and failed to grow when transplanted into mice, probably as 

urethane-induced tumours are typically very low grade and often only possess a mutation 

in Kras (Q61R), lacking any further oncogenic alterations. However, a number of cell 

lines were readily established from KPA and KPAR autochthonous tumours and single-cell 

cloned. We were unable to detect APOBEC3B mRNA expression in any of the KPAR 

cell lines (Fig. 3A), suggesting that expression of the transgene was downregulated during 

tumour growth, consistent with what we observed by immunohistochemistry (Fig. 2B). In 

contrast, APOBEC3B mRNA expression was detected in the KPA cell lines and therefore 

we decided not to further characterise them as the expression of a human recombinant 

protein could affect the growth of transplanted tumours in immune-competent hosts.

The immunogenicity of different single-cell KPAR clones was assessed by comparing 

the growth of cells subcutaneously transplanted into syngeneic immune-competent and 

immune-deficient (Rag1-/-) mice. KPAR1.1 cells grew similarly when injected into immune-

competent and Rag1-/- mice whilst two other clones, KPAR1.3 and KPAR1.5, grew more 

slowly in immune-competent mice compared to Rag1-/- mice (Fig. 3B and Supplementary 

Fig. 5A).

We carried out WES to assess the mutational burden of the KPAR clonal cell lines, the 

parental polyclonal cell line (KPAR1) and another autochthonous KPAR tumour taken 
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from the same mouse. Single-cell cloning moderately increased the frequency of detectable 

mutations (Fig. 3C). All single-cell clones contained more mutations compared with the 

parental cell line or KP tumours (Fig. 2I). However, the number of mutations in all 

clonal cell lines was still very low compared to other transplantable syngeneic cancer 

cell lines, and immunogenic KPAR1.3 cells did not possess more predicted neoantigens 

than non-immunogenic KPAR1.1 cells (Fig. 3D, Supplementary Table S1). Notably, very 

few mutations were typical APOBEC T(C>T/G) mutations (Supplementary Fig. 5B). 

Furthermore, we were unable to detect antigen-specific CD8+ T cells against predicted 

clonal neoantigens when pulsing splenocytes isolated from KPAR1.3 tumour-bearing mice 

in an IFNγ enzyme-linked immune absorbent spot (ELISpot) assay (Fig. 3E, Supplementary 

Table S1).

Given that A3Bi failed to directly induce any immunogenic mutations in the KPAR1.3 cell 

line we asked whether the immunogenicity of this cell line may be due to another source of 

antigens. One major class of tumour-associated antigens consists of endogenous retroviral 

proteins that are often derepressed in established mouse cancer cell lines (26) and have also 

been shown to drive anti-tumour immune responses in human cancer (27). Interestingly, 

ELISpot analysis revealed that the major MHC-I restricted epitope arising from the envelope 

glycoprotein (env) of Emv2, the endogenous ecotropic murine leukaemia retrovirus (eMLV) 

in C57BL/6J mice, induced IFNγ secretion from splenocytes harvested from KPAR1.3 

tumour-bearing mice (Fig. 3E). Consistent with this, immunogenic KPAR1.3 and KPAR1.5 

clones expressed significantly higher levels of the eMLV envelope glycoprotein compared 

to the non-immunogenic KPAR1.1 cell line (Supplementary Fig. 5C). To assess whether 

eMLV derived antigens contributed to the immunogenicity of KPAR1.3 tumours we 

generated Emv2-/- KPAR1.3 cells using CRISPR-Cas9. Genetic deletion of the Emv2 
locus was confirmed by loss of eMLV envelope expression (Supplementary Fig. 5D). 

Emv2-/- KPAR1.3 cells grew at similar rates to parental KPAR1.3 cells after subcutaneous 

transplantation into Rag1-/- mice but grew significantly faster in immune-competent mice 

(Supplementary Fig. 5E).

Together these results indicate that the immunogenicity of the KPAR1.3 cell line was not 

due to tumour mutational burden, but elevated expression of endogenous retroviral antigens 

that stimulate endogenous CD8+ T cell responses.

