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ABSTRACT
Mast cells (MC) have been identified in human lung adenocarcinoma (LADC) tissues, but their functional
role has not been investigated in vivo. For this, we applied three mouse models of KRAS-mutant LADC to
two different MC-deficient mouse strains (cKitWsh and Cpa3.Cre). Moreover, we derived MC gene
signatures from murine bone marrow-derived MC and used them to interrogate five human cohorts
of LADC patients. Tumor-free cKitWsh and Cpa3.Cre mice were deficient in alveolar and skin KIT-
dependent (KIT+) MC, but cKitWsh mice retained normal KIT-independent (KIT-) MC in the airways.
Both KIT+ and KIT- MC infiltrated murine LADC to varying degrees, but KIT+ MC were more abundant
and promoted LADC initiation and progression through interleukin-1β secretion. KIT+ MC and their
transcriptional signature were significantly enriched in human LADC compared to adjacent normal
tissue, especially in the subset of patients with KRAS mutations. Importantly, MC density increased
with tumor stage and high overall expression of the KIT+ MC signature portended poor survival.
Collectively, our results indicate that KIT+ MC foster LADC development and represent marked ther-
apeutic targets.
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Introduction

Lung adenocarcinoma (LADC) is the number one cancer
killer worldwide, constituting the majority of newly diagnosed
lung cancer cases and continuously rising in incidence.1,2

Epidemiologic and molecular evidence indicates an increased
risk of LADC harboring mutations in the KRAS proto-
oncogene GTPase (KRAS) in ever-smoking individuals.1,3

These patients also feature smoking-associated chronic
inflammation that is clinically evident as chronic airflow
obstruction.4–7 It is generally believed that this inflammation
alters the microenvironment of tobacco carcinogen-mutated
respiratory epithelial cells, fostering their survival and sus-
tained growth instead of their eradication.4,8 This pulmonary
inflamed microenvironment of smokers encompasses com-
plex interactions between tumor-initiated respiratory epithe-
lial cells and host immune cells and has been only poorly
charted.9–11

Mast cells (MC) are bone marrow-derived inflammatory
leukocytes which can secrete upon activation a battery of biolo-
gically active products.12–15 MC are distributed in all vascular-
ized tissues and are particularly abundant at the bodily interfaces
to the environment, including the lungs, skin, and gut.14,16–19

Although MC are well-recognized initiators of acute allergic
reactions, it is now apparent that these multifarious cells infil-
trate a wide spectrum of malignancies and execute various
important functions in tumor initiation and progression.20–24

To this end, MC play pro-tumorigenic roles in some malignan-
cies (i.e., gastric, prostate, and pancreatic cancers), gate-keeper
roles in others (i.e., breast and ovarian cancers), and function as
innocent bystanders in yet others.25 While the reasons for diver-
gent MC functions in cancer remain elusive, new models of MC
ablation lend promise to solve this riddle but have not been
widely employed in cancer models.26,27

MC have been identified in human and murine LADC, and
have been found to promote lung adenocarcinoma cell growth
in vitro and to be associated with poor patient survival.28–31 We
recently showed that KRAS mutations in tumor cells and host
co-opted MC cooperate to promote the development of an
inflammatory chemokine signaling network that culminates in
metastatic malignant pleural effusions.32–34 However, the func-
tional role of MC in KRAS-mutant LADC development
remained elusive. Here we generated various types of KRAS-
mutant LADC in two different mouse models of MC ablation
(cKitWsh and Cpa3.Cre mice) that feature, respectively, selective
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elimination of KIT-dependent MC and complete ablation of all
MC. Interestingly, KIT-dependentMCwere more abundant and
were found to promote experimental KRAS-mutant LADC
initiated by the tobacco carcinogen urethane, by oncogenic
KRASG12D expression in the lungs, and by transplanted LADC
cells. KIT-dependent MC and their transcriptome signatures
were evident in different human LADC cohorts and correlated
with poor survival, indicating a potential actionable role for these
cells in human disease progression.

Results

Mast cells infiltrate murine lung adenocarcinomas

To identify whether MC infiltrate experimental LADC, we
used three different mouse models of the disease arising in
distinct anatomical compartments. In a first line of experi-
ments, C57BL/6 mice received 10 consecutive weekly intra-
peritoneal injections of the tobacco-contained carcinogen
urethane (1g/Kg) and were sacrificed after six months,
a model that results in stochastic chemical mutagenesis of
the airway epithelium (Figure 1A, D).35–38 Alternatively,
C57BL/6 mice carrying a conditional loxP-STOP-loxP.
KRASG12D allele (KRASG12D mice) received 5 × 108 intratra-
cheal plaque-forming units (pfu) Ad-Cre and were killed after
four months. In this model, progressive lesions carrying the
inciting KRASG12D mutation are inflicted in alveolar epithelial
cells infected by Ad-Cre via excision of the STOP codon that
hinders expression of the mutant transgene (Figures 1B,
E).39,40 In a third line of experiments, C57BL/6 mice received
106 LLC cells into the rear flank dermis, a model of estab-
lished LADC heterotopic growth and spontaneous pulmonary
metastasis (Figures 1C, F).41–43 We labeled with the metachro-
matic stain toluidine blue (TB) that distinctively stains MC
violet on a blue background and systematically evaluated MC
abundance on randomly sampled sections of lungs from the
former two models, and primary tumors and lungs with
metastases from the latter model, as well as tumor-free lungs
of C57BL/6 mice (n = 10/group). MC were identified in
LADC of all three models examined, preferentially located in
early lesions, at the tumor front, at subbronchial and sub-
pleural sites, or within alveolar inflammatory infiltrates fre-
quently observed in juxtatumoral areas (Figures 1G–N).
Importantly, alveoli were less MC-dense, and MC infiltrates
of urethane-induced tumors were less prominent compared
with the KRASG12D and LLC models (Figure 1O). Overall, MC
infiltrates accounted for approximately 1 in 50 tumor cells.
These findings are in accord with a previous report from the
urethane model,29 and indicate that MC are present in experi-
mental LADC developing in the airways, alveoli, and skin.

Compartmentalized mast cell deficiency of cKitwsh and
Cpa3.cre mice

We next assessed lung and skin MC density in two different
strains of genetically MC-deficient mice that either lack func-
tional KIT receptors required for mastopoiesis (cKitWsh

mice),33,44 or express CRE recombinase exclusively in MC lead-
ing to tumor-related protein 53 (TRP53)-mediated spontaneous

apoptosis of these cells (Cpa3.Cre mice).27,33 For this, the air-
ways, alveoli, and skin of mice on a pure C57BL/6 background
carrying one or two cKitWsh alleles (designated cKitWsh/Wt and
cKitWsh/Wsh, respectively) or one Cpa3.Cre allele, as well as
littermate controls of both strains (collectively designated
C57BL/6; n = 10/group; total n = 40) were sectioned and stained
with toluidine blue. In more detail, the control C57BL/6 group
consisted of cKitWt/Wt littermates of cKitWsh/Wt and cKitWsh/Wt

mice, wild-type (Wt) littermates of Cpa3.Cre mice, as well as
Lyz2.Cre mice that express CRE recombinase under the control
of the endogenous Lyz2 promoter as additional controls for
Cpa3.Cre mice.45 Surprisingly, MC were identified throughout
the airways of C57BL/6, but also of cKitWsh/Wt and cKitWsh/Wsh

mice and were absent from the airways of Cpa3.Cre mice. In
contrast, MC were present in the alveolar regions, pulmonary
vasculature, mediastinal organs, and the skin of C57BL/6 mice,
but were significantly decreased in these compartments of
cKitWsh/Wt, cKitWsh/Wsh, and Cpa3.Cre mice (Figures 2A–G).
These results are consistent with the initial descriptions of
these mice,27,44 as well as with our previous study of pleural
MC,33 and indicate that cKitWsh/Wsh and Cpa3.Cre mice can
serve as compartmentalized mouse models of MC deficiency of
the alveoli/skin and of the airways/alveoli/skin, respectively
(Figure 2H).

