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IGF1R acts as a cancer-promoting factor in the tumor
microenvironment facilitating lung metastasis implantation and

progression
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Given the long-term ineffectiveness of current therapies and late-stage diagnoses, lung cancer is a leading cause of malignant
diseases. Tumor progression is influenced by cancer cell interactions with the tumor microenvironment (TME). Insulin-like growth
factor 1 receptor (IGF1R) was reported to affect the TME; however, the role of IGF1R in lung TME has not been investigated. First, we
assessed IGF1R genomic alterations and expression in NSCLC patient tissue samples, as well as IGF1R serum levels. Next, we
performed tumor heterotopic transplantation and pulmonary metastases in IGF1R-deficient mice using melanoma and Lewis lung
carcinoma (LLC) cells. Herein we report increased amplification and mRNA expression, as well as increased protein expression
(IGF1R/p-IGF1R) and IGF1R levels in tumor samples and serum from NSCLC patients, respectively. Moreover, IGF1R deficiency in
mice reduced tumor growth, proliferation, inflammation and vascularization, and increased apoptosis after tumor heterotopic
transplantation. Following induction of lung metastasis, IGF1R-deficient lungs also demonstrated a reduced tumor burden, and
decreased expression of tumor progression markers, p-IGF1R and p-ERK1/2. Additionally, IGF1R-deficient lungs showed increased
apoptosis and diminished proliferation, vascularization, EMT and fibrosis, along with attenuated inflammation and
immunosuppression. Accordingly, IGF1R deficiency decreased expression of p-IGF1R in blood vessels, fibroblasts, tumor-associated
macrophages and FOXP3™ tumor-infiltrating lymphocytes. Our results demonstrate that IGF1R promotes metastatic tumor initiation
and progression in lung TME. Furthermore, our research indicates that IGF1R could be a potential biomarker for early prediction of

drug response and clinical evolution in NSCLC patients.
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INTRODUCTION
Lung cancer is a leading cause of malignant diseases and the
most common cause of cancer-related death worldwide with a
5-year survival rate of about 21% [1, 2]. The predominant lung
cancer subtype, non-small-cell lung cancer (NSCLC), accounts
for 80% of lung cancer-associated deaths, and about 70% of
patients have locally advanced or metastatic disease at the time
of diagnosis. Moreover, the lung is one of the most common
sites for cancer metastases. Distant tumor metastasis to the
lung changes staging, clinical prognosis and treatment options
of the original tumor and severely decreases survival rate [3-5].
Tumor masses consist of a heterogeneous population of
cancer cells and a variety of resident and infiltrating host cells,
secreted factors, and extracellular matrix proteins, collectively
known as the tumor microenvironment (TME). Among others,
tissue-resident and peripherally recruited immune cells, fibro-
blasts, and endothelial cells are key elements within the TME.
Tumor progression is profoundly influenced by cancer cells
interactions with the TME, which ultimately determine whether

the primary tumor is eradicated, metastasizes, or establishes
dormant micrometastases. Moreover, tumor metastasis
requires the development of a pre-metastatic niche suitable
for a subpopulation of tumor cells to colonize and develop into
metastases with their own TME. Since the TME can also shape
therapeutic responses and resistance, a deeper understanding
of TME characteristics and function is required for developing
new strategies for targeting its components in patients with
primary and metastatic tumors [6-8].

The insulin-like growth factor 1 receptor (IGF1R) is a
ubiquitously expressed membrane-bound tyrosine kinase
receptor that recognizes its two major ligands IGF1 and IGF2,
and controls multiple essential cellular functions [9]. IGF activity
is highly relevant in several chronic lung pathologies, including
lung cancer [10-12]. IGF1R signaling has been profusely
implicated as a critical contributor to cancer cell proliferation,
survival, migration, and resistance to anticancer therapies, thus
targeting IGF signaling is an attractive therapeutic strategy.
In this regard, IGFIR is currently being evaluated as a
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Fig. 1 Increased IGF1R amplification and mRNA expression, as well as upregulation of IGF1R protein expression in NSCLC patient tumor
samples and serum. A /GF1R gene amplification frequency, copy number values and mRNA expression levels, as well as Pearson’s correlation
of IGFT1R copy number values with mRNA expression in tumor samples from NSCLC patients. Data were obtained from the cBio Cancer
Genomics Portal (cBioPortal). B Representative immunostains for Ki67 (proliferation), lbal (macrophages), CD68 (tumor-associated
macrophages, TAMs) and p-IGF1R in tumoral and non-tumoral tissues from NSCLC patients (n = 7-14; Scale bar: 125 um), and respective
Pearson’s correlations of p-IGF1R™ area with Ki67 " Iba1™ and CD68™" areas (%). C Representative stains for H&E and immunostains for IGF1R
and p-IGF1R in peritumoral lung tissues from NSCLC patients (dashed lines indicate limits between peritumoral (P) and tumoral (T) areas. Note
accumulations of infiltrated immune cells in P (red arrows). D Serum IGF1R levels from NSCLC patients and controls (n = 24). In bar graphs,
data are expressed as mean* SEM. *p < 0.05; ***p <0.001 (Mann-Whitney U test for comparing two groups and Pearson’s correlation
coefficient).
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pharmacological target in clinical trials for oncologic patients,
including NSCLC [13, 14]. However, the role IGF1R plays in
implantation and progression of lung metastases in the TME
has not been evaluated in the context of NSCLC. The Lewis lung
carcinoma (LLC) model is the only reproducible syngeneic
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model for NSCLC [15]. Here, we studied the implication of IGF1R
as a cancer-promoting factor in the TME by analyzing tumor
samples from NSCLC patients, and generating LLC models by
performing heterotopic transplantation or pulmonary metas-
tasis in the context of IGF1R deficiency.
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Fig. 2 IGF1R deficiency reduces tumor growth fProIiferation, vascularization and inflammation, and increases apoptosis after tumor
heterotopic transplantation. A UBC-CreERT2;1gf 1" and Igf1/"" (controls) female mice were treated with tamoxifen (TMX) for five consecutive
days at four weeks (W) of age to induce Igfir gene deletion. Then, mice were subcutaneously injected in their right flanks with 1 x 10° Lewis
lung carcinoma (LLC) cells in PBS or an equal volume of PBS. A follow-up of LLC engraftments was performed for 14 days by measuring tumor
size on alternate days; primary tumors were resected on day (D) 14. B Macroscopic pictures of subcutaneous resected heterotopic tumors (left)
and measurements of tumor volumes on alternate days after inoculation of LLC cells (right) in IGF1R-deficient (CreERT2) vs. Igf1™" (control)
mice. Representative immunostains for p-IGF1R (magenta; white arrowheads indicate p-IGF1R™ cells) (C) and quantification of p-IGF1R protein
levels (D) in sections and homogenates of heterotopic tumors from CreERT2 vs. Igf1™" mice (n=7-8 mice per group; Scale bar: 30 ym).
E Representative immunostains for Ki67 (proliferation), C3 (apoptosis), and CD31 (vascularization) (brown) in the tumor microenvironment
(TME), and respective quantifications of Ki67* and C3™ cells per unit area (mm?), and CD31" area (%)in tumor sections from CreERT2 vs. lgfiﬂ/f
mice (n=5-6 mice per group; Scale bar: 35um). F Representative immunostains for CD45 (total leukocytes), CD68 (TAMs) and MPO
(neutrophils) (brown), and for FOXP3 (tumor-infiltrating lymphocytes, TILs) (green) and FOXP3-CD4 (T regulatory cells, Tregs) (green-magenta;
white arrowheads indicate double FOXP37CD4™" cells), as well as respective quantifications of MPO™, FOXP3™, CD4" and FOXP37CD4™" cells
per unit area (mm?), and CD68* area (%) (brown) in tumor sections from CreERT2 vs. Igf1™" mice (n = 5-7 mice per group; Scale bars: 30 ym).
Quantifications were performed randomly in five different fields. Data are expressed as mean + SEM. *p < 0.05; **p <0.01; ***p <0.001