KPAR tumours generate an adaptive immune response

Although immunogenicity of the KPAR1.3 cell line was not due to neoantigens generated 

by non-synonymous mutations as we initially hypothesised, the novelty of an immunogenic 

transplantable murine lung cancer cell line warranted further characterisation. We therefore 

used flow cytometry to characterise the tumour microenvironment of orthotopic lung 

tumours established from immunogenic KPAR1.3 cells (from now on referred to as KPAR) 

and non-immunogenic KPB6 cells, derived from the original KP GEMM on a C57BL/6 

background. Notably, KP tumours have very few predicted neoantigens (Fig. 2I) and 

KPB6 cells display significantly reduced surface expression of the eMLV envelope protein 

compared to KPAR cells (Supplementary Fig. 5F).
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The immune compartment of both tumour models differed significantly compared to normal 

lung with a large increase in the proportion of myeloid cells, consisting primarily of 

interstitial macrophages, and exclusion of B cells and NK cells (Fig. 4A, Supplementary Fig. 

6). KPB6 tumours contained significantly more myeloid cells than KPAR tumours, primarily 

due to an increased proportion of neutrophils (Supplementary Fig. 7A). Conversely, KPAR 

tumours showed significantly higher levels of T cell infiltration, which was a result of 

increased CD8+ and CD4+ T cells and regulatory T (Treg) cells, as well as increased NK 

cell infiltration (Fig. 4B). Immunohistochemistry staining confirmed that KPAR tumours 

were more infiltrated with CD8+ T cells (Supplementary Fig. 7B). T cells infiltrating KPAR 

tumours were also more activated, with a higher proportion of effector memory CD8+ 

and CD4+ T cells (Fig. 4C) and increased expression of the activation marker CD44 on 

both CD8+ and CD4+ T cells (Supplementary Fig. 7C-D) as well as the early activation 

marker CD69 on CD8+ T cells (Supplementary Fig. 7E). Both CD8+ and CD4+ T cells also 

showed increased expression of the immune checkpoint molecules PD-1, LAG-3 and TIM-3 

in KPAR tumours (Fig. 4D). Furthermore, KPAR tumours also contained a significant 

proportion of PD-1/LAG-3 double-positive CD8+ T cells which were completely absent in 

KPB6 tumours (Fig. 4E). There was also an increased proportion of PD-L1+ myeloid cells in 

KPAR tumours, indicative of a T-cell inflamed tumour microenvironment (Fig. 4F).

Taken together, these data demonstrate that orthotopic KPAR tumours generated an adaptive 

anti-tumour immune response which was absent in orthotopic KPB6 tumours.

KPAR tumours are responsive to ICB

Given that the growth of KPAR tumours was partially restrained by adaptive immunity 

and orthotopic tumours were highly infiltrated with activated immune cells, we next tested 

the sensitivity of the model to ICB. Mice bearing subcutaneous KPAR tumours were 

treated with anti-PD-1, anti-CTLA-4 or a combination of both. Anti-CTLA-4 alone, or 

in combination with anti-PD-1, led to tumour regression in all mice, whilst anti-PD-1 

alone failed to affect tumour growth (Fig. 5A, and Supplementary Fig. 8A). Furthermore, 

anti-CTLA-4 or the combination of anti-CTLA-4 and anti-PD-1 resulted in long-term 

durable regression for up to one year in 33% and 50% of mice, respectively (Fig. 5B). 

All treated mice that had rejected the primary tumour subsequently rejected a secondary 

tumour when re-challenged with KPAR cells on the opposite flank (Fig. 5B), demonstrating 

the establishment of immunological memory. Furthermore, we observed significantly more 

IFNγ spots by ELISpot analysis from CD8+ T cells isolated from KPAR tumours treated 

with anti-CTLA-4 compared to isotype control when pulsing with the eMLV envelope 

peptide, indicating that eMLV-specific T cells expand in response to immunotherapy 

(Supplementary Fig. 8B). This was important for the therapeutic efficacy of ICB as, in 

contrast to parental KPAR tumours, anti-CTLA-4 failed to result in long-term durable 

regression of Emv2-/- KPAR subcutaneous tumours (Supplementary Fig. 8C).

Flow cytometry analysis of subcutaneous tumours treated with anti-CTLA-4 or anti-PD-1 

demonstrated that only anti-CTLA-4 treatment effectively depleted Foxp3+ Tregs (Fig. 