Mast cells are required for lung adenocarcinoma
formation and progression

To determine whether MC are functionally involved in LADC
development, we reproduced all three mouse models of airway,
alveolar, and cutaneous LADC described above in C57BL/6 (Wt
littermates and Lyz2.Cre heterozygotes), cKitWsh/Wt, cKitWsh/Wsh,
and Cpa3.Cre mice. In a first line of experiments, C57BL/6,
cKitWsh/Wt, cKitWsh/Wsh, and Cpa3.Cre mice received 10 conse-
cutive weekly intraperitoneal urethane (1g/Kg) injections (total
n = 143; Figure 3A). Thirty-eight mice succumbed to repeat
carcinogen treatment (14 of 58 C57BL/6, 2 of 21 cKitWsh/Wt, 21
of 55 cKitWsh/Wsh, and 1 of 9 Cpa3.Cre mice; χ2 P = 0.0419,
Fisher’s exact P = 0.0236 for comparison of cKitWsh/Wt with
cKitWsh/Wsh mice), while the remaining 105 mice were sacrificed
after sixmonths for lung tumor evaluation (Figure 3B).Cpa3.Cre
mice were markedly protected from urethane-induced bronchial
carcinomas in terms of tumor multiplicity, size, and cellular
proliferation rate, suggesting an important role for MC in
tumor initiation and progression, whereas cKitWsh/Wt and
cKitWsh/Wsh mice were susceptible to the carcinogen to
a degree similar to C57BL/6 mice, a result consistent with their
sufficiency in MC of the airways, the site of tumor initiation
induced by urethane (Figure 3C–E). In a second
line of experiments, KRAS,G12D KRAS;G12DcKitWsh/Wt, and
KRAS;G12DcKitWsh/Wsh mice (C57BL/6 background) received
5 × 108 intratracheal pfu Ad-Cre and were killed after four
months. KRASG12D x Cpa3.Cre intercrosses failed to generate
double heterozygote offspring suggesting fetal lethality (n = three
intercrosses; 11 litters; 53 off-springs; P = 0.0001 for 0/53 geno-
type frequencies obtained compared to 13/40 expected by
Fischer’s exact test). KRAS;G12DcKitWsh/Wsh mice were signifi-
cantly protected from KRAS-driven alveolar carcinomas com-
pared with KRASG12D mice, with KRAS;G12DcKitWsh/Wt mice
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Figure 1. Mast cells in murine lung adenocarcinomas.
A-F Schematics depicting tumors (red) of the airways, alveoli, and skin (A-C) and representative microscopic images of hematoxylin/eosin-stained sections (D-F) of
airway-originated lung adenocarcinomas (LADC) induced in C57BL/6 mice by 10 weekly consecutive intraperitoneal injections of 1 g/Kg urethane (six months latency;
A and D; arrow in D denotes originating bronchus), of alveolar-derived LADC induced in KRASG12D-transgenic mice by intratracheal injection of 5 × 108 pfu Ad-Cre
(four months latency; B and E; arrow in E denotes originating alveolar region), and of skin heterotopic LADC spontaneously metastasizing to the alveolar regions
induced by subcutaneous delivery of 106 LLC cells (one month latency; C and F; arrows in F denote alveolar regions involved by metastases). G-N Toluidine blue-
stained lung and tumor sections from the above-described three mouse models of LADC showing metachromatic (purple) mast cells (arrows) in early urethane-
induced atypical alveolar hyperplasias (dashed lines in G and H), in tumor-adjacent alveolar inflammatory infiltrates (I), in and adjacent to urethane-induced LADC
(dashed lines in J and K), entering alveolar KRASG12D-transgenic tumors from the airway lumen and the pleural space (dashed lines, L and M), and in subcutaneous
LLC tumor (dashed line in N). a, alveoli; al, airway lumen; ps, pleural space; pv, pulmonary vein. O Mast cell abundance of urethane- and KRASG12D-primary tumors
and LLC primary tumors and metastases compared with airways and alveoli of naïve C57BL/6 mice (n = 10/group). Data are presented as median with Tukey’s
whiskers (boxes: interquartile range; bars: 50% extreme quartiles), raw data points (dots),and Kruskal–Wallis analysis of variance (ANOVA) probability (P) value.* and
**: P< 0.05 and P< 0.01, respectively, for the indicated comparisons by Dunn’s post-tests. Only statistically significant differences are indicated.

ONCOIMMUNOLOGY e1593802-3



displaying an intermediate phenotype, indicating a significant
tumor-promoting role of MC in the disease (Figure 4). Finally,
separate cohorts of C57BL/6, cKitWsh/Wt, cKitWsh/Wsh, and Cpa3.
Cremice, all on the C57BL/6 background, received 106 subcuta-
neous LLC cells and were followed for one month. cKitWsh/Wsh

and Cpa3.Cre mice displayed significantly delayed primary
tumor growth, as well as decreased spontaneous metastasis to
the lungs compared with controls; interestingly, cKitWsh/Wt mice
displayed sustained primary tumor growth, but significantly
decreased metastasis (Figure 5A–C). Co-labeling of MC and
proliferating cells in primary tumors from these mice using

toluidine blue and anti-proliferating cell nuclear antigen
(PCNA) antibody revealed that MC directly contacted PCNA+
tumor cells (Figures 5D–J), that LLC tumors of Cpa3.Cre mice
had decreased numbers of proliferating tumor cells and were
devoid of MC, while cKitWsh/Wt and cKitWsh/Wsh mice displayed
intermediate phenotypes, and that PCNA+ tumor cells were
significantly increased in MC hotspots of LLC tumors of control
mice (Figures 5K–N). Collectively, these data indicate that MC
are important for LADC development, growth, and metastasis.

Mast cells respond to lung adenocarcinoma-secreted
factors

To identify MC-derived mediators that drive LADC, we isolated
MC from C57BL/6 mouse bone marrow (bone marrow-derived
MC, BMMC) using one month’s incubation with 100 ng/mL
interleukin (IL)-3 alone or 100 ng/mL IL-3 plus 100 ng/mL KIT
ligand (KITL), a method that yields > 95% pure BMMC, as
described elsewhere.33 KIT-dependent (KIT+) and KIT-
independent (KIT-) BMMC were then exposed to cell-free LLC-
conditioned media (CM) for 24 h and their RNA was examined
for changes in gene expression compared with non-CM-exposed
counterparts by microarray [Gene Expression Omnibus (GEO)
identifier GSE58189; https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE58189]. This experiment revealed distinct gene
sets that are differentially regulated in KIT+ and KIT- BMMC or
both upon LADC cell encounter (Figure 6A, B). The human
orthologues of the top transcripts of these three sets were used to
compile KIT+, KIT-, and common MC signatures and included
Il1b (Figure 6C), which we previously identified to promote
LADC-induced malignant pleural effusion.33 Ex-vivo generated
KIT+ BMMC displayed marked increases in IL-1β production
and caspase-1 (CASP1) expression upon LADC cell encounter
(Figure 6D–F), consistent with the role of CASP1 in IL-1β
processing.46 IL-1β also promoted subcutaneous LADC growth,
since Il1b-deficient mice displayed significantly delayed tumor
growth after subcutaneous LLC injection (Figure 6H). These
results indicate that both KIT+ and KIT-MC respond transcrip-
tionally to LADC-secreted factors and identify candidate gene
sets of MC-derived LADC promoters for future research. In
addition, the data support that MC can develop and respond
to tumor cells in the absence of functional KIT (i.e., in cKitWsh/Wt

and cKitWsh/Wsh mice).

