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Lung cancer is the leading cause of cancer deaths in the United States. New targeted therapies
against the once-deemed undruggable oncogenic KRAS are changing current therapeutic
paradigms. However, resistance to targeted KRAS inhibitors almost inevitably occurs; resistance can
be driven by tumor cell-intrinsic changes or by changes in the microenvironment. Here, we utilized

a genetically engineered mouse model of KRAS®'*-driven lung cancer that allows for inducible and
reversible expression of the oncogene: activation of oncogenic KRAS®? induces tumor growth;
conversely, inactivation of KRAS®™° causes tumor regression. We showed that in addition to
regulating cancer cell growth and survival, oncogenic KRAS regulated the transcriptional status

of cancer-associated fibroblasts and macrophages in this model. Utilizing ex vivo approaches, we
showed that secreted factors from cancer cells induced the expression of multiple cytokines in

lung fibroblasts, and in turn drove expression of immunosuppressive factors, such as arginase 1, in
macrophages. In summary, fibroblasts emerged as a key source of immune regulatory signals, and a
potential therapeutic target for improving the efficacy of KRAS inhibitors in lung cancer.

Introduction

In 2024, an estimated 234,580 new patients will be diagnosed with lung cancer in the United States, and
80% of those will have non—small cell lung cancer (NSCLC) (1). NSCLC is subclassified into 3 major
groups: adenocarcinomas (40%), squamous cell carcinomas (30%), and large cell carcinomas (15%).
KRAS is commonly mutated in adenocarcinomas. The most common point mutations are G12C (39%),
followed by G12V (21%), G12D (17%), and G12A (10%) (2). Notably, while KRASS!€ is the most prev-
alent mutation in adenocarcinoma among former or current smokers (42%), KRASS'?P is most common
in patients who have never smoked (56%) (2). Nonsmokers have poorer prognosis with worse outcomes to
immunotherapies than smokers (3), possibly due to lower mutation burden — and thus, lower neoantigen
prevalence and fewer changes in the tumor microenvironment.

While mutant KRAS was long deemed undruggable, several isoform-specific inhibitors have recently
entered the clinic. The KRASS'?¢ inhibitors sotorasib and adagrasib have gained FDA approval for lung
cancer, while MRTX1133, a KRAS®!?P inhibitor, has entered phase I/II clinical testing for malignan-
cies, including G12D-mutant lung cancer. While these are exciting developments, the prospect of resis-
tance to targeted therapy is real; resistance already has been described for G12C inhibitors (4), with some
instances involving sotorasib linked to the remodeling of the tumor microenvironment (5, 6). The effects
of KRASS!?P inhibition in lung adenocarcinoma, including changes in the tumor microenvironment and
mechanisms of resistance, remain largely unknown.

Genetically engineered mouse models (GEMMs) expressing oncogenic KRAS upon Cre recombina-
tion, with or without mutation of the tumor suppressor p53, model the development of NSCLC resembling
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the human disease and are widely used for both basic discovery and preclinical studies (7). Studies using a
similar model that allows both inducible and reversible expression of oncogenic KRASS!?P have revealed
that this oncogene is required not only for tumor initiation, but also for tumor maintenance, independently
of the presence of additional mutations (such as inactivation of 77p53 or other tumor suppressor genes) (8).
However, the effect of oncogenic KRAS expression and subsequent inactivation in the tumor microenvi-
ronment in the lung remains unexplored. Given the likely need to devise combination targeting modalities
to prevent or overcome resistance to targeted KRAS inhibitors, it is imperative to unravel the cellular cross-
talk between KRAS-mutant epithelial cells and their surrounding microenvironment.

To study the extrinsic role of oncogenic KRAS in lung cancer maintenance and progression, we mod-
ified a GEMM that expresses mutant KRASC!?P in an inducible and reversible manner in the lung epithe-
lium. In this Lung-iIKRAS (L-iKRAS) model, first described by the Varmus laboratory (8), expression of
oncogenic KRAS in club cells, in combination with loss-of-function mutations in tumor suppressor genes,
efficiently drives formation of lung adenocarcinoma in both male and female mice. Inactivation of onco-
genic KRASS?P in tumors results in tumor regression, establishing a role for oncogenic KRASS!?P in the
maintenance of NSCLC.

We have re-derived the L-iKRAS model, incorporating current understanding of lung cancer etiology
(9-11). While the initial model used a Trp53-null allele or /nk4a-null allele (8), we used an allele expressing
mutant Trp53%7# — as mutant alleles are more common than null ones in human cancer — in an inducible
manner (12), wherein mutant-p53 expression in the lung is activated by intranasal administration of ade-
novirus expressing Cre recombinase (ad-Cre) (8, 13). Here, we used the L-iIKRAS model to drive NSCLC
in mouse lungs; we then inactivated oncogenic KRAS and, as expected, observed tumor regression. Inter-
estingly, characteristics of the microenvironment, such as fibroblast activation status, drastically changed
upon KRAS inactivation. To gather an unbiased understanding of the effects of inactivating oncogenic
KRAS, we performed single-cell RNA sequencing (scRNA-seq) on lungs of iKRAS mice with KRAS®?P
on (L-iKRASC?P ON) or lungs where KRAS®'?P had been inactivated (L-iIKRASC?P OFF). In the presence
of oncogenic KRAS, macrophages in the lung expressed immunosuppressive markers, consistent with the
poor immunogenicity of KRASC?P-mutant tumors. To understand how oncogenic KRAS regulates the
composition and differentiation status of macrophages, we used ex vivo approaches. Mechanistically, we
show that fibroblasts are a key signaling hub, mediating interactions between epithelial cells and macro-
phages, and thus, potentially mediating the immunosuppressive status of tumors.

Results

Inhibition of KRAS®?P results in tumor regression in L-iKRAS mouse model of lung adenocarcinoma. To generate
a mouse model wherein oncogenic KRAS can be induced and reversed in the lung with accompanying
mutant-p53 expression, we crossed the bitransgenic Cesp-rtTa; TetO-Kras®?? mouse (8) with the Trp53-SL-RI72H
mouse (8, 14). In this study, we refer to this GEMM as L-iKRAS (Ccsp-rt Ta; TetO-Kras®'?P; Trp53-SERIZH/+),
Administration of doxycycline (dox) in drinking water induces expression of the reverse tetracycline trans-
activator (rtTa) in club cells of the lung, where it binds to the response element (7etO-Kras®?P) to initiate
lung-specific expression of KRASS?P. When dox is withdrawn from drinking water, rtTa is inactivated
and expression of KRASCS?P is prevented/reversed in club cells. Conditional, lung-specific expression of
mutant p53®72H in the lung can be achieved simultaneously by intranasal administration of ad-Cre at study
start (Figure 1A). Single-transgenic mice given dox at the same concentration and for the same duration
as experimental mice, or triple-transgenic mice that did not receive dox, served as controls for this study.
Controls also included single- or triple-transgenic mice given ad-Cre. We compared overall survival of the
3 experimental cohorts to understand how KRASC?P expression alone, or KRAS®'?P with mutant p53
co-occurring mutation, impacts tumor growth in the lung (Figure 1B). The first experimental group (Cesp-rt-
Ta; TetO-Kras®?P with or without Trp53-SER17H/%) was given dox, but not ad-Cre, to induce expression of
KRAS®"?P but not mutant p53. The control group, which included single-transgenic mice or Trp53-SERI7H/+
mice lacking a Cesp-rtTa or TetO-Kras®?P cassette, was given dox and ad-Cre for a period of 40 weeks.
The second experimental group, a triple-transgenic cohort (Cesp-rtTa; TetO-KrasC'?P; Trp53-SERI72H/%) | was
given dox and ad-Cre at study start to induce KRAS®?P and mutant p53 expression. Mice expressing
only KRASS?P had a median survival of 33 weeks, whereas mice expressing both oncogenic KRAS and
mutant p53 had a median survival of only 17 weeks, with survival decreasing after week 10. Differences
in overall survival were statistically significant between all groups. The decreased survival of the mutant
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Figure 1. Inducible and reversible L-iKRAS®?" mouse model of lung adenocarcinoma. (A) Schematic depicting L-iKRAS%?® mouse model and its inducibili-
ty and reversibility of KRAS®?® expression in club cells of the lung with dox and activation of mutant Trp53 expression by ad-Cre. (B) Kaplan-Meier survival
analysis comparing control mice (n = 20, Ccsp-rtTa or TetO-Kras®™?? with or without Trp53* allele and with and without dox or ad-Cre), Kras®? (n = 11,
Ccsp-rtTa; TetO-Kras®™%; Trp53~/+ on dox, but no ad-Cre or Ccsp-rtTa; TetO-Kras®™? on dox, with or without ad-Cre), and Kras®™??/ Trp53R72#/+ (n = 23, Ccsp-rtTa;
Tet0-Kras®?; Trp53-°R72H#/+ on dox plus ad-Cre). Log-rank (Mantel-Cox) test with statistically significant P value of 0.0033. Median survival for all groups