(Mann-Whitney U test or Student’s t-test).

RESULTS

Increased IGF1R amplification and mRNA expression, as well
as upregulation of IGF1R protein expression in tumor samples
and serum in NSCLC patients

To explore genomic alterations and mRNA expression of IGF1R in
patients with NSCLC, we used the cBio Cancer Genomics Portal
(cBioPortal). Overall, data obtained from different studies included
in the cBioPortal cancer database, showed an increased IGF1R
amplification frequency with an average of 1.385%. In addition,
copy number values and mRNA expression were significantly
increased in tissue samples from NSCLC patients in which IGF1R
was found amplified with respect to diploid tissue. We also
observed that the increase of IGFTR mRNA expression correlated
with copy number values (Pearson’s correlation coefficient, r=
0.4603, p=0.0157) (Fig. 1A and Supplementary Table 1). To
complement this data IGF1R was assessed in tissue samples and
serum from our own NSCLC patient cohort. We show that the
increase of p-IGF1R expression in tumoral lung tissues correlated
with proliferation (Ki67), macrophage (Iba1) and tumor-associated
macrophage, TAMs (CD68) presence (Pearson’s correlation coeffi-
cient, r=0.5906, p = 0.0013; r=0.4012, p = 0.015; and r = 0.6257,
p = 0.0341, respectively) (Fig. 1B). We also report overexpression
of both IGF1R and p-IGF1R, although this increase was more
evident in the case of p-IGF1R in peritumoral lung tissue from
NSCLC patients, corresponding to accumulations of infiltrated
immune cells (Fig. 1C). Finally, serum IGF1R protein levels
evaluated by ELISA revealed a significant increase in NSCLC
patients compared to healthy controls (Fig. 1D).

IGF1R deficiency reduces tumor growth, proliferation,
inflammation and vascularization, and increases apoptosis
after tumor heterotopic transplantation

Since IGF1R has been implicated in the pathogenesis of lung
cancer by facilitating metastasis, tumor-associated inflammation
and immune checkpoint regulation [12, 16], we decided to assess
whether IGF1R deficiency in the TME delays implantation and
progression in a heterotopic LLC mouse model. For that purpose,
UBC-CreERT2;1gf1"" and Igf1r"" female mice were treated with
TMX to induce Igfir gene deletion. Then, mice were subcuta-
neously injected with LLC cells, and follow-up of LLC engraftments
was performed for 14 days to assess the tumor volume as detailed
in Fig. 2A. LLC cell tumorigenic capacity was evaluated by
measuring the heterotopic tumor volume, which was lower in
IGF1R deficient (CreERT2) vs. lgfllﬂ/ﬂ mice (Fig. 2B). Next, we
assessed p-IGF1R by immunofluoresce and ELISA in sections and
homogenates of heterotopic tumors. Notably, the apparent
reduction of p-IGF1R in heterotopic tumors from IGF1R deficient
mice was reflected in reduced p-IGF1R protein levels measured by
ELISA (Fig. 2C, D). On the other hand, delayed tumor growth
observed in CreERT2 mice is supported by reduced proliferation
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(Ki67™" cells) and vascularization (CD31% area), as well as increased
apoptosis (C37 cells) (Fig. 2E). In addition, heterotopic tumors from
CreERT2 mice showed diminished inflammation demonstrated by
reduced presence of total leukocytes (CD45" area), TAMs (CD68™
area), neutrophils (MPO" cells), tumor-infiltrating lymphocytes,
TILs (FOXP3™), as well as T regulatory cells, Tregs (FOXP3*CD4"
cells). Conversely, CD4™ TILs were found increased in heterotopic
tumors from CreERT2 mice (Fig. 2F). Overall, these results indicate
that IGF1R deficiency has an antitumoral effect on the lung TME.