Mast cells impact the microenvironment of lung
adenocarcinoma

We next evaluated the abundance of other immune cells in our
experimental LADC models on backgrounds of MC-competence
and -deficiency. While mononuclear and lymphoid cells were
equally abundant in LADC from MC-competent and – deficient
mice, we observed a statistically significant increase in polymor-
phonuclear cells in cKitWsh/Wsh mice (Figure 7A–F), in accord
with a previous report.47 Interleukin-1β immunoreactivity was
statistically significantly decreased in LADC from MC-deficient
mice, indicating that MC are a cardinal source of the cytokine in
LADC (Figure 7G). We next co-labeled MC with anti-KIT anti-
body and toluidine blue in LADC of MC-competent mice, to
observe that KIT+ MC were more abundant compared with

Figure 2. Thoracic and skin mast cells in two different mouse models of mast
cell deficiency.
The airways, alveoli, and skin of mice carrying one or two cKitWsh alleles
(designated cKitWsh/Wt and cKitWsh/Wsh, respectively) or one Cpa3.Cre allele on
a pure C57BL/6 background, and C57BL/6 littermate or Lyz2.Cre heterozygous
control mice (n = 10/group) were sectioned and stained with toluidine blue.
Representative microscopic images of toluidine blue-stained tissue sections
(A-F), summary of data from n = 10 mice/group (G), and schematics of mast
cell competence (colored mast cells) and deficiency (grey mast cell shadows) (H).
A-F Arrows indicate mast cells in the submucosa of a large airway (A; inlay
shows tracheal cartilage as positive control of metachromatic purple staining), in
a large pulmonary vein (B), in the vagus nerve (C), in the thymus of a 6-week-old
(D) and a 20-week-old (E) mouse, and in the esophageal submucosa (F) of
C57BL/6 controls. a, alveoli; pv, pulmonary vein; al, airway lumen; vn, vagus
nerve; ct, cellular thymus; ft, fatty thymus; el, esophagus lumen. G Airway,
alveolar, and skin mast cell density of C57BL/6 control, cKitWsh/Wt, cKitWsh/Wsh,
and Cpa3.Cre mice (summary of data from n = 10 mice/group). Shown are
median with Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme
quartiles), raw data points (dots), and Kruskal–Wallis analysis of variance
(ANOVA) probability (P) value. **, and ***: P< 0.01 and P< 0.001, respectively,
for comparisons with C57BL/6 controls by Dunn’s post-tests. Only statistically
significant differences are indicated. Note the airway mast cell competence of
cKitWsh/Wt and cKitWsh/Wsh mice, and the complete mast cell deficiency of Cpa3.
Cre mice. H Schematics depicting mast cells (purple) of the airways, alveoli, and
skin of C57BL/6, cKitWsh/Wt, cKitWsh/Wsh, and Cpa3.Cre mice. Grey mast cell fade-
outs indicate mast cell deficiency of the given anatomic compartment.
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KIT- MC (Figure 7H, I). Collectively, these findings indicate that
KIT+ MC are the predominant MC population in LADC that
regulate the recruitment of other immune cells and that contri-
bute to IL-1β secretion.

Interleukin-1β provided by KIT+ mast cells is required for
KRAS-mutant LADC

Based on the in vivo results obtained from the different mouse
models of LADC, we hypothesized that KIT+ and KIT-MCmay
possess different LADC-promoting properties. To test this, as
well as to determine the impact of IL-1β on LADC growth,
BMMC were cultured fromWT and Il1b-/-mice,48 as described
above and elsewhere.33 After 30 days in culture on 100 ng/mL

IL-3 alone or 100 ng/mL IL-3 plus 100 ng/mL KITL, more than
95% of BMMC from both WT and Il1b-/- mice differentiated
intoMC of various maturation stages displayingmetachromasia,
i.e. purple staining with toluidine blue (Figure 8A), as well as
MC-specific molecular markers. We next co-cultured LLC cells
with DMEM control or with KIT+ or KIT- BMMC fromWT or
Il1b-/- mice at a physiologically relevant 50:1 ratio identified
from in vivo LADC (Figures 1O, 8A). Co-cultures were assessed
for in vitro cellular proliferation by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction, for in vitro
cell migration by scratch assay, and for in vivo tumor growth
after subcutaneous injection of a million cells into syngeneic
Ccr2 gene-deficient mice (n = 5–6/group), selected to prevent
confounding chemorecruitment of endogenous host mouse

Figure 3. Mast cell deficiency protects mice from urethane-induced lung adenocarcinoma of the airways.
C57BL/6 controls (cKitWt/Wt and Cpa3.Cre-/- littermate controls, as well as Lyz2.Cre mice), cKitWsh/Wt, cKitWsh/Wsh, and Cpa3.Cre mice received ten consecutive weekly
intraperitoneal urethane (1g/Kg) injections (n = 58, 21, 55, and 9, respectively) and were followed for survival and lung tumor analyses at six months post-urethane
start. A Schematic time-course of the experiment with boxes representing one month. B Kaplan–Meier survival curves and log-rank P value. C Frequency distribution
of tumor number and size with n and χ2 P values. a: P< 0.05 for Cpa3.Cre mice compared with cKitWsh/Wt and cKitWsh/Wsh mice by Fischer’s exact test. b: P< 0.05 for
Cpa3.Cre mice compared with cKitWsh/Wt mice and P< 0.001 for Cpa3.Cre mice compared with C57BL/6 control and cKitWsh/Wsh mice by Fischer’s exact test. D Data
summary of tumor number, size, mean volume, and burden per lung shown as median with Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme
quartiles), raw data points (dots), and Kruskal–Wallis analysis of variance (ANOVA) probability (P) value. *, and **: P< 0.05, and P< 0.01, respectively, for the indicated
comparisons by Dunn’s post-tests. Only statistically significant differences are indicated. E Representative images of gross lungs and hematoxylin/eosin (H&E)- and
proliferating cell nuclear antigen (PCNA)-stained lung sections. Arrows and dashed lines denote lung adenocarcinomas.

ONCOIMMUNOLOGY e1593802-5



MC.33,49 These experiments clearly showed that exclusively
KIT+MC competent in IL-1β can promote LADC cell prolifera-
tion and migration in vitro and in vivo (Figure 8B–D).

Mast cells in human lung adenocarcinoma

To determine whether our findings are relevant to human LADC,
we analyzed MC infiltrates in 37 patients with histologically
documented LADC from one of our previous studies from