5C), resulting in an increase in the ratio of CD8+ and CD4+ effector T cells to Tregs 

(Supplementary Fig. 8D), as previously reported (28). Anti-CTLA-4 treatment also led to 
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an increase in the frequency of effector memory and PD-1+ CD8+ T cells in tumours (Fig. 

5D). To assess whether the sensitivity to ICB was dependent on the anatomic site of tumour 

growth, as previously shown (29), we also treated orthotopic KPAR lung tumours with 

anti-PD-1, anti-CTLA-4 or a combination of both. KPAR cells were injected intravenously 

into mice which were subsequently treated once lung tumours were detected by micro-CT. 

In contrast to subcutaneous tumours, orthotopic tumours responded to both anti-CTLA-4 

and anti-PD-1 monotherapies, resulting in a significant increase in the survival of tumour-

bearing mice (Fig. 5E). However, the response to anti-PD1 was substantially greater, 

resulting in long-term responses in a subset of mice as a monotherapy or in combination 

with anti-CTLA-4. Immunohistochemistry staining demonstrated that both anti-PD-1 and 

anti-CTLA-4 therapy increased the infiltration of CD8+ T cells into the tumour (Fig. 5F, 

and Supplementary Fig. 8E), however this increase was greater in anti-PD-1 treated mice. 

In contrast to subcutaneous tumours, anti-CTLA-4 treatment failed to deplete Foxp3+ Tregs 

in orthotopic tumours (Fig. 5G, and Supplementary Fig. 8F). Furthermore, the majority 

of CD4+ T cells in subcutaneous tumours were Tregs whilst in orthotopic tumours CD4+ 

effector T cells were more abundant (Supplementary Fig. 8G).

To summarise, KPAR tumours were sensitive to anti-PD-1 or anti-CTLA-4 immune 

checkpoint blockade therapy, the response to which was dependent on the site of tumour 

growth.

Generation of KPARG12C cells to assess the immunomodulatory properties of KRASG12C 

inhibitors

The recently developed class of KRASG12C inhibitors has been shown to promote anti-

tumour immune responses in the immunogenic CT26G12C model of colorectal cancer (7). 

To test the effect of KRASG12C inhibitors in the KPAR lung cancer model we used prime-

editing technology to generate the KPARG12C cell line. WES revealed that KPAR cells were 

homozygous for KRASG12D so we edited both alleles to KRASG12C using prime editing 

technology (Supplementary Fig. 9A). Cell-viability assays demonstrated that KPARG12C 

cells showed impaired viability in response to treatment with AZ-8037, a recently described 

KRASG12C inhibitor (30) (Supplementary Fig. 9B). Furthermore, immunoblotting revealed 

that AZ-8037 inhibited pERK in KPARG12C cells (Supplementary Fig. 9C). To assess 

whether KRASG12C inhibition could stimulate anti-tumour immunity in vivo we tested the 

response of KPARG12C subcutaneous tumours to AZ-8037 in both immune-competent and 

Rag1-/- mice. Vehicle-treated KPARG12C tumours grew slower in immune-competent mice 

compared to Rag1-/- mice, similarly to what we observed with the parental KPAR tumours 

(Fig. 6A). AZ-8037 treatment caused marked tumour regression in both immune-competent 

and Rag1-/- mice, however the response was more durable in immune-competent mice as 

all tumours remained responsive during the duration of treatment whilst tumours in Rag1-/- 

mice began to grow back before termination of treatment (Fig. 6A, Supplementary Fig. 

10A).

Furthermore, after the treatment was terminated one of the six treated mice showed a 

durable cure (Fig. 6B).
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We also used CRISPR technology to edit the KPB6 cell line, which harbours a wildtype 

KRAS and KRASG12D allele, to generate the KPB6G12C cell line which lost the wildtype 

allele by indel generation and contained a KRASG12C allele (Supplementary Fig. 9D). 

Cell-viability assays and immunoblotting demonstrated that KPB6G12C cells were sensitive 

to AZ-8037 (Supplementary Fig. 9E-F). In contrast to KPARG12C tumours, the response of 

KPB6G12C tumours to AZ-8037 was comparable in immune-competent and Rag1-/- mice 

(Fig. 6C, Supplementary Fig. 10B), with tumours beginning to lose responsiveness before 

treatment ended, and then growing back rapidly after the cessation of treatment with no 

long-term responses achieved (Fig. 6D).