IGF1R deficiency depletes peripheral monocytes, bone
marrow neutrophils and leukocyte counts in BALF, and
attenuates the increase of serum IL6 and TNFa levels after
experimental pulmonary metastasis

To determine the effect of IGF1R deficiency on key components
of the lung TME, we performed an experimental pulmonary
metastasis model. UBC-CreERT2;Igf1r"" and Igf1r™" female mice
were treated with TMX to induce Igf1r gene deletion (CreERT2
mice). Then, mice were intravenously injected with LLC cells in
PBS or equal volume of PBS (Fig. 3A). IL6 and TNFa serum levels
demonstrated a clear induction in LLC-challenged Igf1r"" mice,
while both remained unaltered in CreERT2 mice (Fig. 3B). The
proportion of circulating neutrophils and monocytes exhibited
a marked increase in LLC-challenged Igf1r™" mice, and while
the proportion of neutrophils remained high, monocyte counts
did not change in CreERT2 mice after LLC challenge. In contrast,
we observed a significant reduction in the proportion of
lymphocytes in LLC-challenged mice, and this reduction was
lower in CreERT2 mice. Circulating levels of eosinophils did not
change between experimental groups (Fig. 3C, D). On the other
hand, a significant increase in total cell numbers and
neutrophil counts was observed in bone marrow of Igf1r™"
mice after LLC challenge, an increase that was not significant in
LLC-challenged IGF1R-deficient mice (Fig. 3C, E). Moreover,
total and differential BALF cell counts for neutrophils, macro-
phages and Iymg)hocytes were found elevated in LLC-
challenged Igf1r™" mice, while this increase was less pro-
nounced in CreERT2 mice. Total protein concentration in BALF
was significantly increased in LLC-challenged Igf1r"" mice but
remained unaltered in CreERT2 mice upon LLC challenge
(Fig. 3C, F).

As a complement to the LLC experimental pulmonary
metastasis model, we generated an additional mouse model:
B16-F10 (melanoma) cells were intravenously injected in IGF1R-
deficient (CreERT2) and Igf1”" mice to induce lung metastasis
(Supplementary Fig. 1A). As noted in the LLC model, TNFa levels in
both serum and lung homogenates also demonstrated a clear
induction in B16-F10-challenged Igf1r"" mice, remaining unal-
tered in CreERT2 mice (Supplementary Fig. 1B). Accordingly, total
and differential BALF cell counts for macrophages and

Oncogene (2022) 41:3625-3639
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lymphocytes, as well as total protein concentration in BALF were
found elevated in B16-F10-challenged Igf1r"" mice, but not in
CreERT2 mice as shown in the LLC model. Neutrophil counts in
BALF did not show any significant changes between groups,
unlike in the LLC model (Supplementary Fig. 1C, D).
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Reduced tumor burden and decreased expression of

metastasis markers, p-IGF1R and p-ERK1/2, as well as changes
in IGF system gene expression in lungs of IGF1R-deficient mice
To evaluate the effect of IGF1R depletion on LLC metastasis, tumor
burden, metastasis markers, p-IGF1R, p-ERK1/2 and IGF system
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Fig. 3

IGF1R deficiency depletes peripheral monocytes, bone marrow neutrophils and leukocyte counts in BALF, and attenuates the

increase of serum IL6 and TNFa levels after experimental pulmonary metastasis. A UBC-CreERT2;Igf1/"" and Igf1r"" female mice were
treated with tamoxifen (TMX) for five consecutive days at four weeks (W) of age to induce Igfir gene deletion (CreERT2). Then, mice were
injected through the lateral tail vein with 1 x 10° Lewis Lung Carcinoma (LLC) cells in PBS or an equal volume of PBS. Collection of blood, bone
marrow (BM), BALF and lungs were performed on day (D) 14. B Total serum IL6 and TNFa levels from PBS- or LLC-challenged CreERT2 vs. Igf1r""
mice (n = 5-6 mice per group). C Representative images showing May-Grinwald Giemsa (MGG) stained peripheral blood, BM and cytospin
preparations (red and green arrowheads indicate neutrophils and macrophages, respectively) (Scale bars: 20 um). Differential cell counts for
eosinophils, neutrophils, monocytes and lymphocytes in peripheral blood (D), total cells and neutrophils in BM (E), and total cells, neutrophils,
macrophages and lymphocytes, as well as total protein content in BALF (F) from PBS- or LLC-challenged CreERT2 vs. Igf1r"" mice (n = 5-8 mice
per group). Data are expressed as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (Dunn-Sidak test for multiple comparisons).

gene expression were assessed in lungs of IGF1R-deficient
(CreERT2) mice vs. controls. After LLC experimental pulmonary
metastasis, CreERT2 mice exhibited decreased lung tumor foci and
area with respect to Igf1/"" mice (Fig. 4A). A similar result was
found in mice challenged with B16-F10 cells (Supplementary Fig.
1E). mRNA expression of Mmp9, Egfr and Hmox1 (tumor
progression), Timp1 and Timp2 (inhibitors of metalloproteinases)
and Hifla (hypoxia) evaluated in lung homogenates was
significantly augmented in LLC-challenged Igf1r"" mice, remain-
ing unaltered in CreERT2 mice. Conversely, Mmp2 (tumor
progression) and Timp3 (inhibitor of metalloproteinases) mRNA
expression was significantly repressed after LLC challenge in Igf1”
T mice, while this repression was milder in CreERT2 mice (Fig. 4B).
Accordingly, MMP9 levels quantified by ELISA in lung homo-
genates mirrored its MRNA expression profile (Fig. 4C). Regarding
IGF system gene expression, Igfir mRNA expression increased
significantly in Igf1r”" mice upon experimental pulmonary
metastasis, showing an efficient depletion in PBS- and LLC-
challenged CreERT2 mice, as expected due to tamoxifen-mediated
Igrir gene depletion. Insulin receptor (Insr) mRNA levels did not
change between experimental groups. In contrast, IgfT mRNA
levels showed significantly increased levels in both CreERT2
experimental groups indicating IGF1 resistance to the IGF1R-
defiency condition. Surprisingly, a sif;;niﬁcant reduction in Igf1
mMRNA levels was noticed in lgflrﬂ/ mice upon experimental
pulmonary metastasis. Notably, mRNA expression of Igfbp genes
Igfbp2, Igfbp3 and Igfbp5 was found significantly depleted, and
Igfbp4 levels significantly increased upon LLC challenge only in
Igf1r"" mice. Specifically, Igfbp6 expression was slightly increased
within LLC experimental groups (Fig. 4D). p-IGF1R levels assessed
by ELISA in lung homogenates showed a significant increase in
Igf1r"" mice after experimental pulmonary metastasis, but were
reduced in IGF1R-deficient PBS- and LLC-challenged mice. On the
other hand, p-IGF1R and p-ERK1/2, assessed by immunohisto-
chemistry in metastatic tumors, demonstrated smaller stained
areas in LLC-challenged CreERT2 mice (Fig. 4E).