Greece.50 MC preferentially accumulated in tumor tissue com-
pared with adjacent normal-appearing lung tissue (Figure 9A;
Table 1). In addition, the human orthologue of the murine
KIT+ MC signature above, generated at http://lighthouse.ucsf.
edu/orthoretriever/,51 was significantly over-represented in
tumor tissue compared with adjacent lung tissues of 10 patients
with histologically documented LADC from one of our previous
studies from Germany (Figure 9B; Table 2).52 Individual tran-
scripts from all three MC signatures, including TNFRSF9 and
CD72 from the common, NLRP6 from the KIT-, as well as
SLC43A3, TRAF1, and HSPA1B from the KIT+ MC signature
were significantly over-represented in tumor tissue compared
with adjacent lung tissue (Figure 9C). In addition, MC density
significantly increased with T, N, and TNM stage in the former
series of patients (Figure 9D–I). These results are in line with the
increased tumor cell proliferation indices of LADC from MC-
competent mice compared with MC-deficient counterparts and
suggest that MC infiltrate human LADC, where they exert pro-
tumor functions. Moreover, the data suggest that primarily KIT+
MC infiltrate human LADC.We further interrogated the presence
of MC transcriptional signatures in human LADC, employing
published transcriptomes of normal lung tissues from never smo-
kers and LADC tissues from never- and current smokers from the
Biomarker-integrated Approaches of Targeted Therapy for Lung
Cancer Elimination (BATTLE) study (GEO dataset GSE43458;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE43458).53 Unsupervised clustering of this patient cohort by
our humanized transcriptional signatures of KIT+ and KIT- MC
accurately discriminated normal from LADC tissues and several
genes of these MC signatures were overrepresented in tumor
versus normal tissues, but also in smokers’ versus never-
smokers’ LADC, validating the results from our small cohort
from Germany (Figure 10A, B).52 Although all MC signatures
could discern LADC tissues from normal lungs, the KIT+ signa-
ture emerges to be functionally important in LADC, since LADC
patients with high expression of exclusively this footprint dis-
played significantly shorter survival (http://kmplot.com/analysis/
index.php?p=service&cancer=lung; Figure 10C).54 Finally, gene
set enrichment analyses (GSEA) of humanized KIT+ and KIT-
MC signatures were done in LADC from smokers and never
smokers compared with normal lung tissue (GEO dataset
GSE43458; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE43458) and in KRAS- and EGFR-mutant LADC compared
with normal lung tissue (GEO dataset GSE31852; https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31852).53,55,56 Using
stringent cut-offs of false discovery rate (FDR) q values <0.05 and
family-wise error rate (FWER) probability (P) values <0.05, we
found that exclusively the KIT+ MC signature was focally
enriched in KRAS-mutant LADC, while missing significance
levels by a margin in smokers’ LADC (Figure 11). These results
connect KIT+ MC with KRAS-mutant LADC caused by tobacco
smoking, in line with the results from the animalmodels ofKRAS-
mutant LADC employed (Figures 1–5). Collectively, these results
from five human cohorts of LADC indicated that both KIT+ and
KIT- MC and their transcriptional signatures are present in
human LADC, and suggested that KIT+ MC are specifically
important for disease progression of KRAS-mutant LADC.

Figure 4. Mast cell deficiency protects mice from KRASG12D-induced lung ade-
nocarcinoma of the alveoli.
KRAS,G12D KRAS;G12DcKitWsh/Wt, and KRAS;G12DcKitWsh/Wsh mice (C57BL/6 back-
ground) received 5 × 108 intratracheal plaque-forming units (pfu) Ad-Cre and
were killed after four months (n = 17, 9, and 14, respectively). A Schematic time-
course of the experiment with boxes representing one month. B Frequency
distribution of relative lung tumor fraction and absolute lung tumor volume
(burden) with n and χ2 P values. ** and ***: P< 0.01 and P< 0.001, respectively,
for comparisons with KRASG12D controls by Fischer’s exact test. C Data summary
of relative lung tumor fraction and absolute lung tumor volume (burden) per
lung, as well as percentage of proliferating cell nuclear antigen (PCNA)+ tumor
cells with Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme
quartiles), raw data points (dots), and Kruskal–Wallis ANOVA P values. *, **,
and ***: P< 0.05, P< 0.01, and P< 0.001, respectively, for comparison with
KRASG12D controls by Dunn’s post-tests. Only statistically significant differences
are indicated. D Representative images of gross lungs and hematoxylin/eosin (H
& E)- and PCNA-stained lung sections. Arrows and dashed lines denote lung
adenocarcinomas.
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Discussion

This is the first in vivo study on the role of mast cells in lung
adenocarcinoma. We show that KIT+ MC possess potent biolo-
gical activity fostering disease progression in three different
mouse models of KRAS-mutant LADC either endogenously
arising from the airways or the alveoli, or heterotopically
implanted in the skin and spontaneously disseminating to the
alveolar areas. For this, we used two divergent genetic models of
MC deficiency, one resting on defective KIT signaling (cKitWsh

mice) and another relying on genetic MC ablation (Cpa3.Cre
mice). The results indicate that KIT+ MC are required for

LADC, since each MC-deficient strain was markedly protected
from tumorigenesis in at least two models of LADC: cKitWsh

mice from KRASG12D- and LLC-induced tumors, and Cpa3.Cre
mice from urethane and LLC-induced tumors. Albeit both MC
populations infiltrate experimental and human LADC, we show
how KIT+ MC foster LADC progression conditional on their
competence for IL-1β secretion, while KIT- MC appear to have
a neutral role. Moreover, we identify MC gene sets that are
differentially regulated upon LADC cell encounter, facilitating
the future discovery of MC-derived effectors that foster LADC.
Human results from five different patient cohorts lend support
to our experimental findings of an LADC promoting role for

Figure 5. Mast cell deficiency protects mice from Lewis lung adenocarcinoma growth in the skin and its metastasis to the alveolar regions.
C57BL/6 controls (cKitWt/Wt and Cpa3.Cre−/- littermate controls, as well as Lyz2.Cre mice), cKitWsh/Wt, cKitWsh/Wsh, and Cpa3.Cre mice, all on the C57BL/6 background (n =
13, 7, 7, and 6, respectively), received 106 subcutaneous Lewis lung carcinoma cells (LLC), were followed for one month by weekly measurement of three vertical
primary tumor diameters (δ) and calculation of primary flank tumor volume (V = πδ3/6) and were sacrificed for primary tumor and spontaneous lung metastasis
analyses at one month post-LLC cells. A Schematic time-course of the experiment with boxes representing one week. B Data summary of primary subcutaneous
tumor volume expressed as percentage of C57BL/6 controls (mean±SEM) with two-way ANOVA P value. * and ***: P< 0.05 and P< 0.001, respectively, for comparison
with C57BL/6 controls by Bonferroni post-tests. C Data summary of absolute lung metastasis volume (burden) per lung. D-J Toluidine blue-counterstained primary LLC
tumor sections of C57BL/6 control mice (n = 10) labeled for proliferating cell nuclear antigen (PCNA), a technique that allows simultaneous visualization and
quantification of proliferating cells (brown), mast cells (purple), and nuclei (blue). Shown are representative mast cell hotspot (D; dashed line) and areas of such
hotspots featuring mast cells in close association/contact with proliferating tumor cells (E-J; arrows). K-N Data summary of percentage of PCNA+ primary tumor cells
(K), primary tumor mast cell density (L), percentage of PCNA+ cells in mast cell hotspots versus mast cell-devoid areas of primary tumors of C57BL/6 mice (M), and
correlation of these two parameters in mast cell hotspots of primary tumors of C57BL/6 mice (N). (K, L) n = 10, 7, 7, and 6, respectively. (M) n = 10 C57BL/6 mice. (N)
n = 2 hotspots from each of 10 C57BL/6 mice. Data information: (C, K, L, M) Data are shown as Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme
quartiles), raw data points (dots), and Kruskal–Wallis ANOVA (C, K, L) and Mann–Whitney u-test (M) P values. *, **, and ***: P< 0.05, P< 0.01, and P< 0.001,
respectively, for comparison with C57BL/6 controls or as indicated by Dunn’s post-tests. Only statistically significant differences are indicated. (N) Shown are data
points, Pearson correlation P value and coefficient, and linear regression line and formula.
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KIT+ MC. Hence, this report presents the first direct evidence
for a requirement for KIT+, IL-1β-competent mast cells in
KRAS-mutant LADC, identifying new targets for therapy.