is indicated in inset. One-way ANOVA with Tukey's post hoc test showed the median survival of the Kras®?"/Trp53%"7?%/* group was significantly lower than
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that of the control group (P value: 0.0014) and the Kras®?° group (P value: 0.0148). (C) Timeline for KRAS®™? induction (ON) and KRAS®?® inhibition (OFF) in
triple-transgenic and control mice (single transgenics). (D) Western blot using anti-KRAS®"° antibody or anti-total RAS (T-RAS) with corresponding B-actin
blots as loading control of L-iKRAS lung tissue from all groups (ON: 20 weeks, OFF: 20 weeks ON and 4 weeks OFF). (E) Representative images of H&GE.
Scale bars: 50 mM. ON: 17-20 weeks, OFF 1and 4 weeks. (F) Quantification of percentage tumor area over total lung area from whole slide scanned images
in control, ON (17-25 weeks) and OFF (1, 2, and 4 weeks combined). (G) Representative images of Ki67/ECAD/DAPI. Scale bars: 25 mM. (H) Quantification
of percentage Ki67* cells among total ECAD* cells. (I) Representative images of p-ERK/ECAD/DAPI. Scale bars: 25 mM. (J) Quantification of percentage
p-ERK" cells among total ECAD" cells. (K) Representative images of CC3/ECAD/DAPI. Scale bars: 25 mM. (L) Quantification of percentage CC3* cells among
total ECAD" cells. DatainF, J, H, and L are presented as mean + SEM.

KRAS and mutant p53 groups may indicate that disease severity increases when p53 is co-mutated, as
well as a transition from adenomas to adenocarcinomas (Figure 1B). To investigate the effect of KRASC!?P
inhibition on tumor growth, L-iKRAS ON mice and control littermates (Control) were given ad-Cre and
dox water for 17-25 weeks. Fisher et al. showed that at 17-25 weeks, mice develop a measurable tumor
burden, thus providing rationale for our analyses (8). A second group, L-IKRAS OFF mice, was given
ad-Cre for 17 weeks before dox withdrawal for 1, 2, or 4 weeks (Figure 1C). We assessed lung sections from
each group for KRASS!?P expression by Western blotting using a RAS%?P-specific antibody. As expected,
we detected RASS!?P expression only in lung tissue from the ON group (Figure 1D). Next, we harvested
lungs from all experimental cohorts to assess pulmonary lesions on hematoxylin and eosin—stained (H&E-
stained) lung sections (Figure 1E). The percentage tumor area per lung area and the total number of lesions
per lobe increased in the ON compared with the Control group and decreased statistically significantly
when KRASC!?P expression was reversed by dox removal for 1, 2, or 4 weeks (Figure 1F and Supple-
mental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.182228DS1, respectively). Higher magnification images of H&E staining are presented in Supple-
mental Figure 1B. Furthermore, depletion of oncogenic KRAS decreased cell proliferation in E-cadherin*
(ECAD") epithelial cells, as assessed by Ki67 staining in all groups (Figure 1G, higher magnification in
Supplemental Figure 1C; quantified in Figure 1H). In lung sections stained with an anti—p-ERK1/2 anti-
body, p-ERK1/2 expression increased in ECAD* epithelial cells in the ON group and decreased in the OFF
groups (Figure 11, higher magnification in Supplemental Figure 1D; quantified in Figure 1J). Pulmonary
lesions disappeared in the OFF groups, likely because of apoptotic cell death described by Fisher et al. (8)
and assessed here by cleaved caspase 3 (CC3) staining in ECAD* epithelial cells (Figure 1K, higher magni-
fication in Supplemental Figure 1E; quantified in Figure 1L).

We also assessed inhibition by MRTX1133 (hereafter denoted MRTX), a clinically relevant KRASS!?P
inhibitor, as MRTX and other KRASS"P inhibitors are now in clinical trials. We orthotopically implanted
KRASC”2P-mutant KPL-86 cells derived from the KP model into the lungs of mice, and then treated mice with
MRTX for 2 days at 30 mg/kg twice daily by i.p. injection (see schematic in Supplemental Figure 1F). Lungs
were harvested and stained with H&E, Ki67, p-ERK1/2, and CC3 (Supplemental Figure 1, G-I). Ki67 and
p-ERK1/2 staining indicated that MRTX treatment resulted in a decrease in proliferation and MAPK signal-
ing. Furthermore, apoptotic cell death increased in MRTX-treated lung sections compared with vehicle-treated
sections. In summary, we demonstrate that induction of KRAS®?P and co-occurring mutant p53 expression
in the lung produces highly proliferative lung tumors that can be reduced by abrogating KRASS'?P expression,
genetically or chemically, resulting in fewer pulmonary lesions, likely due to apoptotic cell death of tumor cells.

Oncogenic KRAS results in gene expression changes in epithelial cells in the tumor. To better understand
KRASS2P.dependent changes occurring in the tumor and tumor microenvironment, we utilized sSCRNA-
seq. We harvested the right inferior lobe of lungs from male and female mice in the ON (21 weeks) and
OFF (21 weeks ON, 1 week OFF) groups. Samples were processed simultaneously to avoid batch effects.
The processed scRNA-seq dataset had 14,005 cells: 9,090 from the ON group and 4,915 from the OFF
group. Data were analyzed using the Seurat package in R (version 4.0.2) and visualized by uniform and
manifold approximation and projection (UMAP) (Figure 2A). We observed no differences between male
and female mice. As shown in Figure 2B, clusters from the ON and OFF groups overlaid sufficiently,
indicating that similar cell types were present in both groups. Of note, we observed a higher percentage
of fibroblasts in the ON compared with the OFF group and a higher percentage of macrophages in the
OFF compared with the ON group (Figure 2C). To parse differences between groups in lung epithelia, we
subclustered epithelial cells separately and visualized clusters by UMAP (Figure 2D). We assessed changes
in gene expression in the epithelia; interestingly, genes upregulated in the OFF group included chemokines
Cxcl2 and Ccl4; Wnt4, a noncanonical WNT signaling ligand; growth factor Fgfl; and the extracellular

JCl Insight 2025;10(1):e182228 https://doi.org/10.1172/jci.insight.182228 4



. RESEARCH ARTICLE

matrix remodeling factor Timp3. Genes upregulated in the ON group included Vegfa and Cxcl15 (Figure 2,
E and F, and Supplemental Figure 2A). We also assessed expression changes for genes that change during
lung cancer progression, including Cxcl/l, Tgfa, and Tgfbl. While Cxcll expression was upregulated in the
OFF group, Tgfa expression was higher in the ON group; Tgfb! expression showed no change (Supple-
mental Figure 2B). Using gene set enrichment analysis (GSEA), we confirmed that KRAS signaling was
efficiently abrogated in the OFF group, as the “HALLMARK_KRAS _SIGNALING_DN” gene set, a list
of genes that are downregulated upon KRAS expression, was significantly upregulated in the OFF group
(Figure 2G). Conversely, the “HALLMARK_KRAS_SIGNALING_UP” gene set, a list of genes that are
upregulated upon KRAS expression, trended up in the ON group (Supplemental Figure 2C).

Oncogenic KRAS results in gene expression changes in fibroblasts in the tumor microenvironment. Fibroblasts play
a key role in the development and progression of various cancers; specifically, cancer-associated fibroblasts
(CAFs) interact with tumor and immune cells to mediate progression (for review see ref. 15). We performed
immunofluorescent staining on lung sections from each experimental group from the L-iKRAS model to
identify PDGFR* fibroblasts in lung tumors. As depicted in Figure 3A and Supplemental Figure 3A, we
identified PDGFR" fibroblasts in all groups; more importantly, we showed that the activation status of these
fibroblasts, as assessed by aSMA staining, increased in the ON group compared with control and decreased
when KRASCS?P was turned OFF, although total fibroblast numbers (PDGFR* cells) did not change (Fig-
ure 3, B and C). To obtain mechanistic insight into fibroblast reprogramming, we subclustered the fibro-
blast population from the scRNA-seq data set and visualized it by UMAP (Figure 3D). We subclustered
fibroblasts by comparing transcription of marker genes according to current literature (16, 17) (Supplemen-
tal Figure 3, B and C). Next, we looked at transcriptional differences between the ON and OFF groups
through differential expression. Differentially expressed genes included cytokines and growth factors Cc/4,
Cxcl2, Tgfb, and Cxcl14; extracellular matrix remodeling components Timp3, Col4al, and Fbin5; and growth
arrest—specific 6 (Gas6), which is upregulated during growth arrest (16, 17) (Figure 3, E and F, and Sup-
plemental Figure 3D). Given the driver mutation in our mouse model, we also looked at genes that are
upregulated in fibroblasts in KRASS!?P-driven pancreatic cancer (18). Interestingly, Cxc/I and 1133 showed
no change and [/6 was upregulated in the OFF group (Supplemental Figure 3E). In contrast, in pancreatic
cancer, oncogenic KRAS expression in epithelial cells drives an increase in fibroblast expression of both
1133 and 116 (18, 19). Thus, the organ of origin determines the transcriptional program even in the presence
of the same oncogene.