IGF1R deficiency decreases proliferation, DNA damage,
senescence, and vascularization, attenuates tumor invasion by
reduced EMT and fibrosis, and induces apoptosis upon
pulmonary metastasis

To determine the effect of IGF1R deficiency in the metastatic TME,
we immunostained lung tumors of LLC-challenged mice for the
following markers: Ki67 (proliferation), 53BP1 (DNA damage), p21
(senescence), C3 (apoptosis), CD31 and CD34 (vascularization),
SOX9 (epithelial-mesenchymal transition, EMT), as well as Vimen-
tin, Fibronectin, SMA and Masson (fibrosis). All markers showed
decreased expression in LLC-challenged IGF1R-deficient CreERT2
mice, except for C3 whose expression was found to be
significantly increased (Fig. 5A, B, D). In accordance, quantification
of immunostains for Ki67, CD31, Vimentin and SMA were also
found decreased in B16-F10-challenged CreERT2 mice with respect
to Igf1/™" (Supplementary Fig. 1F). Moreover, to determine how
the lack of IGF1R in the lung TME is mechanistically affecting
tumor growth and metastasis, we performed double fluorescence
immunostainings of p-IGF1R with CD31 (vascularization), Vimentin
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(fibroblast presence) and SMA (fibroblast activation) in lung
sections from LLC-challenged mice. In this regard, representative
immunostainings indicated a reduction of p-IGF1R expression in
blood vessels and fibroblasts (Fig. 5C, E, F). To complement these
data, we also assessed mRNA expression of Ccl12 (recruitment of
fibrocytes), Tgf and E-cadherin (EMT) markers in lung homo-
genates. Concerning EMT and fibrosis, lung mRNA levels of Ccl12
and Tgfﬁ were found significantly increased in LLC-challenged
Igf1™"" mice, remaining unaltered in CreERT2 mice. In contrast,
E-cadherin mRNA expression was highly attenuated in Igf1r"" mice
upon experimental pulmonary metastasis, while this reduction
was milder in CreERT2 mice (Fig. 6A).

IGF1R depletion diminishes inflammation and attenuates lung
tumor immunosuppression

To evaluate the impact of IGF1R deficiency on lung inflammation
and immunosuppression, total mRNA expression and protein
levels of related markers were assessed on lung homogenates by
gPCR and ELISA, as well as by immunostaining (Fig. 6B, C).
Interestingly, mRNA levels of 1B, Ifny, Cxcll, Mpo, Ccl2, Cd68,
Cd163, Cd80, Cd86, Pdcdl and Il10 were strongly induced after
experimental pulmonary metastasis in Igfhﬂ/ﬂ mice, remaining
unaltered in IGF1R-deficient mice (Fig. 6B). Exceptionally, Tnfa and
Foxp3 markers were found slightly augmented, and Cd4 and Cd8a
strongly reduced in Igf1r”" mice upon LLC challenge. Accordingly,
TNFa, PDCD1 (PD-1) and IL10 protein levels were significantly
increased in Igf17"" mice upon LLC challenge, while this increase
was milder in CreERT2 mice (Fig. 6C).

To reinforce these data, we also performed immunostainings
for Ibal (macrophages), CD68 (TAMs), FOXP3, CD4 and CD8
(TILs), as well as double immunostainings for FOXP3 and CD4
(Tregs) in lung sections from LLC-challenged mice. We
observed a decreased presence of Ibal, CD68, FOXP3 and
double FOXP3-CD4 positive cells, along with an increased
number of CD4 and CD8 positive cells in LLC-challenged
CreERT2 mice (Fig. 7A). Similarly, we also consistently found a
decreased presence of lbal™ macrophages in B16-F10 meta-
static tumors from CreERT2 mice (Supplementary Fig. 1G). In
addition, to determine how the lack of IGF1R in the lung TME is
conditioning tumor growth and metastasis, we performed
double fluorescence immunostainings of p-IGF1R with CD68
(TAMs) and FOXP3 (FOXP3™ TILs) in lung sections from LLC-
challenged mice. In this regard, representative immunostain-
ings indicated an apparent reduction of p-IGF1R expression in
TAMs and FOXP3™ TILs (Fig. 7B, C). Altogether, our findings
suggest that IGF1R depletion in the lung TME of IGF1R-
deficient mice delays lung metastasis implantation and
progression by reducing the presence of blood vessels,
fibroblasts, TAMs and FOXP3™ TILs, as well as by increasing
the amount of infiltrating CD4" and CD8™" T cells (Fig. 7D).