Given that adaptive immunity contributes to the efficacy of KRASG12C inhibition in 

KPAR tumours, we next wanted to assess the effects of KRASG12C inhibition on the 

tumour microenvironment. qPCR analysis of orthotopic KPARG12C tumours revealed that 

KRASG12C inhibition induced a pro-inflammatory microenvironment with increased antigen 

presentation, cytokine production, interferon signalling, immune cell infiltration and T cell 

activation (Fig. 6E). ELISA analysis of tumour lysates validated the increased expression of 

T-cell chemoattractants (CXCL9 and CXCL10) upon KRASG12C inhibition (Supplementary 

Fig. 10C). Given that KRASG12C inhibition promoted anti-tumour immunity we next 

asked whether this would improve the efficacy of immune checkpoint blockade. Mice 

bearing subcutaneous KPARG12C tumours were treated either with anti-PD-1, AZ-8037 

or a combination of both. Similar to parental tumours, KPARG12C tumours showed little 

response to anti-PD-1, and whilst AZ-8037 treatment led to the regression of all tumours, 

no durable responses were achieved and they all grew back after treatment was withdrawn 

(Fig. 6F). In contrast, the combination of AZ-8037 and anti-PD-1 led to the durable cures 

in 50% of mice which remained tumour-free until 100 days, at which point they were 

culled (Supplementary Fig. 10D). Furthermore, these mice successfully rejected secondary 

tumours when re-challenged on the opposite flank (Supplementary Fig. 10D), indicating the 

generation of long-term immune memory.

These results suggest the efficacy of KRASG12C inhibition in the immunogenic KPAR 

model was partially due to the generation of an adaptive anti-tumour immune response 

which could result in durable regressions in immune-competent hosts, especially in 

combination with ICB.

Discussion

There is a need for improved models of lung cancer that are immunogenic to enable us to 

better understand the interplay between the tumour and the immune system and assess the 

efficacy of novel therapeutic interventions. We and others have tried several approaches 

to make lung cancer GEMMs more immunogenic, including treating KP mice with 

carcinogens. However, these strategies have failed to generate immunogenic tumours that 

grew differentially in immune-competent and immune-deficient backgrounds or responded 

to immune checkpoint blockade. In this study, APOBEC3B expression only moderately 

increased the tumour mutational burden in KP and urethane-induced lung tumours and 

was not sufficient to make these tumours immunogenic. The lack of substantial numbers 

of APOBEC3B-induced mutations in these models was potentially a consequence of a 
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detrimental impact of APOBEC3B expression during early stages of tumour development, 

which is reflected by the downregulation of A3Bi expression in both KP and urethane-

induced lung tumours. Indeed, expression of APOBEC3B in an EGFRL858R-driven model 

of lung cancer has also been shown to be detrimental to tumour initiation (31). The 

development of a KP model with temporal regulation of APOBEC3B could help address 

this limitation.

Despite containing many more clonal exonic mutations than A3Bi-expressing KP tumours, 

urethane-induced lung tumours were also refractory to ICB. The long latency of urethane-

induce lung tumours may provide ample time for the elimination of immunogenic clones or 

the establishment of immune tolerance. Such results highlight the potential differences in the 

ability of transplantable and autochthonous models to induce adaptive immune responses or 

immune tolerance, as previously reported (32), and raises the possibility that autochthonous 

models could be sensitised to ICB with specific combination therapies. Alternatively, a 

higher number of somatic mutations than achieved here may be required. Indeed, peptide 

screens of human tumour samples have revealed that only a minority of mutations result 

in neoantigens that are recognised by TILs (33). Furthermore, neither APOBEC3B nor 

urethane mimic tobacco-induced C>A mutations which are prevalent in human LUAD. Such 

a model would be physiologically relevant and would be useful for studying how different 

mutational processes affect tumour development and anti-tumour immunity. However, the 

inability of tobacco carcinogens to efficiently drive lung adenocarcinoma in C57BL/6 

mice limits the utility of this approach. Together these results highlight the limitations of 

autochthonous models of lung cancer which fail to induce anti-tumour immune responses.