The results favor an important role for MC during the whole
spectrum of LADC formation, progression, and metastasis.35

To this end, MC-deficient mice were protected from direct
tumor initiation of the airway and alveolar epithelium using

the tobacco carcinogen urethane and oncogenic KRAS,G12D

respectively, and were also resistant to the heterotopic growth
of established LADC in the skin, as well as to its spontaneous
metastasis back to the lungs. MC are known to heavily colonize
the airways of mice and men,12–19,29 where tumor initiation by
environmental carcinogens occurs,1,37 and were shown here to
progressively infiltrate LADC of increasing stage, positioning

Figure 6. Response of bone marrow-derived mast cells to lung adenocarcinoma cells and lung adenocarcinoma growth in interleukin-1β-deficient mice.
A Genes differentially expressed (39 genes, ΔGE ≥ 2) between KIT-dependent (KIT+) and KIT-independent (KIT-) bone marrow-derived mast cells (BMMC). B Venn
diagram of differentially expressed genes (ΔGE ≥ 2) of BMMC pre-cultured for one month with interleukin (IL-3) plus cKIT ligand (KITL) (KIT+ BMMC) or with IL-3 only
(KIT- BMMC) upon 24-h incubation with cell-free Lewis lung carcinoma-conditioned media (LLC-CM) by Affymetrix Mouse Gene ST2.0 microarrays. Top 10 transcripts
from each gene set are listed. Note the 55 genes selectively up-regulated in KIT+ BMMC (blue signature), the 76 genes selectively up-regulated in KIT- BMMC (green
signature), and the 34 genes up-regulated in both BMMC (turquoise signature) featuring Il1b (red font). C Normalized microarray expression values of top genes with
human orthologues from each signature compared with Gusb control (n = 2/data point). D qPCR data summary of Il1b normalized to Gusb expression of KIT+ and
KIT- BMMC upon 24-h incubation with cell-free LLC-CM (n = 3). Data are shown as Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme quartiles). ***: P <
0.001 for LLC-CM-treated KIT+ BMMC compared with all other groups by two-way ANOVA with Bonferroni post-tests. Only statistically significant differences are
indicated. E KIT+ and KIT- BMMC were assessed for caspase-1 (CASP1) and β-actin (ACTB) immunoreactivity by Western immunoblot upon 24-h incubation with
DMEM (-) or cell-free LLC-CM (+). F Representative cytocentrifugal specimens of IL-1β immunostained and toluidine blue counter-stained KIT+ and KIT- BMMC upon
24-h incubation with DMEM or cell-free LLC-CM. G Data summary from n = 5 samples from (F). Data are shown as Tukey’s whiskers (boxes: interquartile range; bars:
50% extreme quartiles). ***: P < 0.001 for LLC-CM-treated KIT+ BMMC compared with all other groups by two-way ANOVA with Bonferroni post-tests. Only
statistically significant differences are indicated. H C57BL/6 and Il1b gene-deficient (Il1b-/-) mice on the C57BL/6 background (n = 5/group), received 106 subcutaneous
Lewis lung carcinoma cells (LLC) and were followed for one month by weekly measurement of three vertical primary tumor diameters (δ) and calculation of primary
flank tumor volume (V = πδ3/6). Data summary of primary subcutaneous tumor volume expressed as percentage of C57BL/6 controls (mean±SEM) with two-way
ANOVA P value.
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Figure 7. Lung adenocarcinoma microenvironment of mast cell-competent and incompetent mice.
A Representative images of lung adenocarcinomas from Figures 3–5 (n = 10 mice/group randomly chosen from the urethane, KRAS,G12D and heterotopic models)
stained with hematoxylin and eosin (H & E) or immunostained with anti-CD68, anti-LYZ2, and anti-IL-1β antibodies and counterstained with toluidine blue. B-G Data
summary from (A). Data are shown as Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme quartiles), raw data points (dots), and Kruskal–Wallis ANOVA
P values. Comparisons shown are. *: P< 0.05 for comparisons with C57BL/6 controls or as indicated by Dunn’s post-tests. Only statistically significant differences are
indicated. H Representative lung adenocarcinomas from Figures 3–5 (n = 10 mice/group randomly chosen from the urethane, KRAS, G12D and heterotopic models)
were immunostained with anti-KIT antibody and counterstained with toluidine blue. Data summary shown as Tukey’s whiskers (boxes: interquartile range; bars: 50%
extreme quartiles), raw data points (dots), and Mann–Whitney u-test P value. I Representative images of LADC-infiltrating KIT+ (left) and KIT- (right) MC and their co-
localization in tumors (middle).
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MC as plausible effectors of LADC development and progres-
sion. The results also favor a ubiquitous LADC-promoting role
for MC across anatomical compartments of the lungs, since
MC-deficient mice were protected from both airway- and
alveolar-inflicted LADC.36,38 This is important given the diver-
sity of the cellular origin of LADC in mice and humans if MC-
based therapy is ever contemplated.35–39

But how can the divergent results from urethane-treated
cKitWsh and Cpa3.Cre mice be explained? We believe that the
results do not contradict the proposed tumor-promoting role
for MC in LADC and can be explained on several counts. First,

cKitWsh mice were not completely devoid of airway MC, and we
recently showed urethane-induced tumors to stem from the
airways.36 Second, urethane-caused LADC were less infiltrated
by MC compared with KRASG12D and LLC tumors, likely
reflecting their more early nature compared with the other
models,37,40,43 and probably dictating their lesser dependence
from MC. This assumption is in line with the increasing MC
infiltrates of advanced human LADC, as well as the more
profound impact of MC deficiency in mouse models of more
advanced disease like the KRASG12D and LLC model shown here
and the malignant pleural effusion models shown elsewhere.33

Figure 8. KIT-dependent mast cells competent in interleukin-1β are required for lung adenocarcinoma.
A Left: Representative cytocentrifugal specimens of toluidine blue-stained bone marrow-derived cells from WT and Il1b-/- mice before (top) and after one-month
incubation with 100 μg/mL interleukin (IL)-3 and 100 μg/mL KIT ligand (KITL) or with 100 μg/mL IL-3 alone (bottom). Note the >95% metachromasia of bone
marrow-derived mast cells (BMMC) of different maturation stages after treatment. Right: Representative cytocentrifugal specimen of toluidine blue-stained BMMC
mixed with LLC cells at 1:50 ratio before experiments. B, C LLC cells alone or co-cultured with BMMC from (A) were assessed for in vitro cellular proliferation by MTT
reduction and for in vitro cell migration by scratch assay. (B) Representative scratch assay images at experiment start and conclusion. (C) Summary of data from n =
5–6 independent experiments expressed as mean±SEM with two-way ANOVA P values. ns, *, and ***: P> 0.05, P< 0.05, and P< 0.001, respectively, for comparison
with DMEM control (c) by Bonferroni post-tests. D Ccr2 gene-deficient mice (n = 6/group) received 106 subcutaneous LLC cells alone or mixed with BMMC at 50:1
ratio and were followed for a month by weekly measurements of three vertical primary tumor diameters and calculation of flank tumor volume. Summary of data
from n = 6 mice/group expressed as mean±SEM with two-way ANOVA P value. ns and ***: P> 0.05 and P< 0.001, respectively, for comparison with DMEM control (c)
by Bonferroni post-tests.
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Third, rebound immune responses are at play in cKitWsh mice,
such as myeloid suppressor and regulatory T cell expansion,47,57

cell types we have previously shown to promote early urethane-
induced and advanced LADC.43,58 Finally, as the founders of
Cpa3.Cre mice and our group previously showed,27,33 these
mice represent truly and exclusively MC-deficient models that
behave differently compared with cKitWsh mice in response to
various challenges,27 rendering the results from this strain more
closely related to MC function and not to KIT signaling. To this
end, Cpa3.Cre mice were ubiquitously protected from urethane,
as well as from LLC tumors and their metastases, corroborating
the requirement for MC in LADC.