DISCUSSION

We aimed to determine how IGF1R deficiency acts in the lung
tumor microenvironment (TME) conditioning metastatic tumor
implantation and progression, by generating LLC models using
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heterotopic transplantation or pulmonary metastasis in the
context of IGF1R deficiency. We also explored genomic alterations
of IGFIR in patients with NSCLC, as well as IGF1R protein
expression and levels in tissue samples and serum from NSCLC
patients.
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We found increased serum IGF1R levels in our NSCLC patient
cohort. IGF1R was previously found in serum and plasma
exosomes [17, 18], and recently identified as a novel plasma
biomarker to predict mortality in COVID-19 patients [19]. Thus,
IGF-1R could be a candidate serum biomarker for the NSCLC
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Fig. 4 Reduced tumor burden and decreased expression of metastasis markers, p-IGF1R and p-ERK1/2, as well as changes in IGF system
gene expression in lungs of IGF1R-deficient mice. A Re&)resentative histopathology images of lung metastasis (H&E) and respective
quantifications of lung foci and lung tumor area (% and mm?) in IGF1R-deficient (CreERT2) vs. Igf1/"f mice (n = 5-8 mice per group; Scale bar:
100 um). B Lung tissue mRNA expression levels of Mmp9, Mmp2, Egfr and Hmox1 (tumor progression), Timp2 and Timp3 (inhibitors of
metalloproteinases), and Hif1a (h })oxia) markers, normalized to 18 S expression in PBS- or LLC-challenged, and C MMP9 protein levels in lung
homogenates of CreERT2 vs. Igfh},ﬂ mice (n = 4-7 mice per group). D Lung tissue mRNA expression of IGF system-related genes IgfTr, Insr, Igf1,
Igfbp2, Igfbp3, Igfbp4, Igfbp5 and Igfbp6 normalized to 18 S expression in PBS- or LLC-challenged CreERT2 'vs. Igf1/" mice (n = 5-7 mice per
group). E p-IGF1R protein levels in lung homogenates, as well as representative immunostains for p-IGF1R and p-ERK1/2 (p-42/44) and
respective quantifications of p-IGF1R" and p-ERK1/2" areas (%) (brown) in lung metastatic tumors of PBS- or LLC-challenged CreERT2 vs.
Igf17"" mice (n = 4-6 mice per group; Scale bar: 15 pm). Quantifications were performed randomly in five different fields. Data are expressed
as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney U test or Student’s t-test for comparing two groups and the Dunn-Sidak test

for multiple comparisons).

diagnosis. We also report IGF1R overexpression in NSCLC patient
lung tissues, in accordance with previous reports where its
upregulation was associated with reduced disease-free survival
[12, 16]. Accordingly, data obtained from cBioPortal cancer
database showed increased gene amplification frequency, mRNA
expression and copy number values of IGFTR in NSCLC patient
tissue samples.

Since the Lewis lung carcinoma (LLC) model is the only
reproducible syngeneic model for NSCLC [15], we deemed it is
appropriate for determining the effect of IGF1R deficiency on key
components of the TME, not only using an experimental
pulmonary metastasis model but also upon heterotopic syngeneic
transplantation. LLC primary tumors generated in IGF1R-deficient
mice showed delayed tumor implantation and progression.
Overall, these results indicate that IGF1R deficiency could have
an antitumoral effect on the lung TME. After experimental
pulmonary metastasis, IGF1R-deficient mice exhibited reduced
tumor implantation in both LLC and melanoma models, as
similarly observed upon heterotopic syngeneic transplantation.
CreERT2 mice also showed decreased total protein concentration
in BALF, an indicator of reduced vascular permeability, as reported
in an additional IGF1R-deficient mouse line [20], which supports
diminished presence of inflammatory cells in the lung. In this
regard, CreERT2 mice were reported to confer resistance to
initiation of the inflammatory response [21-23]. In addition, IGF1/
IGF1R signaling in the TME was found to be critical for
medulloblastoma growth [24]. Furthermore, peripheral IL6 and
TNFa levels were found reduced in CreERT2 mice upon induction
of LLC metastasis. Thus, elevated serum IL6 and TNFa levels were
found associated with tumor recurrence in NSCLC patients [25].

LLC-challenged IGF1R-deficient mice exhibited unchanged lung
MRNA expression of Mmp9, Egfr, Hmox1, Hif1-a, Timp1, Timp2 and
Timp3. MMP-9 was reported to promote LLC cell invasiveness and
pulmonary metastasis, and was found overexpressed NSCLC
patients [26, 27]. Of relevance, EGFR increased in NSCLC patients,
and MMP9 and EGFR co-expression was associated with a poor
prognosis [28, 29]. Moreover, HMOX1/HO-1 (heme oxygenase 1)
was reported to promote lung metastasis in mice, and its high
expression was correlated with tumor invasiveness in NSCLC, as
similarly reported for HIF-1a [30-32]. In addition, TIMP1 over-
expression or TIMP3 silencing have been linked to cancer
progression and poor prognosis in NSCLC [33]. The unexpected
reduction of Mmp2 mRNA expression observed in LLC-challenged
Igf1"" mice does not correlate with MMP2 overexpression
reported in NSCLC patients [34]. It should be noted that
differences in mMRNA expression patterns between Mmp9 and
Mmp2 upon LLC challenge observed in IGF1R-deficient mice could
be related to their distinct functional implication in this context,
since MMP9 but not MMP2 was reported to promote LLC
tumorigenesis [26].