Given the limitations of autochthonous models, most preclinical studies of immunotherapy 

utilise transplantable syngeneic cell lines. The most commonly used mouse cancer cell lines 

used for syngeneic transplantation that are sensitive to immunotherapy are the colorectal 

carcinoma cell line CT26 and renal cancer cell line RENCA, with many other commonly 

used lines such as MC38 colorectal cancer, B16-F10 melanoma and 4T1 breast cancer 

being largely refractory to immune checkpoint blockade (34). The most commonly used 

murine lung cancer cell line for orthotopic preclinical studies is the 3LL cell line, also 

referred to as LL/2 or LLC1, and derivative variants, which originate from a spontaneous 

Lewis lung carcinoma tumour in a C57BL/6 mouse that has been serially passaged in 

immune-competent mice, leading to a highly immune evasive phenotype (34). It has 

activating mutations in both KRAS and NRAS (35), however these tumours are refractory 

to ICB (36), largely due to their ability to generate a very immunosuppressive tumour 

microenvironment rather than a lack of tumour neoantigens, and therefore do not make a 

suitable model for studying the response to novel therapy combinations in an immune-hot 

tumour microenvironment context. Another transplantable mouse lung cancer cell line, 

CMT-167, which also originated from a spontaneous tumour, has been characterised as 

KRASG12V mutant and found to be responsive to immunotherapy (29). An immunogenic 

transplantable lung cancer cell line has also been generated using tobacco carcinogens (37), 

mimicking the mutational processes that occur in the majority of human LUAD patients, 

however its utility is limited by its establishment on an FVB/N background.
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In this study, we established the KPAR cell line from a single-cell clone of a KP tumour 

expressing APOBEC3B which had developed in an immune-deficient background and 

therefore could not undergo immune-editing. We used the KPAR cell line as an orthotopic 

transplantable model of lung cancer and demonstrated that this model was immunogenic, 

stimulating anti-tumour immune responses which sensitised tumours to immune checkpoint 

blockade. Although the cell line was generated from the KP-A3Bi GEMM, it did not 

possess a substantial number of new mutations and instead, we observed anti-tumour 

immune responses directed against derepressed endogenous retroviral proteins which 

contributed to the efficacy of immunotherapy. These observations suggest APOBEC3B-

mediated mutagenesis did not directly contribute to the immunogenicity of the KPAR 

cell line, however other mechanisms such as induction of chromosomal instability, as 

previously reported (19), cannot be ruled out. Several immunogenic murine cancer cell 

lines, including CT26 (38), B16 and MC38 (39), have been shown to express endogenous 

retroviral proteins which can act as antigens that are recognised by T cells. As demonstrated 

recently, forced expression of endogenous retroviral proteins is sufficient to render murine 

cancer cell lines immunogenic (40) and therefore represents an attractive approach for 

the generation of immunogenic models. Anti-tumour immune responses have also been 

observed against human endogenous retroviruses in melanoma (41) and breast cancer (41), 

however the relevance of these antigens in lung cancer remains unclear. Nevertheless, 

elevated expression of a tumour-associated antigen may better model anti-tumour immune 

responses that occur in human cancers compared to the expression of strong foreign antigens 

such as ovalbumin, luciferase (9) or lymphocytic choriomeningitis virus glycoprotein (42). 

Indeed, the expression of these antigens in KP lung cancer cells results in the rejection of 

transplanted cells or the selection of clones that have lost antigen expression (9).

Most studies of immunotherapy utilising transplantable cell lines involve subcutaneous 

transplantation into syngeneic immune-competent mice. We observed a striking difference 

in the response to anti-PD-1 or anti-CTLA-4 in subcutaneous versus orthotopic tumours, 

as previously demonstrated for PD-1/PD-L1 blockade (29). Subcutaneous KPAR tumours 

responded to anti-CTLA4 but were refractory to anti-PD-1, as observed in an immunogenic 

melanoma model (43). Anti-CTLA-4 can induce tumour regression through the depletion of 

Tregs in subcutaneous tumours(28) which we observed in KPAR subcutaneous tumours. The 

high ratio of Foxp3+ Tregs to CD4+ effector T cells in subcutaneous tumours may explain 

why they are refractory to PD-1 blockade. Conversely, the reduced fraction of Tregs in 

orthotopic tumours may explain the minimal response to CTLA-4 blockade. Together these 

results highlight the importance of studying tumours in their tissue of origin when assessing 

responses to ICB, with orthotopic tumours likely to yield more directly clinically relevant 

information than subcutaneous tumours.