The data presented here are novel and unprecedented and
explain previous clinical and preclinical observations and

in vitro functional findings.28–31 Our in vivo results are impor-
tant additions to the field, since MC play divergent tumor-
promoting or gate-keeping roles in different cancers.20–23,33

The reasons for this may be multiple, including the different
tumor models employed and the multifaceted phenotypes of
MC in the various bodily anatomic compartments.15,17,27,33,44

Whatever the impact of these cells in other tumor types, the
results shown here establish for the first time KIT+ MC as
culprits of KRAS-mutant LADC promotion and as candidate
therapeutic targets against a disease that presents a current
pandemic.1,2 In addition to identifying their role and to provide
mechanistic insights, we describe gene sets that may mediate
LADC promotion by MC for future research. These signatures
include IL1B, TNFRSF9, CD72, NLRP6, SLC43A3, TRAF1,

Figure 9. Mast cells and mast cell signatures in human lung adenocarcinoma.
A Data summary of mast cell (MC) density of 37 patients with lung adenocarcinoma.50 Data are shown as Tukey’s whiskers (boxes: interquartile range; bars: 50%
extreme quartiles), raw data points (dots), and paired Student’s t-test P value. Full patient data are provided in Table 1. B Data summary of gene expression (GE)
levels of the human orthologues of the murine MC signatures identified in Figure 6 relative to GUSB and HPRT (control) of tumor and adjacent normal-appearing lung
tissues of 10 patients with lung adenocarcinoma.52 Blue: KIT-dependent MC signature; green: KIT-independent MC signature; turquoise: common MC signature. Data
are shown as Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme quartiles), raw data points (dots), and repeated measures ANOVA P value. ***: P< 0.001
for comparison with all other groups by repeated measures ANOVA with Bonferroni post-tests. Full patient data are provided in Table 2. C Select transcripts from the
three signatures from (B) significantly over-represented in tumor versus adjacent normal-appearing lung tissues with GE versus GUSB, differential GE (ΔGE) of tumor
tissue versus normal lung, and P values by paired Student’s t-test. D The human orthologues of the three murine MC signatures identified in Figure 6. E-G
Representative toluidine blue-stained tissue sections showing purple mast cells (arrows) in primary lung adenocarcinomas of a 68-year-old female with stage T2N0M0

disease featuring 3.6 mast cells/mm2, a 51-year-old male with T2N1M0 disease displaying 11.2 mast cells/mm2, and a 64-year-old male with T4N0M0 disease exhibiting
16.6 mast cells/mm2. H-J Data summary (graphs) and frequency distribution (tables) of mast cell density of 37 patients with lung adenocarcinoma,50 classified by T, N,
and TNM6 stage according to the sixth edition of the TNM staging system.63 Data are shown as Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme
quartiles), raw data points (dots), n (tables), and Mann–Whitney u-test (graphs) and Fischer’s exact (tables) P values. Full patient data are provided in Table 1.
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HSPA1B, and other genes of the KIT+ MC signature, genes
likely important for MC expansion in tumor tissues, MC signal
transduction upon tumor cell encounter, inflammasome activa-
tion, transmembrane transport, and telomere maintenance, and
may promote further research on tumor-associated MC func-
tions in the future. To this end, MC-derived IL-1β can fuel
transcriptional activity of nuclear factor-κΒ in tumor cells.33,34

Our results may explain the findings of the Canakinumab Anti-
inflammatory Thrombosis Outcomes Study (CANTOS) aiming
at prevention of cardiovascular events using the IL-1β-
neutralizing antibody canakinumab.59,60 After three years of

intervention, CANTOS investigators detected biologically and
statistically significant reductions in overall and lung cancer
incidence, findings consistent with the protumorigenic role of
IL-1β reported here and elsewhere.33,34

In conclusion, KIT-dependent mast cells were found here
to fuel KRAS-mutant lung adenocarcinoma formation,
growth, and metastasis in mice by secreting IL-1β and to be
associated with lung adenocarcinoma progression in humans,
setting a rational framework for further study of mast cell
functions in lung tumors.

Materials and methods

Cells

Lewis lung carcinoma (LLC; NCI Tumor Repository, Frederick,
MD) cells were cultured at 37°C in 5% CO2-95% air using
DMEM supplemented with 10% FBS, 2 mM L-glutamine,
1 mM pyruvate, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin. Cells were tested biannually for identity (by the short
tandem repeat method) and for Mycoplasmaspp. (by PCR). For
in vivo injections, cells were harvested using trypsin, incubated
with Trypan blue, and counted.33 Only 95% viable cells were
used in vivo. BMMC were derived from bone marrow cells
flushed from mouse femurs and tibias using full DMEM after
one month of culture in full culture media, supplemented with
100 ng/mL IL-3 alone or 100 ng/mL IL-3 plus 100 ng/mL
KITL.33 LLC cells alone or co-cultured with BMMC at a ratio
of 50:1 were assessed for cellular proliferation by MTT reduc-
tion and cell migration in vitro with scratch assay for 48 and 32
h respectively. This LLC:BMMC ratio was selected as physiolo-
gically relevant based on in vivo MC densities observed in all
three tumor models employed herein.

Mouse models

C57BL/6 (#000664), B6.129P2-Lyz2tm(Cre)Ifo/J(#004781),45

B6.129S4-Ccr2tm1Ifc/J(#004999),47 B6.129S4-Krastm4Tyj/J
(KRAS;G12D #008179),40 and B6.Cg-KitW-sh/HNihrJaeBs
mGlliJ (cKitWsh; #012861)44 mice were from Jackson
Laboratory (Bar Harbor, MN), Cpa3.Cre mice were a gift
from Dr. HR Rodewald, University of Heidelberg,
Germany,27 and Il1b-deficient mice from Dr. Y Iwakura,
Tokyo University of Science, Tokyo, Japan.48 All mice
were bred at the Center for Animal Models of Disease
of the Department of Physiology at the Faculty of

Table 1. Clinical data and mast cell density of 37 patients with lung adenocar-
cinoma from Patras, Greece.50 No patient had metastasis (M0 for all).

# Gender
Age

(years)
Histologic
subtype(s)

Grade
(1–3) T N TNM

Mast cells/
mm2

1 M 60 Solid 1 4 1 IIIb 5,4
2 M 73 Acinar 2 2 0 Ib 2,8
3 M 56 Solid/papillary 3 3 1 IIIa 5,6
4 M 68 Micropapillary 3 1 0 Ia 2
5 M 63 Acinar 2 2 0 Ib 0,4
6 M 63 Acinar/papillary 2 2 0 Ib 0
7 M 63 Solid 3 2 1 IIb 2,2
8 M 67 Acinar

(cribriform)
3 1 0 Ia 0

9 M 62 Acinar 2 2 1 IIb 4,6
10 M 72 Acinar/solid 3 2 1 IIb 0
11 M 66 Acinar/solid 3 4 1 IIIb 1,4
12 F 55 Acinar 1 2 1 IIb 4,4
13 M 64 Acinar 3 2 1 IIb 4
14 M 53 Acinar 1 1 0 Ia 0,2
15 M 64 Lepidic/acinar/

micropapillary
3 4 0 IIIb 16,6

16 M 70 Acinar 2 1 1 IIa 1,2
17 M 50 Solid 3 2 1 IIb 0
18 M 51 Acinar/

micropapillary
3 2 1 IIb 11,2

19 M 68 Solid 3 3 1 IIIa 5,8
20 M 69 Micropapillary/

acinar
2 3 1 IIIa 6,6

21 M 53 Acinar 2 1 0 Ia 0,4
22 M 49 Acinar 2 1 0 Ia 1,8
23 M 72 Solid 2 1 0 Ia 0,8
24 M 60 Solid 2 2 0 Ib 0
25 M 58 Acinar 3 2 0 Ib 1,8
26 M 71 Acinar 3 2 0 Ib 1
27 F 53 Solid 2 3 0 IIb 3
28 M 59 Colloid 1 3 1 IIIa 8,2
29 M 72 Acinar 2 2 1 IIb 6
30 M 54 Acinar 3 3 0 IIb 8,2
31 M 62 Solid 2 1 0 Ia 0
32 F 67 Solid 3 2 1 IIb 0,8
33 M 58 Solid 3 3 1 IIIa 6,2
34 M 54 Acinar/solid 2 1 0 Ia 0,8
35 M 69 Solid 3 3 1 IIIa 12,2
36 F 68 Colloid 2 2 0 Ib 3,6
37 M 65 Papillary/acinar 2 1 0 Ia 1,4

Table 2. Clinical data and mast cell signature gene expression data of 10 patients with lung adenocarcinoma from Borstel, Germany.52.