As expected, LLC-challenged IGF1R-deficient mice exhibited
counteracted IGF1R phosphorylation (p-IGF1R) and diminished p-
ERK1/2 levels. Accordingly, IGF1R has been reported to contribute
to the pathogenesis of lung cancer, as it is commonly
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overexpressed in NSCLC patients [12, 16]. On the other hand, p-
ERK1/2 is a major IGF1R MAP kinase signaling mediator that was
extensively reported to be activated in NSCLC and associated with
tumor cell proliferation [35, 36]. Intriguingly, we found unchanged
lung mMRNA expression of Insr in all experimental groups, as well as
reduced Igf1 expression in Igf1’"" LLC-challenged mice. Of note,
Insr expression was found upregulated in mouse lungs with
compromised IGF1R signaling [21-23, 37], and IGF1 expression by
the TME was reported to have a supportive role in tumor initiation
and progression [16, 24]. These discrepancies could be due to
differential transcriptional and post-transcriptional regulation of
Insr and Igf1 between different mouse models or consequence of
the complex interactions and regulation between the insulin and
IGF system components. Noteworthy, Igf1 expression was found
increased in PBS and LLC-challenge IGF1R deficient mice with
respect to Igfir”" mice. These results indicate that IGFIR
deficiency itself confers IGF1 resistance. Accordingly, we have
previously reported a similar Igf7T mRNA expression profile in IGF1R
deficient mice [22], and Moody et al. have reported increased
circulating levels of IGF1 after IGF1R blockade [38]. We think that
discrepancies between increased Igf1 expression and resistance to
devolvement of LLC in IGF1R-deficient mice could also be due to
differential transcriptional regulation of Igfi. Specifically, in
pancreatic and breast cancer models, macrophages and fibro-
blasts were shown to be the main producers of IGF1, supporting
drug resistance and metastasis of cancer cells [39, 40]. Here we
show that IGF1R deficiency in mice reduced p-IGF1R expression in
blood vessels, fibroblasts, TAMs and Tregs, supporting reduced
metastasis observed in IGF1R deficient mice. Our results demon-
strate that p-IGF1R expression is apparently reduced in the lung
TME of IGF1R-deficient mice, suggestive of a functionally “weak”
TME, contributing to a reduced lung metastasis implantation and
progression. Accordingly, inactivation of IGF1R was recently
reported to delay tumor progression [24]. Even though Igfbp2,
Igfbp3 and Igfbp5 expression was reduced, and in the case of
Igfbp4 increased upon LLC challenge, IGF1R deficiency maintained
its levels unchanged. Moreover, Igfbp6 expression was found
slightly incremented upon LLC challenge in both genotypes.
Concerning IGFBPs, we have previously reported that IGFBP2-6 are
highly expressed at the transcriptional level in lungs of young
mice [37]. Specifically, we previously reported similar expression
profiles showing transcriptional repression of Igfbp3 and Igfbp5
after different challenges in IGF1R-deficient lungs [21-23, 37]. It
should be noted that due to its complex regulation at different
levels, IGFBPs were described to promote or suppress tumor
growth in various tissues and contexts [41]. Specifically, IGFBP3
was reported to inhibit tumorigenesis and cell growth, and IGFBP5
was suggested to function as a tumor suppressor [42-45].
Conversely, IGFBP4 overexpression was found adversely asso-
ciated with the prognosis of lung cancer patients [46]. On the
other hand, the role of both IGFBP2 and IGFBP6 in cancer remains
less clearly understood [41].

Interestingly, after LLC-challenge, IGF1R deficient mice showed
increased apoptosis. Accordingly, IGF1R signaling was reported to
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protect tumor cells from apoptosis [47]. Moreover, IGF1R
deficiency also reduced proliferation, DNA damage, senescence,
vascularization, EMT and fibrosis in the lung TME, most of which
are considered cancer hallmarks [6]. Remarkably, increased DNA
damage was found associated with NSCLC development.
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Assessment of undifferentiated

(CD31™)
(CD34") blood vessels are important prognostic factors in
advanced NSCLC [48-50]. EMT, a key indicator of early stage
NSCLC, was reported to promote tumor growth and invasion, and
was associated with increased IGF1R expression [51]. EMT is

and differentiated

SPRINGER NATURE

3633



E. Alfaro-Arnedo et al.

3634

Fig. 5 IGF1R deficiency decreases proliferation, DNA damage, senescence and vascularization, attenuates tumor invasion by reduced
EMT and fibrosis, and induces apoptosis upon pulmonary metastasis. A Representative immunostains and quantifications of Ki67*
(proliferation) (yellow), 53BP1*" (DNA damage) (red) area (%), p21" (senescence) (brown) and C3™ (apoptosis) (brown) cells per unit area (mm?),
as well as B CD317 (vascularization) and CD34" (differentiated vascularization) (brown) areas (%) in the lung TME of LLC-challenged CreERT2
vs. Igf17"" mice (n = 5-7 mice per group; Scale bars: 30 um in ki67, 8 um in 53BP1, and 15 um rest of immunostains). C Representative double
immunostains for p-IGF1R and CD31 (magenta and green, respectively; white arrowheads indicate colocalization) in the lung TME of LLC-
challenged CreERT2 vs. Igf1r"" mice (n = 3-5 mice per group; Scale bars: 20 pm). D Representative immunostains for SOX9 (EMT) (brown),
Vimentin (fibroblast presence) (magenta), Fibronectin (fibroblast differentiation) (brown), and SMA (fibroblast activation) (green), and stains
for Masson (collagen content), as well as number of SOX9" cells per unit area (mm?) and Vimentin™, Fibronectin®™, SMA™ and Masson™ areas
(%) in the lung TME of LLC-challenged CreERT2 vs. Igf1rﬂ/f mice (n = 5-6 mice per group; Scale bars: 15, 30, 15, 20 and 30 pm, respectively). E, F
Representative double immunostains for p-IGF1R and Vimentin (yellow and magenta; white arrowheads indicate colocalization) and for
p-IGF1R and SMA (magenta and green; white arrowheads indicate colocalization) in the lung TME of LLC-challenged CreERT2 vs. Igf1r"”" mice
(n = 3-5 mice per group; Scale bars: 20 ym). Quantifications were performed randomly in five different fields. Data are expressed as mean +

iEM. *p < 0.05; **p <0.01; ***p <0.001 (Mann-Whitney U test or Student’s t-test for comparing two groups).

manifested by the loss of E-cadherin and increased expression of
Vimentin and SOX9, thus promoting tumor invasion [52, 53].
Accordingly, these markers were found counteracted in CreERT2
mice after LCC challenge. Furthermore, IGF1R deficiency also
attenuated TGFB, an EMT promoter favoring tumor invasion,
metastasis, and transdifferentiation of cancer-associated fibro-
blasts (CAFs). SMA, a classical marker of CAFs, was found reduced
in CreERT2 mice, as well as fibronectin that was shown to stimulate
NSCLC growth [54-57].