Oncogenic KRAS regulates myeloid cells in the microenvironment of lung adenocarcinoma. To understand
whether immune cells, specifically myeloid cells, in the tumor microenvironment of lung cancer are affect-
ed by oncogenic KRAS, we performed immunofluorescent staining on lung sections from each experimen-
tal group of the L-iKRAS mouse using macrophage marker F4/80 and neutrophil marker myeloperoxidase
(MPO) (Figure 4A and Supplemental Figure 4A). Quantification of F4/80 and MPO showed a trend
toward macrophages increasing in the ON group and decreasing in the OFF groups, albeit the finding was
not statistically significant (Figure 4B and Supplemental Figure 4, B and C). These immune changes were
distinct from what we observed in the orthotopic lung cancer model, where KP-derived cells (KPL-86) were
implanted into the lung and mice treated with MRTX (Supplemental Figure 4D). In this case, macrophages
appeared to decrease upon KRAS inactivation, while neutrophils increased.

Next, we queried scRNA-seq data to interrogate changes in myeloid cell composition by expression.
We visualized changes by UMAP (Figure 4C), and found that Clga, Cigb, and Clgc, immunosuppressive
macrophage markers in pancreatic cancer (20), were upregulated in the ON compared with the OFF group
(Figure 4D and Supplemental Figure 4E). Interestingly, Apoe, another marker of immunosuppression, was
upregulated in the OFF group (Figure 4D). However, Mrcl, the gene encoding CD206, and Csflr were
both upregulated in the ON group, suggesting that overall, macrophages exhibit an immunosuppressive
phenotype in this group (Figure 4D). Macrophages showed transcriptional changes, indicating increased
immunosuppression upon oncogenic KRAS expression based on differential expression analysis (Figure
4E). Next, we interrogated differential expression changes in neutrophils and found that neutrophils in the
OFF group increased both in cytokines such as Cc/3 and polarization markers such as Cd274 and Icaml
(Figure 4, F-H). Interestingly, CcI3 and Icami are markers of antitumoral neutrophils, whereas Cd274 is a
marker of activated neutrophils, indicating that turning oncogenic KRAS ON reprograms neutrophils to be
less antitumoral (Figure 4G). This may provide insight into the efficacy of combining immune checkpoint
inhibitor (ICI) therapies with KRAS inhibitors.
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Figure 2. Oncogenic KRAS changes epithelial gene expression in the tumor microenvironment. (A) UMAP visualization of scRNA-seq data showing unsu-
pervised clustering of cells from L-iKRAS lung samples (KRAS ON = 21 weeks ON dox; KRAS OFF = 20 weeks ON dox + 1 week OFF). Each color represents

a distinct cell cluster. (B) UMAP visualization of scRNA-seq data showing overlap of KRAS ON and KRAS OFF groups. (C) Bar graph comparing cell cluster
breakdown per sample (red blood cells were removed). (B) UMAP visualization of defined lung epithelial clusters from KRAS ON and KRAS OFF samples.
(E) Violin plots of Cxcl2, Wnt4, and Ccl4 comparing expression levels between total epithelial cells from KRAS ON and KRAS OFF samples. Adjusted P val-
ue given above each violin plot. Median expression is indicated with a horizontal line. (F) Heatmap showing averaged scRNA-seq expression data (relative
to the highest expressor) for genes in epithelial cells curated from the differential gene expression list. Genes from E are marked with an asterisk. (G) GSEA

plot of KRAS ON versus KRAS OFF lung epithelia showing the running enrichment score for the “HALLMARK_KRAS_SIGNALING_DN" gene set. Normalized
enrichment score (NES) = -1.430058344. Adjusted P value = 0.043658317.

Epithelial cell-derived secreted factors affect fibroblasts in a KRAS®P-dependent manner. First, we generated
primary lung cancer cell lines from pulmonary lesions of L-iKRAS mice that received dox in drinking
water for 25 weeks and ad-Cre at study start (Figure 5A). Cell lines were tested and selected for subsequent
experiments if RASC?P and p53 were expressed compared with negative control (A549, human KRASC!%),
as seen in Figure 5B. We selected the L-iKRAS cell line LC3-547 because adding dox to media resulted in
sustained expression of KRASS!? that could be reversed by dox removal or chemically inhibited by MRTX
(Figure 5, B and C). We used the human KRAS%*-expressing lung cancer cell line A549 as a negative
control to demonstrate RASS'?P antibody specificity (Figure 5B). We also tested sotorasib, a widely used
FDA-approved KRASS?C inhibitor (hereafter denoted as “Soto”), in murine LC3-547 cells. We included
Soto in subsequent experiments as an unspecific compound control; as expected, Soto did not affect down-
stream signaling such as phosphorylation of ERK1/2 in KRASS?P cells when compared with MRTX
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Figure 3. Oncogenic KRAS changes fibroblast gene expression in the tumor microenvironment. (A) Representative images of aSMA/PDGFR/DAPI.

Scale bars: 25 mM. (B) Quantification of percentage aSMA"* area of total PDGFR* area. (C) Percentage PDGFR* area of total area. (D) UMAP visualization of
scRNA-seq data showing unsupervised clustering of subsetted fibroblasts from KRAS ON and KRAS OFF samples. (E) Violin plots of Cc/4, Gas6, Cxcl2, and
Timp3 comparing expression levels between total epithelial cells from KRAS ON and KRAS OFF samples. Adjusted P value given above each violin plot.
Median expression is indicated with a horizontal line. (F) Heatmap showing averaged scRNA-seq expression data (relative to the highest expressor) for
genes in fibroblasts (pericytes removed) curated from the differential gene expression list. Genes from E are marked with an asterisk.

(Figure 5C). We next set up a cell culture system (Figure 5D), wherein cell lysates and conditioned media
(CM) were collected from the different treatment groups, MRTX or Soto, to assess transcriptional activa-
tion and secretion of cytokines and growth factors modulated in our scRNA-seq data set upon KRAS®!?P
activation (see Figure 2). To evaluate transcriptional changes in cytokines and growth factors induced by
MRTX, we treated L-iIKRAS cells (LC3-547) with MRTX, collected cell lysates, and analyzed RNA for
expression of Tgfa and Cxcl5 (Figure 5E). As we observed in the scRNA-seq data, both Tgfa and Cxcl5
expression decreased upon chemical inhibition of KRAS. Furthermore, we observed these MRTX-induced
transcriptional changes in LC3-547 cells when dox was removed (OFF) (Supplemental Figure 5A). We
confirmed these changes in 2 additional lung cancer cell lines, derived either from the L-iIKRAS model
(LC3-545), or from the KP GEMM (KPL-86), depicted in Supplemental Figure 5, B and C, respectively. To
compare KRASCP protein expression in L-iKRAS—derived cells transcribed from the TRE-Kras®'?? trans-
gene to protein levels achieved from transcription of the endogenous locus in the widely used KP model
(21), we tested RASC!?P expression and downstream phosphorylation of ERK in KPL-86 cells side by side
with LC3-547 cells (Supplemental Figure 5D). RAS®"?P expression in LC3-547 cells was similar or slightly
less than in KPL-86 cells. Inhibition of KRAS%'?P with MRTX was equivalent in both lines, as tested by
surrogate phosphorylation of ERK1/2 (Supplemental Figure 5D).