Normalized expression of mast cell signature genes in lung adenocarcinoma compared with adjacent
normal-appearing lung tissue (fold control genes GUSB/HPRT)

# Gender Age (years) Grade (1–3) T N M TNM control common cKIT- cKIT+

1 F 61 3 3 1 0 IIIa 1,44 0,89 0,99 2,12
2 M 69 3 3 3 0 IIIb 1,11 0,79 1,22 1,77
3 F 66 3 3 0 0 IIb 0,82 0,55 1,28 6,59
4 F 58 3 2 2 1 IV 1,77 0,90 0,92 2,02
5 F 71 3 4 2 0 IIIb 1,23 0,92 1,10 3,05
6 M 74 3 3 2 0 IIIa 0,72 0,71 1,21 4,67
7 F 54 3 4 3 0 IIIb 1,19 1,53 0,72 4,81
8 F 53 3 3 0 0 IIb 0,69 2,06 0,80 3,48
9 F 74 2 2 2 0 IIIa 1,20 1,43 1,31 2,68
10 F 57 2–3 1 0 0 Ia 1,13 1,97 1,25 4,12
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Figure 10. Mast cell signatures in human lung adenocarcinoma.
A Unsupervised clustering of 30 normal lung tissues from never-smokers (orange), 40 lung adenocarcinoma (LADC) tissues from never-smokers (green), and 40 LADC
tissues from smokers (yellow) from the Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) study [Gene Expression Omnibus
(GEO) dataset GSE43458; freely available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43458]51 by the humanized KIT-independent (left) and KIT-
dependent (right) mast cell (MC) signatures from Figure 9D. Both signatures could accurately discriminate normal lung from LADC tissues. P, exact χ2 probability
values calculated at http://courses.atlas.illinois.edu/spring2016/STAT/STAT200/pchisq.html. B Data summary of gene expression of the transcripts from Figure 9C
normalized to ACTB expression in the BATTLE study validates five of the six genes. Color code is as in Figure 10A. Data are shown as Tukey’s whiskers (boxes:
interquartile range; bars: 50% extreme quartiles), raw data points (dots), and Kruskal–Wallis ANOVA P values. ns, *, **, and ***: P> 0.05, P< 0.05, P< 0.01, and P<
0.001, respectively, for the indicated comparisons by Dunn’s post-tests. C Overall survival of patients with LADC stratified by low (black lines) or high (red lines)
average expression of MC signatures from Figure 9D. Data from http://kmplot.com/analysis/index.php?p=service&cancer=lung.54 Note that exclusively high
expression of the KIT-dependent MC signature correlates with poor survival (A). Shown are Kaplan–Meier survival estimates with hazard ratios (HR) for high
compared with low signature expression with their 95% confidence intervals, as well as log-rank test P values.
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Medicine of University of Patras, Greece. Experiments
were approved by the Veterinary Administration of the
Prefecture of Western Greece (#118018/578/30.04.2014)

and were conducted according to Directive 2010/63/EU
(http://eurlex.europa.eu/legal-content/EN/TXT/?uri=
CELEX%3A32010L0063). Male and female mice were sex-,
weight (20–25 g)-, and age (6–12 week)-matched. For
LADC induction using the pulmonary carcinogen
urethane (ethyl carbamate, EC; CAS #51–79-6; Sigma,
St. Louis, MO), mice on the C57BL/6 background
received 10 weekly intraperitoneal injections (1g/Kg per
100μl saline prepared on the same day) and were sacri-
ficed 6 months after the first injection.37 For mutant
KRASG12D-driven LADC, C57BL/6 mice heterozygous for
the loxP-STOP-loxP.KRASG12D transgene (KRASG12D

mice), which express mutant KRASG12D in all somatic
cells upon CRE-mediated recombination, received 5 ×
108 intratracheal plaque-forming units (pfu) adenovirus
encoding CRE recombinase (Ad-Cre; Baylor College of
Medicine, Houston, TX) and were killed after four
months.40 Control mice (designated C57BL/6) were
a mixture of littermates negative for the transgenes of
interest, including cKitWt/Wt mice as appropriate controls
for cKitWsh mice and Lyz2.Cre mice as appropriate con-
trols for Cpa3.Cre mice.45 C57BL/6 mice were anesthe-
tized by isoflurane and received 106 LLC cells alone or
combined with 2 × 104 BMMC subcutaneously into the
rear flank. The 50:1 ratio of co-injected LLC and BMMC
cells was chosen in order to replicate the number of MC
in LADC MC hotspots. Three vertical tumor diameters
(δ) were measured weekly, tumor volume (V) was calcu-
lated as V = π×(δ1× δ2× δ3)/6, and mice were killed after
one month.43 Lungs were exsanguinated, inflated at 20 cm
H2O with 10% neutral-buffered formalin, and fixed over-
night. Lung tumor number and δ were measured under
a Stemi DV4 stereoscope (Zeiss; Jena, Germany) and
V was calculated as πδ3/6 and averaged/summed. Lung
volume was measured by saline immersion, lungs were
embedded in paraffin, randomly sampled by 5 μm-thick
sections (n = 10/lung), mounted on glass slides, and
stained with hematoxylin and eosin (H&E). A 100-point-
grid was superimposed on ≥5 random non-overlapping
fields of ≥10 sections/lung using Fiji (https://fiji.sc/) and
lung tumor burden was determined by extrapolating
tumor-to-lung point counts to lung volume.61,62

Quantification of lung tumors

Specimens were examined by two blinded participants of this
study and the results obtained by each investigator were com-
pared and re-evaluated if deviant by >20%. In the urethane and
lung metastasis models, tumors are approximately spherical with
well-defined borders. Lungs and lung tumors were thus inspected
macroscopically under a Stemi DV4 stereoscope equipped with
a micrometric scale incorporated into one eyepiece and an
Axiocam ERc5s camera (Zeiss, Jena, Germany) in trans-
illumination mode, allowing for visualization of both superficial
and deeply located lung tumors.37 Tumor location was charted
and δ was measured. Tumor number (multiplicity) per mouse
was counted and mean tumor δ per mouse was calculated as the
average of individual δ of all tumors found in a given mouse lung.