As expected, LLC-challenged Igf1r”" lungs showed augmented
levels of the II1B, Ifny, CD80, CD86, TNFa and IL10 inflammation
markers that were consistently counteracted in IGF1R-deficient mice.
TNF-q, IL1B, IFN-y and IL10 were reported to have immunoevasive
and T cell exhaustion functions, and to promote tumorigenesis, drug
resistance and poor survival in NSCLC [25, 58-60]. Moreover, CD80*
and CD86" dendritic cells present in peritumoral tissues of NSCLC
patients were associated with an immature phenotype that favors
tumor immune escape [61]. Within the lung TME many cells
modulate the antitumor response including CD68" TAMs, FOXP3*
Tregs, CD4™" helper T cells and CD8™" cytotoxic T cells [62]. Here we
demonstrate that IGF1R deficiency decreased the presence of
macrophages, TAMs, Tregs and neutrophils, and their respective
chemotactic chemokines, as well as increased the presence of CD4"
and CD8™ cells upon LLC induction. The TME of NSCLC contains a
large number of TAMs which influence tumor progression and
patient prognosis, and specifically, M2 TAMs were shown to induce
tumor aggressiveness and proliferation in NSCLC [63, 64]. In this
respect, ablation of IGF1R to reduce M2 marker expression in the
murine myeloid lineage was reported [65]. Moreover, accumulation
of M2 TAMs in solid tumors was associated with hypoxia (HIF1a), IL-
10 and TGFf3 production [66, 67], as well as cytokines that were found
counteracted in the TME of IGF1R- deficient mice. Of note, FOXP3
was reported to promote tumor growth and metastasis by inducing
EMT in NSCLC [68]. Moreover, accumulation of CD4TFOXP3™ Tregs
was reported to correlate with increasing incidence of lung cancer
[69]. Interestingly, expression of Igf1r was found upregulated in Treg
cells and IGF1R-deficient Treg cells were reported to express lower
levels of FOXP3 [70, 71]1. On the other hand, the presence of
infiltrating CD8" and CD4™ T cells is a favorable prognostic factor in
NSCLC, since their activation correlates with a stronger antitumor
immune response [72, 73]. Specifically, we report counteracted TNFa
levels in IGF1R-deficient mice upon LLC challenge. In this regard,
blocking of TNFa was shown to enhance CD8 T-cell-dependent
immunity, thus favoring accumulation of CD8" TiLs [74, 75]. In
addition, CD4 and CD8 immunity in NSCLC patients was reported to
be required for clinical responses to PD-1 [76, 77]. PD-1 is a key
element within the TME and therefore an important mechanism of
tumor-immune resistance, thus PD-1 blockade was proposed as an
attractive therapy in NSCLC [62, 78]. Herein we show that LLC-
challenged CreERT2 mice exhibited reduced inflammation and
attenuated tumor immunosuppression by depleted PD-1 levels.
Accordingly, Ajona et al. have recently demonstrated that both
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genetic and pharmacological inhibition of the IGF-1/IGF-1R axis
enhance the antitumor activity of anti-PD-1-PD-L1 antibodies against
lung cancer [16]. Of note, this is the first report showing that IGF1R
acts in the lung TME sustaining inflammation and tumor-associated
immunosuppression.

In summary, our results demonstrate that IGF1R deficiency in
the lung TME impairs tumor initiation and progression (proposed
mechanism in Fig. 7D). Our research indicates that IGF1R could be
a potential biomarker for early prediction of drug response and
clinical evolution of NSCLC patients.

MATERIALS AND METHODS

Clinical samples

Genomic data on amplification frequency, mRNA expression and copy
number values of IGF1R in tissue samples from NSCLC patients were obtained
from the cBio Cancer Genomics Portal (cBioPortal) (http://www.cbioportal.org).
Formalin-fixed paraffin-embedded lung cancer tissues from 14 NSCLC
patients were obtained from the San Pedro Hospital (Logrofio, Spain). Serum
samples from 24 NSCLC patients and matched controls were obtained from
the Fundacién Jimenez Diaz Hospital (Madrid, Spain). All patients provided
written informed consent for participation in the study. Serum IGF1R levels
were measured using human IGF1R ELISA kit. For additional details, see
supplementary information.

Cell lines and culture conditions

LLC/1 (Lewis Lung Carcinoma) and B16-F10 (Melanoma) cell lines were
cultured following the American Type Culture Collection (http://www.atcc.
org) recommendations and standard methods. For additional details, see
supplementary information.

Mice and ethical statement

For experimental purposes, UBC-Cre-ERT2;Igf1r™"" mice were crossed with
Igf1™"" mice to directly generate descendants in equal proportions in the
same litter. Tamoxifen (TMX) was administered daily for five consecutive
days to four-week-old mice of both genotypes to induce a postnatal Igf1r
gene conditional deletion [79].

All experiments and animal procedures were carried out in accordance
with the European Communities Council Directive guidelines (86/609/EEC)
and were revised and approved by the CEAA/CIBIR (Gobierno de La Rioja)
Bioethics Committee (refs. JGP02_1, JGP02_7 and JGP02_9). For additional
details, see supplementary information.

Heterotopic syngeneic transplantation

Nine- to 10 week-old (W9-10) female mice of both genotypes (lgf1'"" and
UBC-Cre-ERT2; /gf?r'V 1 (CreERT2)) were subcutaneously injected in shaved
flanks with 1 x 10° Lewis Lung Carcinoma (LLC) cells in PBS (100 pl) or equal
volume PBS at day (D) 0, under light isoflurane anesthesia. LLC engraftments
were allowed to grow for 14 days (D14). Tumor size was measured with a
caliper on alternate days. Tumor volumes were determined using the formula:
volume = (width? x length) x 0.50 [80], and their weight assessed at D14. Mice
were euthanized by intraperitoneal injection of 10 uL/g of a ketamine-xylazine
anesthetic combination in saline (300:30 mg/kg, respectively). Resected
tumors were fixed by inflation with 4% formaldehyde for 8-10h and
embedded in paraffin for immunohistochemistry.