Next, we treated LC3-547 cells grown in media containing dox with DMSO, MRTX, or Soto to obtain
tumor-conditioned media (TCM) from all treatment groups (ON, MRTX, Soto) for multiplex ELISA
(Luminex) analysis. The heatmap in Figure 5F depicts a clear difference in cytokine/growth factor secre-
tion between DMSO- and MRTX-treated cells; as expected, Soto, the unspecific compound control, had

JCl Insight 2025;10(1):e182228 https://doi.org/10.1172/jci.insight.182228 7



. RESEARCH ARTICLE

A | Control " ON || 1 week OFF I 4 week OFF | B 3. 0.0433
o I/ YR e 4 : L X,
E E ;. 1 ; - # J ; g
<
: 5
(] (=]
<
3 5
5 g
8 i
< B
T
. . Macrophages
C L-iKras Lung Myeloid Cells D g
Apoe Mre1 Csfir s
_6 _3 - s _
T4
104 E § E2 :: J
54 §2 8 53
@ [ b ]
¢ 8 g g2
54 g2 g g1 [
& Interstitial w w w w1
% Macrophage u 0 0
% " Q. Z 0 0
04 = < = <
& s & s & &
Neutrophi Alveolar L-iKras Lung Macrophage DE Genes
5 Macrophage .
_5 .
Active DC
\ / ON ;.
-10 -5 0 5 10 15 OFF
UMAP_1
— g2 P G e 8 o 4 b G 0 B0, D D e S AN W0, ot N
n=925 NS O T o S O R ey cé‘;@?e’w;fﬁq AN
F Neutrophils G
Cd274 Ilcam1 L-leE}S Lung Figure 4. Oncogenic KRAS regulates
4 . Neutrophil DE Genes .
6 4 myeloid compartment of the lung adeno-
g g . T, O\\ O(((( carcinoma microenvironment. (A) Repre-
34 33 3 Mmpra| | sentative images of MPO/F4/80/ECAD/
5 5 5 5] - DAPI. Scale bars: 25 mM. (B) Quantifica-
7] w2 W Mmpi2 R
o o ] — tion of percentage F4/80* area of total
g, g 4 Colt4atl A
& o1 4 51 Mmpid] area. (€) UMAP V|suaI|z.at|on of scR‘.NA—seq
0 0 N Tnista data showing un.superwsed clustering of
S 7 Y z ia subsetted myeloid cells from KRAS ON
9 & o & Cold and KRAS OFF samples. (D) Violin plots
H Egfr Celz 1 of Apoe, Mrc1, Csf1r, and C1ga comparing
3 g Fegrt expression levels between macrophages
g Celg from KRAS ON and KRAS OFF samples.
g “Cel3| Median expression is indicated with a
% Mmp13 horizontal line. (E) Heatmap showing
; b1 | averaged scRNA-seq expression data (rel-
w Lif ative to the highest expressor) for genes
Col6a3 in macrophages (combined macrophages,
5 Fnt interstitial macrophages, and alveolar
§ Cel? macrophages) curated from the differen-
5§ "7r tial gene expression list. Genes from D are
2 iirat marked with an asterisk. (F) Violin plots of
g *Cd274 Ccl3, Cd274, and Icam1 comparing expres-
] “leamt sion levels between neutrophils from
Cdss KRAS ON and KRAS OFF samples. Median
k] est expression is indicated with a horizon-
§ 3] tal line. (G) Heatmap showing averaged
5 b scRNA-seq expression data (relative to the
% Celé highest expressor) for genes in neutrophils
= o from differential gene expression list.
u Cer2 Genes from F are marked with an asterisk.
Ifngr1

Cxcrd
Tgfbi
Vegla

1 (H) Violin plots showing expression of
IO'S Egfr, Tgfbr1, and Cxcr2 across all identified
0.4  cell populations in KRAS ON and KRAS
0.2 OFF samples combined.

JCl Insight 2025;10(1):e182228 https://doi.org/10.1172/jci.insight.182228 8



. RESEARCH ARTICLE

no effect and resembled the cytokine/growth factor secretion of the DMSO-treated cells. Selected growth
factors and cytokines like GM-CSF, CXCL1, and M-CSF showed statistically significant decreased secre-
tion when treated with MRTX, but not with Soto (Figure 5G). Since we showed KRASC!?P-dependent
expression of Tgfa in L-iIKRAS cells, we assessed downstream signaling activation through phosphoryla-
tion of EGFR, an important growth factor receptor in lung cancer, in lung sections from L-iKRAS mice.
As seen in Figure 5H (higher magnification in Supplemental Figure 5E; quantification in Figure 5I), p-EG-
FR increased in the ON group and decreased in the 4 weeks OFF group. We confirmed these findings in
lung sections from MRTX-treated orthotopically implanted mouse tumors (Supplemental Figure 5F).

To recapitulate these findings in human lung cancer cells, we treated the KRAS®?P-mutant lung adeno-
carcinoma cell line A427 with MRTX or Soto prior to collecting protein, RNA, and TCM (Figure 5, J and
K). Figure 5J shows that A427 cells expressed KRAS®'?P and exhibited high levels of ERK1/2 phosphor-
ylation, which markedly decreased when cells were treated with MRTX, but not Soto. The downstream
effects of KRAS®?P inhibition were sustained for more than 24 hours, as assessed by phosphorylation of
ERK1/2 (Supplemental Figure 5G). Furthermore, we showed using quantitative real-time PCR (QRT-PCR)
that expression of TGFA, TGFB, CXCL1, and CXCL2 was reduced in MRTX-treated cells (Supplemental
Figure 5H). TCM secretome analysis using Luminex assays revealed that secretion of CCL5, CXCL1, and
TGF-a was KRASC!?P dependent, as it was inhibited in MRTX-treated, but not Soto-treated cells (Figure
5L). Together, these data reveal an epithelial KRAS®?P-dependent secretome containing tumor-promoting
and immunosuppressive components that may provide future therapeutic targets.

KRASP-dependent regulation of macrophages by CAFs. CAFs support tumor growth through paracrine
signaling. Here, we established an in vitro system to recapitulate paracrine signals identified in scRNA-
seq analyses (see Figure 3). For this purpose, we established lung fibroblasts, hereafter termed NLF-2522,
from our syngeneic L-iIKRAS control mouse (Figure 6A). To investigate whether CAFs can be generated
in TCM, we incubated NLF-2522 cells in TCM from LC3-547 cells from ON or MRTX-treated groups for
24 hours prior to isolating RNA for qRT-PCR analyses (Figure 6B). We identified statistically significant
changes for the expression of Cxcl5; a similar trend, albeit not statistically significant, was identified for
Cxcll and Cxcl2, indicating that fibroblast phenotype and paracrine signals can change upon incubation with
TCM (Figure 6C). Next, we asked whether dox removal similarly affects fibroblast gene expression. We cul-
tured NLF-2522 fibroblasts in TCM from ON, OFF, and MRTX-treated LC3-547 cells for 24 hours prior
to qRT-PCR analysis of Cxcll, Cxcl2, and Cxcl5. Similar to MRTX, dox removal resulted in a reduction in
cytokine expression (Supplemental Figure 6A). Furthermore, upon boiling TCM from the ON group, the
effects on Cxcl5 expression were lost, indicating that TCM factors are destroyed by heat exposure (Figure
6D). To recapitulate KRASC?P-dependent paracrine signaling mechanisms stemming from human fibro-
blasts, we incubated CCL210 human adult lung fibroblasts in TCM from A427 cells treated with MRTX or
equimolar concentrations of DMSO (Supplemental Figure 6B). We collected CM (FB CM) for secretome
analysis of candidate cytokines. Cells were pelleted to obtain RNA for gene expression studies. Surprising-
ly, gene expression of CXCLI, CXCL2, and CXCL5 did not change in human CAFs incubated with TCM
from untreated or MRTX-treated A427 cells (Supplemental Figure 6C), but we did find that secretion of
TGF-0, CXCL1, and CCL5 cytokines assessed by Luminex analysis was KRASS"?P dependent (Supple-
mental Figure 6D). In fact, we observed a statistically significant reduction in TGF-a, CXCL1, and CCL5
secretion upon KRASS?P inhibition with MRTX (Supplemental Figure 6D); however, when comparing
the amount of secreted cytokines in FB CM to TCM, we did not observe a statistically significant increase,
indicating that fibroblasts likely do not produce these cytokines, a finding corroborated by qRT-PCR (Sup-
plemental Figure 6C). To determine whether p-STAT3, an indicator of JAK/STATS3 signaling, is activated
in lung fibroblasts, we stained lung sections from each experimental group from the L-iKRAS model for
p-STAT3, aSMA, and PDGFR. As shown in Figure 6E (high magnification in Supplemental Figure 6E)
and quantified in Figure 6F, p-STAT3 was activated in fibroblasts in the ON group, but reduced in the OFF
groups, indicating dependence on extrinsic oncogenic KRAS. Similarly, we analyzed how the KRAS®!?P
inhibitor MRTX affected fibroblast signaling by staining for p-STAT3 of lung sections obtained from mice
with orthotopic KPL-86 lung tumors treated with vehicle or MRTX. As observed in the L-iIKRAS model,
upon inhibition of oncogenic KRAS, phosphorylation of STAT decreased (Supplemental Figure 6F).

