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Abstract

K-ras mutant lung adenocarcinoma (LUAD) is the most common type of lung cancer, displays abysmal prognosis and is 
tightly linked to tumor-promoting inflammation, which is increasingly recognized as a target for therapeutic intervention. 
We have recently shown a gender-specific role for epithelial Stat3 signaling in the pathogenesis of K-ras mutant LUAD. 
The absence of epithelial Stat3 in male K-ras mutant mice (LR/Stat3Δ/Δ mice) promoted tumorigenesis and induced a 
nuclear factor-kappaB (NF-κB)-driven pro-tumor immune response while reducing tumorigenesis and enhancing anti-
tumor immunity in female counterparts. In the present study, we manipulated estrogen and NF-κB signaling to study 
the mechanisms underlying this intriguing gender-disparity. In LR/Stat3Δ/Δ females, estrogen deprivation by bilateral 
oophorectomy resulted in higher tumor burden, an induction of NF-κB-driven immunosuppressive response, and reduced 
anti-tumor cytotoxicity, whereas estrogen replacement reversed these changes. On the other hand, exogenous estrogen 
in males successfully inhibited tumorigenesis, attenuated NF-κB-driven immunosuppression and boosted anti-tumor 
immunity. Mechanistically, genetic targeting of epithelial NF-κB activity resulted in reduced tumorigenesis and enhanced 
the anti-tumor immune response in LR/Stat3Δ/Δ males, but not females. Our data suggest that estrogen exerts a context-
specific anti-tumor effect through inhibiting NF-κB-driven tumor-promoting inflammation and provide insights into 
developing novel personalized therapeutic strategies for K-ras mutant LUAD.

Introduction
Lung cancer is the second most common cancer in both men 
and women and the most common cause of cancer death 

worldwide (1). Non-small cell lung cancer accounts for 80% of 
lung cancer cases, and lung adenocarcinoma (LUAD) is the most 
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common histological subtype of non-small cell lung cancer (2). 
About 30% of LUAD patients harbor activating mutations of 
K-ras, which are more common in lifetime smokers (3,4). K-ras 
mutant LUAD is resistant to most forms of systemic and tar-
geted therapeutic strategies and displays abysmal outcome 
(4), clearly indicating the urgent need for alternative strategies 
that target the downstream effectors or cooperative pathways 
of K-ras.

Tumor-promoting inflammation is a major hallmark of 
cancer (5,6). Our group and others have found that K-ras mu-
tant LUAD is associated with airway inflammation and release 
of cytokines that reprogram the tumor microenvironment (TME) 
and promote carcinogenesis and tumor progression (7–13). In 
our previous studies using a lung epithelial-specific K-ras mu-
tant LUAD mouse model mimicking the K-ras mutation and 
lung cancer development and progression found in K-ras mu-
tant LUAD patients, we found that K-ras mutations activate 
nuclear factor-kappaB (NF-κB) pathway, thus increasing inter-
leukin (IL)-6 that signal through Stat3 pathway to generate a 
pro-tumor immune response characterized by increased in-
filtration of tumor-associated macrophages, neutrophils and 
myeloid-derived suppressor cells (MDSCs) (7). Targeting IL-6 
resulted in reduced tumorigenesis and Stat3 activation, along 
with reduced tumor-associated macrophage and MDSC infil-
tration and increased cytotoxic T-cell response (7,14). These 
findings indicate that inflammation is a vulnerability factor for 
K-ras mutant LUAD and suggest therapeutically targeting the 
TME may combat this currently ‘undruggable’ disease.

To further study the role of IL-6/Stat3 pathway in K-ras mu-
tant LUAD, we generated lung epithelial-specific K-ras mutant 
and Stat3 knockout (LR/Stat3Δ/Δ) mice and observed an intriguing 
disparity regarding tumor burden and lung TME between fe-
male and male mice (15). We specifically found that deletion 
of Stat3 in K-ras mutant lung epithelia significantly reduced 
tumor burden in female mice, which was associated with an en-
hanced anti-tumor immune response, but surprisingly caused 
a dramatic enhancement of tumorigenesis and induction of an 
NF-κB-driven pro-tumor immune response characterized by in-
creased IL-6, CXCL1 and neutrophil infiltration in male mice (15). 
We also found a significant positive correlation between pSTAT3 
and estrogen receptor beta (ERβ) expression in female but not in 
male patients with LUAD.