Figure 11. The KIT-dependent mast cell signature is focally enriched in KRAS-
mutant lung adenocarcinoma.
Pre-ranked gene set enrichment analysis of the humanized KIT-independent
(left) and KIT-dependent (right) mast cell (MC) signatures from Figure 9D
against 40 lung adenocarcinoma (LADC) tissues from never-smokers, 40 LADC
tissues from smokers, 15 EGFR-mutant LADC, and 22 KRAS-mutant LADC from
the Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer
Elimination (BATTLE) study [Gene Expression Omnibus (GEO) datasets
GSE43458 and GSE31852; freely available at https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE43458 and https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE31852].53,55,56 GSEA was performed with the Broad Institute
pre-ranked GSEA module software (http://software.broadinstitute.org/gsea/
index.jsp).65 Normal lung tissue from 40 never smokers were used as controls
(GSE31852). Note that using stringent cut-offs of both false discovery rate
(FDR) q values <0.05 and family-wise error rate (FWER) probability (P) values
<0.05 the KIT-dependent MC signature is focally enriched in the molecular
signature of KRAS-mutant LADC (red fonts). Shown are enrichment plots,
normalized enrichment scores (NES), FDR, and FWER values.
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Individual tumor volume was calculated as πδ3/6. Mean tumor
volume per mouse was calculated as the average of individual
volumes of all tumors found in a given mouse lung, and total
lung tumor burden per mouse as their sum. In the KRASG12D

model, lung tumors are irregularly shaped with ill-defined bor-
ders. Hence, lung volume was measured by saline immersion,
and lungs were embedded in paraffin, randomly sampled by
cutting 5 μm-thick lung sections, mounted on glass slides, and
stained with hematoxylin and eosin for morphometry. For this,
a digital grid of 100 intersections of vertical lines (points) was
superimposed on multiple digital images of all lung sections from
lung tissue of a given mouse using Fiji.61 Total lung tumor
burden was determined by point counting of the ratio of the
area occupied by neoplastic lesions versus total lung area and by
extrapolating the average ratio per mouse to total lung volume.62

The results of this stereologic approach were compared with the
macroscopic method detailed above and were scrutinized if devi-
ant by >20%. All quantifications were done by counting at least
five random non-overlapping fields of view of at least 10 sections
per lung.

Human samples

Matched tumor and normal lung tissue of 37 previously
reported patients with LADC treated at the Faculty of
Medicine of the University of Patras, Greece were used for
MC counts,50 and of 10 previously reported patients with
LADC treated at the Research Center Borstel of the Airway
Research Center North, Germany for microarray.52 Patients
were staged according to the sixth edition of the tumor-node-
metastasis system for lung cancer.63

Histology

Five μm-thick tissue sections were stained with H&E or with
toluidine blue (pH = 2.0; 10 min; RT; Sigma, St. Louis, MO) or
were incubated with primary antibodies (Table 3) overnight at 4
⁰C followed by Envision/diaminobenzidine detection (Dako,
Glostrup, Denmark) and hematoxylin or toluidine blue coun-
terstaining/mounting (Entellan; Merck, Darmstadt, Germany).
Nuclear PCNA immunoreactivity was defined as the percentage
of positive cells in tumor areas. Sections were counted at high
power (x 400) and 5–8 fields were assessed randomly for tumor
cells. One thousand cell nuclei were counted and the number of
cells showing positive nuclear staining was recorded. KIT,
CD68, and LYZ2 immunoreactivity were defined as the

percentage of positive cells. IL-1β immunostaining intensity
was defined semiquantitatively (0: negative; 1: weak; 2: moder-
ate; 3: strong). To assess the number of MC, slides were scanned
at low power (x 20) to identify the 10 fields with the greatest
number of MC (hotspots) separately in control lung tissue and
in LADC. MC number was counted at high power (x 200) in
every hotspot and the average was determined. Perivascular
areas, where mast cells naturally accumulate, were excluded.
Mononuclear, polymorphonuclear, and lymphocytic infiltrates
were identified morphologically from H&E staining in 10 fields
at a magnification of x 400 and the average was determined.
Images were captured with an AxioLab.A1 upright microscope
(Zeiss, Jena, Germany). Staining was evaluated by two blinded
readers (IG, IL) and was verified by a certified pathologist (VB).

qPCR

RNA was isolated using Trizol (Invitrogen, Carlsbad, CA) fol-
lowed by RNAeasy (Qiagen, Hilden, Germany), was reverse
transcribed using Superscript III (Invitrogen), and qPCR was
performed using SYBR Green Master Mix and specific primers
for Il1b (Il1bF: TTTGACAGTGATGAGAATGACC; Il1bR:
AATGAGTGATACTGCCTGCC; GusbF: TTACTTTAAGAC
GCTGATCACC; GusbR: ACCTCCAAATGCCCATAGTC) in
a StepOne Plus thermocycler (Applied Biosystems, Carlsbad,
CA). Ct values from triplicate qPCR reactions were analyzed
by the 2–ΔΔCT method relative to Gusb mRNA levels.64

Immunoblotting

Total protein extracts from BMMC were extracted using
Radioimmunoprecipitation assay buffer (Thermo Fisher
Scientific, Waltham, MA), were separated by 12% SDS polya-
crylamide gel electrophoresis, and were electroblotted to poly-
vinylidene difluoride membranes (Merck Millipore, Darmstadt,
Germany). Membranes were probed with anti-CASP1 and anti-
β-Actin (ACTB) antibodies (Table 3) and were visualized by
film exposure after incubation with enhanced chemilumines-
cence substrate (Merck Millipore, Darmstadt, Germany).

Transcriptome analyses

Microarray data were analyzed with Gene Expression and
Transcriptome Analysis Consoles using as cut-off differential
gene expression > 2 (Affymetrix, Santa Clara, CA). Murine
BMMC microarrays were reported elsewhere (GEO series
GSE58189; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE58189).33 Humanized MC signatures were derived
frommouse BMMC signatures using Orthoretriever (http://light
house.ucsf.edu/orthoretriever/).51 Hierarchical clustering of
BATTLE study patients by MC signatures was performed
using GEO series GSE43458.53 Human LADC patient survival
analyses were done using Kaplan–Meier Plotter (http://kmplot.
com/analysis/index.php?p=service&cancer=lung) and para-
meters auto-select best cutoff, compute median survival, censor
at threshold, and histologic subtype lung adenocarcinoma.54

GSEA was performed with the Broad Institute pre-ranked
GSEA module (http://software.broadinstitute.org/gsea/index.

Table 3. Antibodies used for immunohistochemistry.

Product name/Target
Host

species Provider Catalog# Dilution

Anti-proliferating cell
nuclear antigen
antibody (PCNA)

Rabbit Abcam, London, UK ab2426 1:2000

Anti-CD68 antibody
(CD68)

Mouse Abcam, London, UK ab955 1:200

Anti-Lysozyme antibody
(LYZ2)

Rabbit Abcam, London, UK ab10850 1:250

Anti-Interleukin-1β
antibody (IL-1β)

Rabbit Abcam, London, UK ab9722 1:200

Anti c-KIT (c-Kit) Mouse Santa Cruz
Biotechnology, INC

sc-
365504

1:100
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jsp) using BATTLE study transcriptomes from GEO series
GSE43458 and GSE31852.65

Statistics

Sample size (n; always biological) was determined using
G*power,66 assuming α = 0.05, β = 0.05, and Cohen’s d =
1.5. Data were acquired by two blinded readers, reevaluated if
>20% deviant (no data were excluded), examined for normal-
ity by Kolmogorov–Smirnov test, and presented as median
(interquartile range) or mean±SEM. Differences in frequen-
cies were examined by Fischer’s exact or χ2 tests, in means of
normally distributed variables by t-test or one-way ANOVA/
Bonferroni post-tests, and in medians of non-normally dis-
tributed variables by Mann–Whitney test or Kruskal–Wallis/
Dunn’s posttests. Survival and flank tumor volume were
examined by Kaplan–Meier estimates/log-rank tests and two-
way ANOVA/Bonferroni post-tests. Probability (P) is two-
tailed and P< 0.05 was considered significant. Statistics and
plots were done on Prism v5.0 (GraphPad, La Jolla, CA).

Study approval

All animal experiments were approved a priori by the
Veterinary Administration of the Prefecture of Western
Greece according to a full and detailed protocol (approval
number 118018/578/30.04.2014) and were conducted according
to Directive 2010/63/EU (http://eurlex.europa.eu/legal-content
/EN/TXT/?uri=CELEX%3A32010L0063). Human studies were
approved a priori by the Ethics Committee of the University of
Lübeck, Germany (approval # AZ 12–220),52 and by the ethics
committee of the University Hospital of Patras, Greece.50 The
study’s protocols were conducted according to the Declaration
of Helsinki and all patients gave written informed consent.
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