The recently developed KRASG12C specific inhibitors have produced outstanding responses 

in NSCLC (44). A recent study showed that these inhibitors could promote T cell 

responses through increased IFNγ signalling in the immunogenic CT26G12C colon cancer 

transplantable model (7,45). Similar to what was shown in these studies, we observed 

profound changes in the tumour microenvironment in response to KRASG12C inhibition, 

indicative of enhanced anti-tumour immune responses. Furthermore, the tumour regression 

we observed after KRASG12C inhibition in KPARG12C tumours was more profound in 
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immune-competent mice; however, this was not the case for non-immunogenic KPB6G12C 

tumours. This result suggests that the efficacy of KRASG12C inhibitors is partially due 

to the engagement of the adaptive immune system in immune-hot tumours. Using the 

KPAR model, we demonstrated the superior efficacy of combining immunotherapy with 

KRASG12C inhibition which may potentially overcome the acquired resistance anticipated 

following this novel targeted therapy (46).

In conclusion, we have created a novel model of immunogenic KRAS-driven lung 

adenocarcinoma, which we anticipate will contribute to the development of new 

combinations of therapies, including those involving immune checkpoint blockade and 

KRASG12C inhibition.
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Statement of Significance

This study develops a mouse model of immunogenic KRAS-mutant lung cancer 

to facilitate the investigation of optimal combinations of targeted therapies with 

immunotherapies.
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Figure 1. The KP mouse model of lung adenocarcinoma is not immunogenic
(A) Tumour volume change over two weeks in KP;Rag2+/- (n=5) and KP;Rag2-/- mice 

(n=4). Data are mean per mouse (large symbols) ± SEM, small symbols represent individual 

tumours. Mann-Whitney test of mean per mouse; ns P>0.05.

(B) Tumour burden quantified using H&E sections from KP;Rag2+/- (n=7) and KP;Rag2-/- 

mice (n=8) 15 weeks after tumour initiation. Data are mean ± SEM. Unpaired, two-tailed 

Student’s t-test; ns P>0.05.

(C) Schematic of KP tumour induction and treatment schedule. Cre-expressing adenovirus 

was delivered intratracheally and mice were regularly scanned by micro-CT. 12 weeks 

after tumour initiation, tumour-bearing mice were treated three times (d0, d4 and d8) 

intraperitoneally with 10mg/kg anti-PD-L1 and 5mg/kg anti-CTLA-4 or corresponding 

isotype control (IgG Ctl). Tumour growth and survival were monitored until the 

experimental endpoints.

(D) Tumour volume change in KP-tumour-bearing mice treated as in (C) Mice were scanned 

2 weeks after the pre-treatment scan, IgG Ctl (n=7) and anti-PD-L1 + anti-CTLA-4 (n=7). 

Data are mean per mouse (large symbols) ± SEM, small symbols represent individual 

tumours. Mann-Whitney test of mean per mouse; ns P>0.05.

(E) Representative micro-CT scans of mice treated as in (C). Red arrows indicate tumours.

(F) Kaplan-Meier survival analysis of KP-tumour-bearing mouse survival treated as in (C). 

Log-rank (Mantel-Cox) test; ns P>0.05
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Figure 2. APOBEC3B expression induces subclonal mutations but does not render 
autochthonous tumours immunogenic
(A) Distribution of log2 non-synonymous/synonymous mutation ratio of APOBEC 

mutations or other types of mutation in LUAD (TCGA).

(B) Distribution of A3Bi positive cells per lung tumour in the KPA model estimated by 

immunohistochemistry.

(C) Immunohistochemistry of APOBEC3B staining in four KPA tumours showing different 

levels of APOBEC3B expression. Scale bar represents 100μm.
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(D) Tumour grade proportion in the KP and KPA models. Percentage per model, upper and 

lower limit, Chi-square test p-value, n=5 mice per group; ** P≤0.01.