To understand the consequence of KRASS!?P-dependent paracrine signaling from CAFs, we established
another in vitro system utilizing bone marrow—derived macrophages (BMDMs). CXCL1 and CXCLS5 reg-
ulate myeloid recruitment, activation, and polarization; to assess whether KRAS®'?P-mediated TCM or
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Figure 5. Identification of KRAS®'**-dependent immunosuppressive secretome. (A) Schematic depicting generation of LC3-547, an L-iKRAS cancer cell line
from a murine lung tumor. (B) Representative Western blot depicting RAS®™ and p53 protein expression in LC3-547 cells, which were cultured in dox-con-
taining media for 24 hours prior to withdrawal of dox, and in A549 cells as controls. (C) Representative Western blot of RAS"2° expression, p-ERK1/2, and
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fibroblast cytokine secretion plays a role in the polarization of macrophages, we isolated and differentiated
BMDMs from control mice and cultured them in TCM or FB CM from ON, OFF, and MRTX-treated
LC3-547 lung cancer cells or fibroblasts for 6 days (Figure 6G). Gene expression analysis performed on
conditioned macrophages revealed statistically significant differences between expression of established
tumor-associated macrophage (TAM) markers Argl, Rentla, Chil3, and Cd274 (22, 23) when BMDMs were
cultured in ON TCM or FB CM. Interestingly, expression of Chil3, Cd274, and Argl appeared to require
additional factors stemming from CAFs; while their expression was induced by culture in FB CM, Retnla
expression was reduced. Moreover, expression of these immunosuppressive TAM M2-like markers was
dramatically reduced when BMDMs were cultured in OFF and MRTX in both TCM and FB CM (Figure
6H), indicating that CAFs may not be required for mediating KRAS inhibition.

To determine the relevance of CXCL signaling on macrophage polarization to TAMs, we incubat-
ed BMDMs with ON FB CM supplemented with an inhibitor (SB225002) against the cognate receptor
for CXCL1, CXCL2, and CXCL5 (CXCR2) (Supplemental Figure 6G). Treatment with CXCR2 inhibitor
SB225002 significantly prevented TAM marker expression, but did not abrogate expression entirely — as
seen with MRTX — indicating that CXCL1, CXCL2, and CXCLS5 are not the sole factors regulating polar-
ization of macrophages to TAMs (Supplemental Figure 6G). In summary, our data suggest a mechanism
by which CAFs may further mediate immunosuppression through CXCL1, CXCL2, and CXCLS5 signaling
in a KRASY?P-dependent manner, as signals stemming from epithelial cells expressing oncogenic KRAS
are required to activate fibroblasts.

KRAS®?P-dependent crosstalk between epithelial cells, fibroblasts, and myeloid cells is recapitulated in human
lung adenocarcinoma. To assess the clinical relevance of our findings in the KRAS inducible and reversible
lung adenocarcinoma mouse model, we used a publicly available scRNA-seq dataset of KRASS'?P-driven
and non—-KRAS-driven lung cancer (24). We analyzed data similarly to our mouse scRNA-seq dataset (see
Figure 2A), with the addition of batch correction for patients using Seurat’s IntegrateData pipeline (25).
The dataset was visualized using UMAP (Figure 7A). To recapitulate crosstalk between cell types found
in the tumor microenvironment of murine lung cancer, we filtered scRNA-seq data for expression of
known signaling pairs (26). We identified significant predicted interactions upregulated in KRASS?P-driv-
en lung cancer (Figure 7B) that indicate epithelial cell and macrophage signaling changes the most. Dif-
ferential expression analysis of epithelial cells showed a significant increase in expression of CXCLI,
CXCL2, and HDGF in KRASS?P-driven lung cancer samples compared with non—-KRAS-driven lung
cancer (Figure 7, C and D). Furthermore, we observed a significant increase in expression of C/QB and
CIQC in macrophages in KRAS®?P-driven, but not non—-KRAS-driven, lung cancer, recapitulating our
findings in the L-iKRAS model (Figure 7, E and F). Although the number of fibroblasts in the human
samples was limited, we corroborated some in vitro data, including increased expression of CXCL1 in
the KRASS"?P-driven versus non—-KRAS-driven lung cancer samples (Supplemental Figure 7A). These
findings provide potential targets in the tumor microenvironment for future studies evaluating co-targeted
approaches with KRAS inhibitors.

In summary, our findings lend mechanistic insight to the extrinsic signaling consequences of oncogenic
KRAS in lung cancer. We have identified a KRASS"?P-dependent secretome that regulates and activates
fibroblasts, which in turn recruit, activate, and polarize myeloid cells to form a tumor-promoting, immuno-
suppressive microenvironment. Furthermore, we present factors that are upregulated in response to KRAS
inhibitors that potentially indicate relevant mechanisms of resistance.

Discussion

Oncogenic mutations in the KRAS gene are a hallmark of many cancer types, including a subset of
NSCLC (2). With the advent of isoform-specific mutant-KRAS inhibitors, understanding how oncogenic
KRAS functions in the context of advanced disease is critical to prevent or overcome resistance to targeted
treatment. Mutant KRAS is a driver in lung cancer (4); furthermore, it is required for tumor maintenance
in a mouse model of the disease (8), indicating a cell-autonomous role of oncogenic KRAS in cancer
cells. Less well understood is the extrinsic effect of modulating oncogenic KRAS on the tumor microenvi-
ronment. Here, using a model of inducible and reversible expression of oncogenic KRAS in the lung, we
show that the fibroblast transcriptional program directly responds to signals from tumor epithelial cells.
While we previously described similar findings in pancreatic cancer (18), this transcriptional reprogram-
ming is organ specific; in pancreatic cancer, /33 and 176 are key factors upregulated in fibroblasts, but these
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Figure 6. CAFs provide KRAS®'**-dependent immunosuppressive paracrine signals. (A) Schematic depicting derivation of normal lung fibroblasts, NLF-2522,
from syngeneic L-iKRAS control mouse. (B) Experimental outline: lung fibroblasts were treated with TCM from ON, MRTX-treated LC3-547 cells, or DMEM
alone as no-cell control. All experiments were repeated at least 3 times, each time with 3 technical replicas. (C) RNA was isolated from NLF-2522 fibroblasts
incubated with TCM from ON or MRTX groups and expression of indicated genes was compared to DMEM-treated cells by qRT-PCR. Data are represented

as mean + SEM and statistical analysis was performed by 1-way ANOVA with post hoc Tukey’s HSD test. (D) TCM or DMEM was heated at 95°C-100°C for 10
minutes and subsequently added to NLF-2522 fibroblasts for 24 hours. Expression of Cxc/5 was assessed by gRT-PCR and compared to cells incubated with
non-boiled TCM or DMEM. (E) Representative images of p-STAT3/aSMA/PDGFR/DAPI. Scale bars: 25 mM. (F) Quantification of p-STAT3" cells as percentage
of total PDGFR* cells. (G) Experimental design of BMDMs cultured in conditioned medium (CM) from ON, OFF, MRTX-, and DMEM-treated fibroblasts. All
experiments were repeated at least 3 times, each time with 3 technical replicas. (H) gRT-PCR for expression of M2 markers Retnla, Chil3, Cd274, and ArgTin
BMDMs treated with media from ON, OFF, and MRTX-treated L-iKRAS cells (TCM) or media from fibroblasts treated with ON, OFF, and MRTX-treated L-iKRAS
cells (FB CM). Data are represented as mean + SEM and statistical analysis was performed by 1-way ANOVA with post hoc Tukey's HSD test.

are not upregulated in lung fibroblasts. However, other transcriptional programs activating cytokines in
the CCL and CXCL families are common between the 2 malignancies, pointing to a yet poorly understood
tissue-specific nature of fibroblasts.

Overall, in response to oncogenic KRAS expression in cancer cells, fibroblasts activate cytokines with
cognate receptors expressed in immune cells, prevalently myeloid cells. Our experiments show that fibro-
blast factors activate Arg/, an immunosuppressive marker (27), in macrophages at a higher level than TCM
alone. Together, our data point to fibroblasts amplifying epithelial signals and promoting the establishment
of an immunosuppressive microenvironment.

Organ-specific differences may explain the clinical outcomes of lung and pancreatic cancers, including
varied responses to immunotherapy. In pancreatic cancer, inactivation of oncogenic KRAS improves T
cell infiltration; furthermore, combination therapy with KRAS inhibitors and immunotherapeutic agents
improves responses and delays or prevents acquired resistance to KRAS inhibitors (28, 29). Future work