Oncogene (2022) 41:3625-3639
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Fig. 6 IGF1R depletion diminishes expression of inflammation and lung tumor immunosuppression markers. A Lung tissue mRNA
expression of Cc/12 (recruitment of fibrocytes), Tgf3 and E-cadherin (epithelial-mesenchymal transition, EMT) normalized to 18 S expression (n
= 4-6 mice per group) in lung homogenates from PBS- or LLC-challenged CreERT2 vs. Igf1r"" mice. B Lung tissue mRNA expression levels of
Tnfa and /118 (Th1 inflammation), Ifny (T cell exhaustion), Cxcl1 (neutrophil chemotaxis), Mpo (neutrophils), Cc/l2 (macrophage chemotaxis),
Cd68 and Cd163 (tumor-associated macrophages, TAMs), Cd80 and Cd86 (dendritic cell activation), Cd4, Cd8a and Foxp3 (tumor-infiltrating
lymphocytes, TILs), Pdcd1 (PD-1) (immunosuppression) and /70 (immunosuppression), normalized to 18S expression in PBS- or LLC-
challenged CreERT2 vs. Igf1"f mice (n = 4-6 mice per group). € TNFa, PDCD1 (PD-1) and IL10 protein levels in lung homogenates from PBS- or
LLC-challenged CreERT2) vs. Igf1r”" mice (n=5-7 mice per group). Data are expressed as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001
(Dunn-Sidak test for multiple comparisons).

Experimental pulmonary metastasis Sample collection and preparation

Ten- to 12 week-old (W10-12) female mice of both genotypes (Igf1r"" Animals were euthanized using 10 pL/g ketamine-xylazine. Blood was then
and UBC-Cre-ERT2;1gf1r"" (CreERT2)) were injected through the lateral collected, and lungs were lavaged with PBS. Right lung lobes were
tail vein with 1 x10° LLC or B16-F10 cells in PBS (100 uL) or equal dissected and snap frozen for quantitative PCR (QPCR) and ELISA analyses,
volume PBS at DO under light isoflurane anesthesia. and left lung lobes were harvested for histopathological evaluation or
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immunohistochemistry. Femurs were dissected to isolate bone marrow. macrophages, lymphocytes and neutrophils using standard morphology
For additional details, see supplementary information. criteria [81]. For additional details, see supplementary information.
Quantification of blood, BALF and bone marrow cells Histopathological and immunostaining analysis
Total cell number was counted and expressed as cells/mL in BALF and BM, Hematoxylin and eosin (H&E) staining was performed to quantify
and as a percentage in peripheral blood. Cells were determined to be the number of surface metastases and to evaluate lung tumor area.

SPRINGER NATURE Oncogene (2022) 41:3625 - 3639



Fig. 7

E. Alfaro-Arnedo et al.

IGF1R deficiency reduces inflammation and attenuates lung tumor immunosuppression. A Representative immunostains and

quantification of CD68" (TAMs) (brown) area (%), Iba1™ (macrophages) (red), FOXP3™ (brown), CD4" (brown), and CD8" (green) (TILs), and
FOXP3TCD4" (Tregs) (green-magenta; red arrowheads indicate colocalization) cells per unit area (mm?) in the lung TME of LLC-challenged
CreERT2 vs. Igf1r"" mice (n = 3-6 mice per group; Scale bars: 30, 25, 40 and 25 um, respectively). B, C Representative double immunostains for
p-IGF1R and CD68 (magenta and yellow) and for p-IGF1R and FOXP3 (magenta and green; white arrowheads indicate colocalization) in the
lung TME of LLC-challenged CreERT2 vs. Igf1r"" mice (n = 4-5 mice per group; Scale bars: 30 um). Quantifications were performed randomly in
five different fields. Data are expressed as mean + SEM. *p < 0.05; **p <0.01; ***p <0.001 (Mann-Whitney U test or Student’s t-test for
comparing two groups). D Proposed mechanism for reduced lung metastasis implantation and progression in IGF1R-deficient mice. Following
induction of lung metastasis, IGF1R deficient mice exhibited reduced tumor burden, increased apoptosis, diminished proliferation,
vascularization and EMT and fibrosis, as well as attenuated inflammation and immunosuppression. In accordance, IGF1R deficiency decreased
expression of p-IGF1R in blood vessels, fibroblasts, TAMs and FOXP3™ TILs, key components in the lung TME. Specifically, IGF1R deficiency
decreased the presence of TAMs and FOXP3™ TILs, which are known to promote lung tumor progression, as well as reduced IL10 and PD-1
levels, thus stimulating antitumor immunity. Moreover, decreased infiltration of FOXP3™ Tregs in IGF1R-deficient lungs could also reduce the

conversion of antitumor CD4" T cells into FOXP3™ Tregs.

Masson’s trichrome staining was for quantifying collagen deposition.
IGF1R, CD45, p-IGF1R, p-ERK1/2 (p-42/44), Ki67, CD31, CD34, Vimentin,
Fibronectin, SMA and CD68 antibodies were used to evaluate IGF1RY,
CD45%, p-IGF1R*, p-ERK1/2" (p-42/44), Ki67*, CD31", CD34",
Vimentin™, Fibronectin®, SMA™ and CD68" areas. 53BP1, C3, p21,
SOX9, Ibal, FOXP3 and CD4 antibodies were used to determine the
number of 53BP1*, C3*, p21™", SOX9™, Iba1™, FOXP3™ and CD4" cells.
For additional details, see supplementary information.

RNA isolation, reverse transcription, and qPCR

Inferior right lung lobes were homogenized in TRIzol, and RNA was
isolated and reverse-transcribed to cDNA. cDNA samples were amplified
by qPCR for each primer pair assayed (Supplementary Table 2). Results
were normalized using the 18S rRNA gene (Rni18s). For additional
details, see supplementary information.

Mouse ELISAS

Total serum IL6 and TNFa levels were assessed with mouse ELISA kits.
Superior right lung lobes were homogenized in RIPA Buffer. Phospho
(p)-IGF1R, MMP9, IL10, TNFa and PD-1 levels were evaluated in
homogenized lung tissue lysates using mouse ELISA kits, and normal-
ized to total protein levels. For additional details, see supplementary
information.

Statistics

Statistical analyses were carried out using SPSS Statistics Software v21 for
Windows (IBM, Armonk, NY). Following a Shapiro-Wilk normality test, the
statistical significance was determined using the Mann-Whitney U test or
Student’s t-test for comparing two groups. According to the sample
distribution, either a one-way ANOVA test or a Kruskal-Wallis test were
used and then, the post hoc Dunn-Sidak test was carried out for multiple
comparisons. For all analysis, a p value <0.05 was considered statistically
significant.

DATA AVAILABILITY

Data available on request from the authors.
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