(E) Percentage of mitotic cells in KP and KPA tumours estimated by histopathology. Light 

grey dots represent individual tumours. Mean per group (large symbols), ±SEM, n=5 mice 

per group. One-way ANOVA of mean per group, FDR 0.05; * P≤0.05.

(F) Quantification of immunohistochemistry staining for CD8 in KP and KPA tumours. 

Light grey dots represent individual tumours. Mean per group (large symbols), ±SEM, n=5 

mice per group. One-way ANOVA of mean per group, FDR 0.05; ** P≤0.01.

(G) Immunohistochemistry of CD8 in lung tumours from KP and KPA models. Scale bar 

represents 100μm.

(H) Tumour volume change in KP- and KPA-tumour-bearing mice treated four times (d0, 

d3, d7 and d10) with 200μg of anti-PD-1 and 200μg of anti-CTLA-4. Mice were scanned 2 

weeks after the pre-treatment scan, KP (n=4) and KPA (n=7). Data are mean (large symbols) 

± SEM, small symbols represent individual tumours. Mann-Whitney test; ns P>0.05.

(I-J) Mean exonic SNV count ±SD (I) and neoantigen count ±SD (J) in KP (n=5 tumours) 

and KPA (n=3 tumours) broken down into clonal and subclonal. Unpaired, two-tailed 

Student’s t-test performed on mean of all SNVs or neoantigen count; * P≤0.05, ** P≤0.01. 

Peptides with a rank threshold of <2 or <0.5 were designated as weak or strong MHC-I 

binders, respectively.

(K) Expression of A3Bi by qPCR in paired normal-adjacent tissue and tumour of UrA3Bi 

(n=7 tumours from 4 mice, squares), each symbol represents one tumour or adjacent tissue. 

Relative expression is normalised on the mean expression of Sdha, Tbp and Actb. Two-tailed 

paired t-test; ** P≤0.01

(L) Proportion of tumour grades evaluated from H&E staining of tumour-bearing lungs in Ur 

(n=8 mice) and UrA3Bi (n=8 mice) mice. Chi-square test; ** P≤0.01.

(M) Tumour volume change in UrA3Bi mice treated as in (H) (n=2 mice) or corresponding 

isotype control (n=2 mice). Mice were scanned 2 weeks after the pre-treatment scan. Data 

are mean per mouse (large symbols) ± SEM, small symbols represent individual tumours. 

Mann-Whitney test; ns P>0.05.

(N-O) Mean total exonic SNV count ±SD (M) and neoantigen count ±SD (N) in Ur (n=3 

tumours) and UrA3B (n=6 tumours). Unpaired t-test, two-tailed performed on mean of all 

SNVs or neoantigen count; ns P>0.05
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Figure 3. Generation of a novel immunogenic cell line KPAR1.3
(A) mRNA expression by qPCR of A3Bi in KPA and KPAR autochthonous tumours, 

parental cells and sub-clones. Relative expression is normalised to the mean expression of 

Sdha, Tbp and Hsp90ab1.

(B) Growth of KPAR cells transplanted subcutaneously into syngeneic immune-competent 

and Rag1-/- mice. Data are mean tumour volumes ± SEM, n=5 mice per group (KPAR1.3 

and KPAR1.5) and n=4 mice per group (KPAR1.1). Two-way ANOVA; ns P>0.05, *** 

P≤0.001

(C) Frequency of exonic mutations in an autochthonous KPAR tumour, the KPAR parental 

cell line and the KPAR1.1, KPAR1.3 and KPAR1.5 single-cell clones, estimated par whole-

exome sequencing.

(D) Frequency of predicted neoantigens identified using NetMHC4.0. Peptides with a rank 

threshold of <2 or <0.5 were designated as weak or strong MHC-I binders, respectively.

(E) IFNγ ELISPOT analysis of splenocytes isolated from KPAR1.3 tumour-bearing mice 

and pulsed with predicted strong neoantigens (SSFLCKGL and VTALYKLAL) or eMLV 

env peptide (KSPWFTTL). SINFEKL was used as a negative control. Data are mean ± 

SEM, n=4 mice per group. One-way ANOVA; ** P≤0.01
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Figure 4. KPAR orthotopic tumours generate an adaptive immune response
(A) Immune profile of KPAR and KPB6 orthotopic tumours compared to normal lung, 

assessed by flow cytometry.