JCl Insight 2025;10(1):e182228 https://doi.org/10.1172/jci.insight.182228 12



. RESEARCH ARTICLE

A Maroni et al. Merged Human Lung Cancer B  significant Interactions Upregulated in C Human Lung Cancer
KRAS®™0 Driven Lung Cancer Epithelial DE Genes
10 Epithelial . Epithelial &&ﬁqﬁ
s ) G R
Granulocyte Plasma Cell & @
51 i
ol *
o o DC Mesothelial B Cell
q .
=
= “Monoéyte
_5.
Monocyte Endothelial
—10 1
W Endothelial Macrophage Fibroblast
-15 . . . . .
-10 -5 UMAP l: 5 10 NK Cell T Cell oXCLI4 |
n=12,045 "excLe|
D Human Epithelia CXCL3
CXCL1 CXcLz2 HDGF 'CXCL]I
9.20E-25 3.80E-25 1.45E-07 TGFBR1
; IL4R B
_ — 5 31 XCL
g o 2 cxcLs
3 3 | IL13RAT
s S 5 21 IL10
7 . 7] @
4 A 3 8 VEGFA
g 33 g &1 . HBEGF
] ] 1] ’
TGFA
N T 0 T FGFR1 o8
&£ o & & . 0.6
S 6(*\6 1 & HDGF
X o e =) 04
& *?g- & ‘{g.v ILEST
¥ i 0.2
& \500 L3z
E Human Lung Cancer Macrophage DE Genes
I 1
KRASE120 0.8
0.6
Non-KRAS driven
0.4
3,0 N0 ok 8 vvq,%e,/\\@‘t\*w\(}\g,x?,\:5&\\00%%\,&@\@%@&0%&&6@
Oreers AR G GRS SR e A LR ot S i AV I I e e e v L P af ¢ N 02
S P& Ve @ PN g FETV NG T F O 0 L S
F Human Macrophages Figure 7. scRNA-seq analysis of human lung adenocarcinoma recapitulates gene
ci1QB ciac expression of distinct immunosuppressive markers from L-iKRAS epithelial
3.66E-15 1.36E-10 and ﬁbru.hlast secretlomes. (A) UMAP visualization of scRNA-seq data showing
51 e —_— unsupervised clustering of cells from lung cancer samples. KRAS status: KRAS®™°
_ _ 44 or wild-type KRAS (24). Each color represents a distinct cell cluster. (B) Interactome
o 41 g showing potential ligand/receptor pair interactions that are significantly (adjusted
3 ad il P value < 0.05) upregulated in KRAS®-driven lung cancer samples. (C) Heatmap
E _5 showing averaged scRNA-seq expression data (relative to the highest expressor) for
§ 2 § 2 genes in epithelial cells curated from the differential gene expression list. Genes from
s § N D are marked with an asterisk. (D) Violin plots of CXCL1, CXCL2, and HOGF comparing
i 11 i} expression levels between total epithelial cells from KRAS®? and KRAS-wild-type
0 04 samples. Adjusted P value given above each violin plot. Median expression is indicat-
T T T ~ ed with a horizontal line. (E) Heatmap showing averaged scRNA-seq expression data
éa"p b{\\@&\ c‘j\@ b{\-@ (relative to the highest expressor) for genes in human macrophages (24) curated from
~lg5" Q\QEJ ~lg5" Qy?-? the differential gene expression list. Genes from F are marked with an asterisk. (F)
O@L‘ ep(\* Violin plots of C70B and C10C comparing expression levels between total epithelial
&

cells from KRAS®?° versus KRAS-wild-type samples. Adjusted P value given above
each violin plot. Median expression is indicated with a horizontal line.

JCl Insight 2025;10(1):e182228 https://doi.org/10.1172/jci.insight.182228 13



. RESEARCH ARTICLE

is needed to identify the specific tumor factors that drive fibroblast reprogramming, and to test avenues to
target fibroblasts to ameliorate immunosuppression in lung cancer.

Considerable heterogeneity in lung cancer has prevented efficacy of new targeted immune therapies,
with only approximately 11% of all lung cancer patients responding to ICI therapy. Recent single-cell
sequencing studies in human lung adenocarcinoma and murine KP models provide some insight into not
only the heterogeneity of tumors, but also the composition of the tumor microenvironment (16, 24). Spe-
cifically, tumor-infiltrating immune cells, fibroblasts, and endothelial cells contribute to a distinct tumor
microenvironment in lung adenocarcinoma and likely drive its progression. In accordance with some of our
findings, Kim et al. have described molecular and cellular reprograming of metastatic lung adenocarcinoma
and how stromal and immune interactions result in a protumoral and immunosuppressive microenviron-
ment, which likely drives progression to metastatic disease (16). Furthermore, Kim and colleagues showed
that lung-resident myeloid cells are gradually replaced with monocyte-derived macrophages and dendritic
cells during progression, along with increased T cell exhaustion (16). Here, we provide insight into the gene
expression changes initiated upon KRAS activation that result in the activation of CAFs in the surrounding
stroma. Growth factors such as TGF-a and TGF-f have long been described as important factors in lung
tumor growth, but it was unknown whether they were KRAS dependent. Activation of fibroblasts in turn
results in expression and secretion of factors like CXCL1, CXCL2, and CXCL5, which recruit and polarize
macrophages, but not in a KRAS-dependent manner. Inhibition of the receptor for these cytokines using a
CXCR2 inhibitor provides further insight into the importance of fibroblast-dependent immune polarization.
Our study thus provides mechanistic insight into how KRASC!?P drives tumorigenesis in the lung and iden-
tifies potential actionable factors that could be utilized to target the tumor microenvironment in lung cancer.

In summary, resistance to KRAS inhibitors is anticipated with their increased clinical use, and the
mechanisms of resistance need to be understood to provide long-term benefits for lung cancer patients.
Very few mechanistic studies have interrogated changes in the tumor microenvironment upon KRAS inac-
tivation or inhibition. Here, we look at changes occurring in the tumor microenvironment upon both acti-
vation and inactivation of oncogenic KRAS, including the role of fibroblasts and immune cells in the
remodeling process. The L-IKRAS mouse provides a murine model system for further interrogating these
observed changes to predict mechanisms of resistance and identify co-targeted strategies for future use with
KRAS inhibitors. Thus, our findings provide rationale to co-target changes in the tumor microenvironment
to prevent non-genetic mechanisms of resistance to KRAS inhibitors observed in roughly one-third of
sotorasib-treated NSCLC patients (30), which will guide precision medicine for lung cancer patients.

Methods
Sex as a biological variable. We utilized both male and female mice in our study and report similar findings
for both sexes.

Genetically engineered mouse model: L-iKRAS. To re-derive the L-iIKRAS model (8), we crossed Cesp-rtTa
and TetO-Kras®?P mice. Cesp-rtTa mice were a gift from William D. Hardie (Cincinnati Children’s Hos-
pital Medical Center, Cincinnati, Ohio, USA). Subsequently, we crossed Ccsp-rtTa; TetO-Kras®'*’ mice
with Trp53tSERIZHT mijce developed and described by Tyler Jacks (31). In the resulting L-iKRAS model
(Cesp-rtTa; TetO-Kras®'P; Trp53-SLRI72H%) we induced KRASC!P expression by adding dox (Sigma-Aldrich,
D9891) to drinking water at a concentration of 0.5 mg/mL and mutant p53 expression by 1-time intranasal
instillation of ad-Cre recombinase with 3 x 107 PFU/50 puL/mouse at study start. We reversed KRASS!2P
expression in the lungs of L-iKRAS mice at indicated time points by removing dox from drinking water.
We included several control groups in our study: single-transgenic mice (Cesp-rtTa) or (TetO-Kras®'?P), which
received the same concentration of dox in drinking water for the same duration as experimental mice; and
L-iIKRAS mice (Cesp-rtTa, TetO-Kras®?P; Trp53-SERIZH/+) " which did not receive dox in drinking water. We
also included Cesp-rtTa, TetO-Kras®?P mice, which received ad-Cre, and L-iIKRAS mice (Cesp-rtTa; TetO-
Kras®?P; Trp53tSE-R1720/+) “wwhich received 50 uL of saline for sham intranasal instillation. Mice were housed
in a pathogen-free environment and cared for by the Unit for Laboratory Animal Medicine (ULAM) and
the Galban laboratory.

Orthotopic lung cancer model and in vivo dosing with MRTX. We transduced KPL-86 cells with lucifer-
ase-expressing lentivirus (pLVX EF1a IRES blast) (32). In brief, 200,000 KPL-86-luc cells were implanted
intracostally into the left lung. Mice were monitored by bioluminescence imaging (BLI); when BLI reached
1 x 107 p/s at approximately 14 days after implantation, we randomized mice into 2 treatment groups and
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initiated treatment with vehicle (10% [w/v] sulfobutylether-B-cyclodextrin) or 30 mg/kg MRTX1133 (Sel-
leckchem, E1051) in vehicle twice a day for 2 days by i.p. injection. Twelve hours after the last treatment,
mice were sacrificed and lungs flushed with 1x PBS and fixed, paraffin embedded, sectioned, and stained
as described below (see Histology, immunofluorescence, and quantification).