Our findings reveal a sex-specific role for the IL-6/Stat3 
pathway in K-ras mutant LUAD suggesting that lung cancer cells 
have different immune and molecular mechanisms for survival 
in males and females. Lung cancer risk and outcome for men 
and women smokers are distinct (16). It seems that women have 
an increased risk of lung cancer for a given level of smoke ex-
posure (16–19). However, their survival, prognosis and response 
to treatment remain better than men (20–25). Studies of human 

lung cancer tissues suggest different immune responses and 
signatures between sexes that could be related to different clin-
ical outcomes (26). Despite data illustrating profound differences 
between the sexes in immune function, mechanisms of sex dif-
ferences in the immunopathogenesis of lung cancer are vastly 
overlooked. Accordingly, we studied the inflammatory mechan-
isms mediating/affecting K-ras induced lung tumorigenesis in a 
sex-specific manner, especially the dynamic interplay between 
immunomodulatory pathways (Stat3/NF-κB) and sex-specific 
molecular signals (estrogen/ER signaling) in the tumor and how 
this relationship impinges on the development and promotion 
of K-ras mutant lung cancer. In our previous study (15), we ob-
served elevated DNA binding activity of NF-κB in LR/Stat3Δ/Δ 
male mice but not females, suggesting a pro-tumorigenic role 
for NF-κB activity in male LR/Stat3Δ/Δ mice. However, these ef-
fects were suppressed in female LR/Stat3Δ/Δ mice. Estrogen 
has been reported to inhibit NF-κB activity in various ways, 
including increasing IκBα levels (27) and inhibiting DNA binding 
activity (28–30); thus, we hypothesized that estrogen might be 
the protective factor from K-ras mutant lung tumorigenesis in 
the absence of epithelial Stat3 signaling by suppressing NF-κB 
activity and its roles in increasing IL-6, CXCL1 and subsequent 
neutrophil recruitment.

To test our hypothesis, we performed loss- and gain-of-
function studies to manipulate estrogen as well as NF-κB 
signaling in both female and male LR/Stat3Δ/Δ mice to study 
modulating roles of estrogen in K-ras mutant lung tumori-
genesis and its interplay with Stat3/NF-κB-mediated cytokine 
network.

Materials and methods

Animal housing and experiments
CCSPCre/LSL-K-rasG12D (CC-LR) and LR/Stat3Δ/Δ mice were generated as we 
previously described (15). Briefly, by crossing mice harboring LSL-K-rasG12D 
allele with mice containing Cre recombinase inserted into the Club Cell 
Specific Protein locus, we generated CC-LR mice, which has K-ras mutant 
tumor initiation specifically in lung epithelium. Then CC-LR mice were 
crossed with Stat3fl/fl mice to generate LR/Stat3Δ/Δ mice, which have Stat3-
deficient K-ras mutant lung cancer. LR/Stat3Δ/Δ/IKKβ Δ/Δ mice, with loss of 
lung epithelial Stat3 and NF-κB activity, were generated by crossing LR/
Stat3Δ/Δ mice with IKKβ fl/fl mice (31) kindly provided by Dr Michael Karin 
(University of California, San Diego, CA). All mice were housed under spe-
cific pathogen-free conditions and handled in accordance with the insti-
tutional animal care and use committee of the University of Texas MD 
Anderson Cancer Center. Mice were monitored daily for evidence of dis-
ease or death.

Oophorectomy and estrogen pellet implantation
As shown in Supplementary Figure 1 (available at Carcinogenesis on-
line), 6-week-old CC-LR and LR/Stat3Δ/Δ female mice were anesthetized 
using isoflurane, and bilateral ovaries were resected through a mid-
line incision in the abdomen. Six-week-old CC-LR, as well as male and 
oophorectomized female LR/Stat3Δ/Δ mice, were implanted with estrogen 
pellet (17-β estradiol, 0.18  mg/pellet, Innovative Research of America, 
Sarasota, FL) under the back skin. All mice were monitored daily after sur-
gery and were euthanized at 14 weeks of age. Five mice in each group were 
randomly chosen to measure estrogen levels in plasma samples using 
Estradiol ELISA kit (Item No. 582251, Cayman Chemical, Ann Arbor, MI).

Estrogen receptor blockade
Six-week old CC-LR and LR/Stat3Δ/Δ female mice (n  =  6) were injected 
intraperitoneally with 3  mg fulvestrant (FASLODEX, AstraZeneca) for 
2 days per week until 14 weeks.

Abbreviations	

BALF	 bronchoalveolar lavage fluid
ERβ	 estrogen receptor beta
HRT	 hormone replacement therapy
ICB	 immune checkpoint blockade
IL	 interleukin
LUAD	 lung adenocarcinoma
MDSCs	 myeloid-derived suppressor cells
NF-κB	 nuclear factor-kappaB
OD	 optic density
TME	 tumor microenvironment
Treg	 T regulatory
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NF-κB inhibition
Six-week-old CC-LR and LR/Stat3Δ/Δ male mice were injected 
intraperitoneally with 25  mg/kg dosage of IKKβ inhibitor IMD-0354 
(MedChemExpress, Monmouth Junction, NJ) daily for 8 weeks (n = 6). IMD-
0354 was resuspended in 1% carboxymethylcellulose sodium (Sigma, St. 
Louis, MO).