(B) Frequency of tumour-infiltrating T cell populations and NK cells.

(C) Percentage of effector memory CD8+ (left) and CD4+ (right) T cells.

(D) Quantification of PD-1, LAG-3 and TIM-3 expression on CD8+ (left) and CD4+ (right) 

T cells.

(E) Representative plot of PD-1 and LAG-3 expression on CD8+ T cells.
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(F) Frequency of PDL1+ macrophages, cDC1, cDC2, monocytes and neutrophils. Tumours 

were analysed 21 days after transplantation. In (B)-(D) and (F), data are mean ± SEM, n=4 

mice (KPB6) or 9 mice (KPAR), symbols represent pooled tumours from individual mice. 

Unpaired, two-tailed Student’s t-test; ns P>0.05, * P≤0.05, ** P≤0.01, *** P≤0.001, **** 

P≤0.0001.
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Figure 5. Subcutaneous and orthotopic KPAR tumours are responsive to immune checkpoint 
blockade
(A) Growth of KPAR subcutaneous tumours from mice treated intraperitoneally with 200μg 

anti-PD-1 and/or 200μg anti-CTLA-4 or corresponding isotype control (IgG Ctl) on day 

10, 14, 17 and 21. Data are mean tumour volumes ± SEM, n=6 mice per group. Two-way 

ANOVA; ** P≤0.01, *** P≤0.001.

(B) Kaplan-Meier survival of mice from (A). The black arrow indicates the time at which 

mice that previously rejected the primary tumour were re-challenged on the opposite flank. 

Log-rank (Mantel-Cox) test; ** P≤0.01.

(C-D) Flow cytometry analysis of the frequency of Foxp3+ Tregs (C), effector memory 

CD8+ T cells (D, left) and PD-1+ CD8+ T cells (D, right) in subcutaneous tumours after 

treatment as in (A). Treatment was on day 10, 14 and 17 and mice were culled on day 18. 

Data are mean ± SEM, n=5 mice per group. One-way ANOVA; ** P≤0.01, *** P≤0.001.

(E) Kaplan-Meier survival of mice treated with anti-PD-1 and/or anti-CTLA-4 after 

orthotopic transplantation of KPAR cells. Treatment was initiated once tumours were 

detectable by micro-CT and were administered twice weekly for a maximum of 3 weeks. 

n=6 mice (IgG Ctl, anti-PD1, anti-CTLA-4) or n=7 mice (anti-PD-1 + anti-CTLA-4). Log-

rank (Mantel-Cox) test; * P≤0.05, ** P≤0.01.

(F-G) Quantification of immunohistochemistry staining for CD8 (F) and Foxp3 (G) in 

orthotopic KPAR lung tumours after treatment as in (E). Data are mean (large symbols) ± 

SEM, n=3 mice per group, small symbols represent individual tumours. One-way ANOVA; 

ns P>0.05, * P≤0.05, ** P≤0.01.

Boumelha et al. Page 27

Cancer Res. Author manuscript; available in PMC 2022 October 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 6. The efficacy of KRASG12C inhibition in vivo is greater in immune-competent mice
(A-B) Mean ± SEM (A) and individual (B) KPARG12C tumour volumes in immune-

competent and Rag1-/- mice treated with vehicle or AZ-8037 (100mg/kg daily oral gavage). 

CR, complete regression. n=6 mice per group. Two-way ANOVA; *** P≤0.001, **** 

P≤0.0001.

(C-D) Mean ± SEM (C) and individual (D) KPB6G12C tumour volumes in immune-

competent and Rag1-/- mice treated as in (A). CR, complete regression. n=6 mice per group.
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(E) Heatmap showing mRNA expression from qPCR of KPARG12C tumours treated for 7 

days with AZ-8037 or vehicle. Gene expression is scaled across all tumours. Only genes 

with a significant mean difference between AZ-8037 and vehicle groups (one-way ANOVA) 

are shown.

(F) Individual subcutaneous KPARG12C tumour volumes in mice treated with AZ-8037 

and/or 200μg anti-PD-1 or corresponding isotype control. AZ-8037 was administered daily 

for 4 weeks from day 14 and anti-PD-1 was administered on day 15, 18, 22 and 25. CR, 

complete regression. n=6 mice per group.
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