scRNA-seq. We harvested the right inferior lobe of the lung for scRNA-seq analysis from mice ON for
21 weeks (n = 2, pooled for submission) or ON for 20 weeks and then OFF for 1 week (n = 2, pooled for
submission). Samples were processed simultaneously to avoid batch effects. Lung tissues were mechanical-
ly minced and enzymatically digested with collagenase P (1 mg/mL in RPMI 1640) at 37°C for 30 minutes.
Cell suspensions were filtered through 500 um, 100 um, and 40 um mesh cell strainers. Dead cells were
removed using the MACS Dead Cell Removal Kit (Miltenyi Biotec, 130-090-101). Single-cell complemen-
tary DNA libraries were prepared and sequenced at the University of Michigan Advanced Genomics Core
using the 10x Genomics Platform. Samples were run using 50-cycle, paired-end reads on the HiSeq 4000
(Illumina) to a depth of 100,000 reads. Raw data were processed and aligned by the University of Mich-
igan Advanced Genomics Core. Cell Ranger count version 6.0.0 (10X Genomics) was used with default
settings, with an initial expected cell count of 10,000. R version 4.2.1, RStudio version 2023.06.0+421, and
R package Seurat version 4.0.2 were used for scRNA-seq data analysis (33—35). We initially filtered data
to include cells with at least 100 genes and genes found in more than 3 cells. Data were normalized using
the NormalizeData function with a scale factor of 10,000 and the LogNormalize normalization method.
We then filtered data manually to include only cells with 800-100,000 transcripts and less than 15% mito-
chondrial genes. Variable genes were identified using the FindVariableFeatures function. Data were scaled
and centered using linear regression of transcript counts. PCA was run with the RunPCA function using
the previously defined variable genes. Cell clusters were identified via the FindNeighbors and FindClusters
functions, using dimensions corresponding to approximately 90% variance as defined by PCA. UMAP
clustering algorithms were performed with RunUMAP. Clusters were characterized by defined gene expres-
sion profiles. The complete R script, including figure-specific visualization methods, is publicly available on
GitHub (https://github.com/Galban-Lab).

To analyze human single-cell data, we applied the same methods used for mouse data, with the addi-
tion of Seurat’s IntegrateData pipeline to mitigate batch effects (25). We utilized the following samples
from the NCBI Gene Expression Omnibus (GEO) series GSE136246 (24): 2 KRAS—wild-type patient
tumors (3 samples: NSC010.t1, NSC010.t2, and NSC037) and 3 KRASC?P-mutant patient tumors (6 sam-
ples: NSCO016.t1, NSC016.t2, NSC016.t3, NSC020.t1, NSC020.t2, and NSC036).

Interactome analysis was performed as described by Velez-Delgado et al. (18). We defined ligand-re-
ceptor pairs based on a curated, literature-supported list described by Ramilowski et al. (36) and fur-
ther curated by Steele et al. (37). The average expression values of ligands and receptors in each cell
population for both groups (KRAS®?P and non-KRAS-driven) were calculated individually. Ligands
and receptors that expressed below the median average expression or were not expressed in both exper-
imental groups were excluded from analysis. Differences in ligands and receptors between groups were
determined using Wilcoxon’s rank-sum test, and P values were adjusted for multiple comparisons using
Bonferroni’s correction method. Ligands and receptors were considered significantly different if P was
less than 0.05. The resulting data were visualized using Cytoscape (v3.9.1) software (https://cytoscape.
org/) (38). The complete R script, including figure-specific visualization methods, is publicly available on
GitHub (https://github.com/Galban-Lab).

Histology, immunofluorescence, and quantification. Mouse lungs from all experimental groups were per-
fused by injecting 10-20 mL of 1x PBS into the right ventricle of the heart until lungs turned white.
Lungs were then sectioned into multiple pieces for downstream assays: RNA isolation, protein isolation,
or histology. Right lung lobe sections were typically used for histology and fixed in 10% neutral buffered
formalin and stored in 70% ethanol before embedding in paraffin. Sectioning, mounting, and H&E stain-
ing were performed by the University of Michigan Histology Core. Additional sections were used for
coimmunofluorescence using the Alexa Fluor 488 Tyramide SuperBoost Kit (Invitrogen, B40943). Slides
were deparaffinized and rehydrated and then washed in deionized water for 5 minutes. Antigen unmask-
ing was performed by boiling slides in 1X CITRA or EDTA buffer for p-EGFR. Slides were quenched
with 3% hydrogen peroxide for 15 minutes and then blocked with 20% goat serum. Primary antibody
was left on overnight at 4°C in a humidified chamber. The following day, slides were incubated with poly-
HRP anti-rabbit secondary antibody for 1 hour. Slides were washed and then incubated in tyramide signal
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amplification (TSA) solution for 10 minutes. Stop reagent was then added directly to the TSA solution and
left for 5 minutes. Antigen unmasking was repeated with 1X CITRA and slides were blocked with 1% BSA
for 30 minutes. Primary antibody was left on overnight in a humidified chamber at 4°C. The following
day, slides were incubated with secondary antibody for 45 minutes. DAPI was added during the last 5 min-
utes, and then slides were mounted with Prolong Gold anti-fade reagent (Invitrogen, P36930). Antibody
information is presented in Supplemental Table 1. Bright-field images (X10 or x20) were acquired with an
Olympus BX-53 microscope, an Olympus DP80 digital camera, and Olympus cellSens standard software.
Immunofluorescence images were acquired with the Stellaris 8 Falcon Confocal Microscopy System using
LAS X Software (Leica Microsystems). For quantification, at least 3 images were obtained per mouse
and at least 3 mice were included in each experimental group. CellProfiler 4.2.6 (39) was used to quantify
all immunofluorescence images. We quantified percentage positive area — PDGFR, F4/80, MPO - as all
staining above a specified threshold over the total area of the image. Percentage colocalization — aSMA/
PDGFR, MPO/F4/80, p-EGFR/ECAD — was quantified as area from stain 1 that overlapped with area
from stain 2. For percentage positive cells — Ki67/ECAD, p-ERK/ECAD, CC3/ECAD, p-STAT3/PDG-
FR — we counted total nuclei and classified those that were positive for each individual stain as positive; all
others were filtered out. Single-positive cells were related, and double-positive cells were classified. Double-
and single-positive cells were counted and specified quantifications were performed. For each stain, images
from the same mouse were averaged and plotted as a percentage. Ordinary 1-way ANOVA with Tukey’s
post hoc test was performed to determine statistical significance between groups.

Lung lesion counting. To quantify the number of lesions per section of the lungs in all experimental
groups, we scanned H&E-stained sections at X1 magnification with the Nikon Supercool Scan 5000, as
previously described (40). Three different readers counted lesions on at least 5 sections per experimental
group. The average number of lesions was corrected by the size of the lung section (whole lung, half, quar-
ter of the lung) per experimental group by dividing the number of lesions for whole or half lungs. Statistical
significance was determined by ordinary 1-way ANOVA using GraphPad Prism. To quantify percentage
tumor area, we imported slide scans into ImageJ (NIH), converted scans to 8-bit images, adjusted the image
threshold to encompass the total lung area, and measured total lung area. Individual tumors were manually
circled and their areas measured. The sum of all tumor areas was divided by total lung area and plotted as
a percentage. Ordinary 1-way ANOVA with Tukey’s post hoc test was performed to determine statistical
significance between groups.

gRT-PCR. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, 74104). Purified total RNA
samples were quantified using a spectrophotometer (NanoDrop ND-1000, NanoDrop Technologies).
cDNA was synthesized using random hexamers and oligo-dT primers (QuantiTect Reverse Transcription
Kit, Qiagen) in a 2720 Thermal Cycler (Bio-Rad). cDNA samples for gRT-PCR were prepared using 1X
Fast-SYBR Green PCR Master Mix (Applied Biosystems). Primers are listed in Supplemental Table 2.
gRT-PCR was performed in technical and biological triplicates in a QuantStudio3 thermal cycler (Applied
Biosystems). Mouse and human peptidylprolyl isomerase A and B-actin were used as housekeeping con-
trols. Data were analyzed through relative quantification with the —~AACt method.

Western blotting. Tissues were homogenized and lysed with RIPA lysis buffer (Thermo Fisher Scientific)
supplemented with protease inhibitors (Complete Protease Inhibitor Cocktail, Roche, 4693116001) and
phosphatase inhibitors (PhosSTOP, Roche). Similarly, cells were lysed with RIPA lysis buffer (Thermo
Fisher Scientific) supplemented with protease inhibitors (Complete Protease Inhibitor Cocktail, Roche)
and phosphatase inhibitors (PhosSTOP, Roche). We determined protein concentrations of whole-cell
lysates using Lowry assays (Bio-Rad). Twenty micrograms of total protein was prepared in LDS sam-
ple buffer (Invitrogen), separated in denaturing Bis-Tris gels (Invitrogen), and transferred to nitrocellulose
membranes (GE Healthcare). Membranes were blocked in 5% milk in 0.1% Tween 20/ Tris-buffered saline
(TBST) and incubated with primary antibodies against p-p44/42 MAPK (p-ERK1/2; Thr202/Tyr204),
total ERK, RASC?P (D8H?7), and p53 in TBST overnight at 4°C, or with HRP-conjugated B-actin for 1 hour
at room temperature. Manufacturer details for antibodies are listed in Supplemental Table 1. Secondary
antibodies were purchased from Jackson ImmunoResearch. ECL-Plus substrate (Bio-Rad) and the Bio-Rad
ChemiDoc MP imager were used according to the manufacturer’s recommendations.