Assessment of lung tumor burden and inflammation
Fourteen-week-old mice were injected with Avertin (0.8  ml, 0.25  mg/
ml) (Sigma), and their tracheas were cannulated and sutured into place. 
Surface tumor numbers were counted if visible. Subsequently, the lungs 
were perfused with phosphate-buffered saline through the right ven-
tricle. For half of the mice, lungs were inflated with 10% buffered formalin 
(Sigma) for 10 min and collected for histological studies. Tumor/lung area 
percentages were assessed as we had previously done (15). For the other 
half of the mice, bronchoalveolar lavage fluid (BALF) was collected by se-
quentially instilling and collecting two aliquots of phosphate-buffered 
saline through a tracheostomy cannula. Lungs were snap-frozen and 
stored for RNA analysis. Total WBC count in BALFs was determined using 
a hematocytometer, and differential cell populations were determined 
by cytocentrifugation of BALFs and subsequent Wright–Giemsa (Sigma) 
staining. WBCs in BALFs were pelleted by centrifuging and stored in TRIzol 
(Invitrogen, Carlsbad, CA) for future RNA analysis.

Histochemistry/immunostaining
Hematoxylin and eosin, and immunohistochemical staining for prolifer-
ation marker Ki-67 (1:200; ab16667; Abcam, MA) and angiogenesis marker 
ERG (1:200; ab92513; Abcam) were done as described previously (7). The 
percentages of labeled positive cells were analyzed using Nuclear v9 in 
ImageScope 12.3.3 (Leica, Nussloch, Germany) as fractions of positive cells 
in total tumor cells per 20× field.

Quantitative RT-PCR analysis
Total RNA from the whole lung was extracted using E.Z.N.A total RNA 
kit (Omega, GA). RNA from WBCs in BALF was extracted using Direct-zol 
RNA Microprep kit (Zymo Research, Irvine, CA). Reverse transcription PCR 
was performed using the qScript cDNA SuperMix (Quanta Biosciences, 
Gaithersburg, MD). qPCR was performed using SYBR Green FastMix 
(Quanta Bioscience) on CFX96 Touch™ Real-Time PCR Detection System 
(Bio-Rad, Hercules, CA). Data are presented as fold changes between test 
groups and controls as indicated in figure legends. Primers are listed in 
Supplementary Table S5 (available at Carcinogenesis online).

Cytokines/chemokine ELISA measurement
Total lung protein from the whole lung tissue was extracted with Cell 
Lysis Buffer 2 (R&D System, Minneapolis, MN). Two hundred micro-
grams of protein was used for each sample. Mouse Magnetic Luminex 
Assay (R&D System) for CXCL1 and IL-6 was used, and the whole pro-
cedure was performed according to instructions of the manufacturer. 
Standard curves were generated using a five-parameter logistic curve 
fitting equation (StarStation V 2.0; Applied Cytometry Systems). Each 
sample reading was interpolated from the appropriate standard curve. 
Medium Fluorescent Intensity was measured using Luminex MAGPIX 
(R&D System).

Western blot
Lung tissues were homogenized, and then cytoplasmic and nuclear pro-
teins were isolated using NE-PER™ Nuclear and Cytoplasmic Extraction 
Reagent (Thermo Scientific, USA). Cytoplasmic protein concentrations 
were determined using the BCA assay (Thermo Scientific, USA). Western 
blot for IκBα (1:1000, ab32518-100, Abcam) and β-actin (1:1000, 4970S, Cell 
Signaling Technology) was performed as previously described (10).

Measurement of NF-κB activity in lung tissues
Lung tissues were homogenized, then cytoplasmic and nuclear pro-
teins were isolated using NE-PER™ Nuclear and Cytoplasmic Extraction 
Reagent (Thermo Scientific, USA). Nuclear protein concentrations were 

determined using the BCA assay (Thermo Scientific, USA). NF-κB (p65) 
binding activity was determined using NF-κB (p65) Transcription Factor 
Assay Kit (Cayman Chem, Ann Arbor, MI) according to the manufacturer’s 
instructions with 20 μg of nuclear extract in duplicates. Optic density (OD) 
was determined with a microplate reader set to 450 nm and represented 
the activity of p65 binding ability. Fold change of p65 binding activity is 
determined by normalizing the OD value of each group to control.