Cell lines. We established primary mouse lung cancer cell lines LC3-547 and LC3-545, derived from
the Cesp-rtTa, TetO-Kras®'?P; Trp53-SERIZH* mouse model, from lung tissue of GEMM mice treated with
dox and ad-Cre. In both murine cell lines, oncogenic KRAS expression can be induced or inactivated by
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addition of 1 pg/mL of doxycycline hyclate (Sigma-Aldrich, D9891) to medium or withdrawn by replacing
with media excluding dox. Cells were used at low passage and genotyped for the Cesp-rtTa, TetO-Kras®'??,
and Trp53-SERI72H+ transgenes. Cells tested negative for mycoplasma. We isolated NLF-2522 from normal
lung tissue of control mice. Both cell lines were cultured in DMEM (Gibco) with 10% heat-inactivated FBS
(HI-FBS; Gibco) and 1% Pen/Strep (Gibco). Murine fibroblast cells (NLF-2522) were not transformed or
immortalized, but likely spontaneously immortalized.

The KPL-86 primary mouse lung cancer cell line was provided by David DeNardo (Washington
University School of Medicine, St. Louis, Missouri, USA) (21). Briefly, the KPL-86 line was generated
from lung tissues of 9-month-old Kras*S©¢?P; Trp53"* mice treated with ad-Cre recombinase. KPL-86
cells were maintained in collagen-coated tissue culture dishes in DMEM/F12 (Gibco) with 10% HI-FBS
(Gibco) and 1% Pen/Strep (Gibco). We obtained human lung adenocarcinoma A-549 (KRASC'?S) and
A-427 (KRASC?P) cell lines from ATCC (CCL-185 and CRL-1642, respectively). Cells were maintained
in RPMI with 10% HI-FBS and 1% Pen/Strep. The human fibroblast CCL-210 cell line was provided by
Marc Peters-Golden (University of Michigan). The CCL-210 (CCD-19Lu) fibroblast cell line originally
from ATCC was not further transformed or immortalized in our lab. The CCL-210 line was cultured in
low-glucose DMEM (Gibco) with 10% HI-FBS, 1x GlutaMAX-I Supplement (Gibco, A1286001), and
1x Antibiotic-Antimycotic (Gibco). All cells were cultured at 37°C with 5% CO, We performed monthly
mycoplasma testing with the MycoAlert Mycoplasma Detection Kit (Lonza, LT07-318).

In vitro experiments using CM. TCM was generated from murine and human KRASC®!?P-expressing cells
LC3-547 and A427, respectively. LC3-547 cells were cultured in complete DMEM (1% HI-FBS and 1%
Pen/Strep) containing dox (1 pg/mL) and A427 cells in complete RPMI. We treated cells with MRTX
or AMG 510 (Soto) at concentrations indicated in the figure legends or with equimolar concentration of
DMSO. Treatment was repeated daily. Media were collected 48 hours after seeding and centrifuged at 300g
for 10 minutes at 4°C. Supernatant was collected and stored at —80°C. We used TCM for multiplex ELISA
(Luminex analysis, see below) or conditioning fibroblasts. Murine and human fibroblasts NFL-2522 and
CCL-210, respectively, were incubated with TCM for 24 hours prior to collecting CAF-conditioned media
(CAF CM) or fibroblasts themselves for Luminex analysis or gRT-PCR.

Luminex assays. Multiplex ELISA (Luminex) assays were performed on TCM and CAF CM. In brief,
TCM or CAF CM was thawed and 200 pL were submitted to the Chemistry Laboratory of the Michi-
gan Diabetes Research Center (MDRC), where analytes were measured using the MILLIPLEX Mouse
Cytokine/Chemokine Magnetic Bead Panel (Millipore, MCYTMAG-70K-PX32) for murine samples and
Human Cytokine/Chemokine/Growth Factor Panel A (Millipore, HCYTA-60K-PX48) for human sam-
ples. Standard curves were generated using non-conditioned media and analytes were quantified on the
Luminex 200 instrument.

Bone marrow isolation and macrophage polarization. TCM or FB CM were used for the macrophage polar-
ization assay. For macrophage polarization, we isolated bone marrow tissue from femurs and tibia of con-
trol transgenic mice (single transgenics or wild type; not treated with dox or ad-Cre) by carefully flushing
out the marrow until the bone was white, which indicates that all marrow has been removed. Cells were
centrifuged at 433¢ for 7 minutes at 4°C and the pellet was incubated with 1 mL red blood cell lysis buffer.
Once isolated, 2 x 10° BMDMs were cultured directly with CM for 6 days. Fresh CM were added on the
third day. Through this process, BMDMs differentiate and polarize to TAMs. We treated BMDM:s from
the ON plus CXCR inhibitor group with 10 nM CXCR2 inhibitor SB225002 (Selleckchem, S7651). After 6
days, TAMs were harvested and lysed to extract total RNA.

Statistics. Differential expression analysis at the single-cell level was performed using the FindMarkers
function from the Seurat R package. A nonparametric Wilcoxon’s rank-sum test was used to determine P
values, and P values were corrected using Bonferroni’s correction. Adjusted P values are reported, with a P
value of less than 0.05 indicating a significant difference.

GSEA was performed using the fgsea R package. This package computes a running sum statistic that
estimates the association of the gene set with the phenotype under study. A P value associated with this
statistic was also computed using an adaptive multilevel split Monte Carlo simulation. P values were then
corrected using the Benjamini and Hochberg method.

Comparison of survival curves was analyzed using a log-rank (Mantel-Cox) test. The P value is report-
ed. Median survival was analyzed using a 1-way ANOVA with Tukey’s post hoc test, which gives a multi-
plicity-adjusted P value for each comparison. This adjusted P value is reported.
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To quantify percentage tumor area on H&E-stained histological lung sections, we imported slide scans
into ImagelJ, converted scans to 8-bit images, adjusted the image threshold to encompass the total lung area,
and measured total lung area. Individual tumors were manually circled, and their areas measured. The sum
of all tumor areas was divided by total lung area and plotted as a percentage. Ordinary 1-way ANOVA
with Tukey’s post hoc test was performed to determine statistical significance between groups. This gives a
multiplicity-adjusted P value for each comparison, which is reported.

To quantify the number of lesions per section of the H&E-stained lungs in all experimental groups,
3 different readers counted lesions on at least 5 sections per experimental group. The average number of
lesions was corrected by the size of the lung section (whole lung, half, quarter of the lung) per experimental
group by dividing the number of lesions for whole or half lungs. Ordinary 1-way ANOVA with Tukey’s
post hoc test was performed to determine statistical significance between groups. This gives a multiplici-
ty-adjusted P value for each comparison, which is reported.

For quantification of the immunofluorescently stained lungs in all experimental groups, at least 3 imag-
es were taken per mouse and at least 3 mice were included in each experimental group. CellProfiler 4.2.6
(39) was used to quantify all immunofluorescence images. We quantified percentage positive as all staining
above a specified threshold over the total area of the image. Percentage colocalization was quantified as
the area from stain 1 that overlapped with area from stain 2. For percentage positive cells, we counted total
nuclei and classified those that were positive for each individual stain as positive; all others were filtered
out. Single-positive cells were related, and double-positive cells were classified. Double- and single-positive
cells were counted and specified quantifications were performed. For each stain, images from the same
mouse were averaged and plotted as a percentage. Ordinary 1-way ANOVA with Tukey’s post hoc test was
performed to determine statistical significance between groups. This gives a multiplicity-adjusted P value
for each comparison, which is reported.

For qRT-PCR data analyses, results were analyzed by relative quantification with the —~AACt method.
For comparisons with only 2 groups, statistical significance was determined with a 2-tailed Student’s ¢ test
for unpaired samples. A P value less than 0.05 was considered statistically significant. For comparisons
with more than 2 groups, statistical significance was determined using 1-way ANOVA with Tukey’s post
hoc test. This gives a multiplicity-adjusted P value for each comparison, which is reported.

Study approval. All animal studies were conducted in accordance with the University of Michigan’s
Institutional Animal Care and Use Committee—approved protocol PRO00010349.

Data availability. The datasets supporting the current study are available from the corresponding author
(SG). Raw data are also provided in the Supporting Data Values file for this study. Raw and processed RNA
data are available through the NCBI GEO database under accession number GSE281744. The complete
R script, including figure-specific visualization methods, is publicly available on GitHub (https://github.
com/Galban-Lab). Material or data that require a Material Transfer Agreement (MTA) can be provided
by the University of Michigan pending scientific review and the execution of an MTA negotiated by the
university’s Office of Technology Transfer. Requests for data that require an MTA should be submitted to
the corresponding author (SG).
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