Human studies
ESR2A and ESR2B (both encode ERβ), CD3, CD8 and CD4 expression levels 
were determined by array analysis (Illumina v3) of surgically resected lung 
adenocarcinomas from 150 patients who did not receive neoadjuvant 
therapy. This cohort was obtained from the Profiling of Resistance Patterns 
and Oncogenic Signaling Pathways in Evaluation of Cancers of the Thorax 
(PROSPECT) study, developed in 2006 at M.D. Anderson Cancer Center 
(32), with known clinical characteristics as we previously described (7). 
Expression values were log (base 2)  transformed. Correlations between 
genes, separately in male and female LUAD, were statistically evaluated 
using Pearson’s correlation coefficients and summarized plotted as cor-
relation matrices. All analysis was performed in the R statistical language 
and environment (R-project.org; version 3.5.1).

Statistics
Data are presented as mean ± SEM. SPSS Statistics 21 (IBM, Armonk, NY) 
was used for statistical analysis, and Student’s t-test was used for com-
parison between two groups. Differences were considered significant for 
P < 0.05.

Study approval
All animal experiments were performed in accordance with guide-
lines approved by the University of Texas MD Anderson Cancer Center 
Institutional Animal Care and Use Committee.

Results

Oophorectomy in female LR/Stat3Δ/Δ mice increased 
tumor burden, and estrogen replacement rescued 
this effect

To dissect the mechanism of Stat3-dependent sex disparity in 
the pathogenesis of K-ras mutant lung cancer, we performed 
loss- and gain-of-function studies to manipulate estrogen 
signaling. Female LR/Stat3Δ/Δ mice underwent either oophor-
ectomy or oophorectomy plus estrogen pellet implantation 
(Supplementary Table S1, available at Carcinogenesis online). 
Depletion of estrogen by bilateral oophorectomy significantly 
increased tumor burden in female LR/Stat3Δ/Δ mice evidenced by 
increased lung surface tumor numbers of 2.4-fold and increased 
tumor/lung area percentage of 2.4-fold (Figure  1a–c). There 
were increased proliferative lesions in oophorectomized fe-
males as presented by higher Ki-67-positive staining (Figure 1d 
and e). However, the angiogenesis marker ERG did not change 
significantly among the groups, and oophorectomized mice 
even had slightly lower levels of ERG staining (Supplementary 
Figure S2, available at Carcinogenesis online). This might be 
due to the known angiogenic effect of estrogen. Furthermore, 
when oophorectomized LR/Stat3Δ/Δ female mice were im-
planted with estrogen pellets, the phenotype was reversed, as 
presented by reduced surface tumor numbers to 33.3% and 
tumor/lung area percentage to 25% of oophorectomized group 
(Figure 1a–c). Ki-67-positive cells were reduced by estrogen re-
placement (Figure 1d and e), but ERG expression did not show 
a significant difference (Supplementary Figure S2, available at 
Carcinogenesis online). Then we blocked ERs in 6-week-old LR/
Stat3Δ/Δ female mice using a selective ER antagonist, fulvestrant 
(3 mg/day), 2 days per week for a total of 8 weeks. Treatment 
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with fulvestrant resulted in increased tumor/lung area per-
centage by 2.5-fold (Supplementary Figure S3a and b, available 
at Carcinogenesis online), increased tumor proliferation rate 

(Supplementary Figure S3c and d, available at Carcinogenesis 
online) and increased angiogenesis (Supplementary Figure 
S3e and f, available at Carcinogenesis online). To check whether 

Figure 1.  Oophorectomy in female LR/Stat3Δ/Δ mice increased tumor burden, and estrogen replacement rescued this effect. (a) Representative photomicrographs of 

the whole slide images of lung gematoxylin and eosin (H&E) stained sections (scale bar = 3 mm) and (b) Tumor/lung area percentage (n = 4–6). (c) Lung surface tumor 

number (n = 8–12). (d) Representative photomicrographs of Ki-67 stained sections (n = 3–4) (scale bar = 200 μm), and (e) proliferative rate presented as the percentage of 

Ki-67-positive cells. Data represent mean ± SEM; ***P < 0.001, **P < 0.01, *P < 0.05, experimental replicate #3.
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estrogen has the same effect on K-ras mutant lung tumorigen-
esis in mice with intact epithelial Stat3, we performed oophor-
ectomy or oophorectomy plus estrogen pellet implantation 
in female CC-LR mice (Supplementary Table S2, available at 
Carcinogenesis online). However, oophorectomy and estrogen 
replacement in CC-LR females did not change surface tumor 
number nor tumor/lung area significantly, although there was 
slightly increased tumor burden with oophorectomy, and this 
trend was reversed by estrogen supplement (Supplementary 
Figure S4, available at Carcinogenesis online). These data suggest 
that estrogen protects against tumorigenesis in LR/Stat3Δ/Δ fe-
male mice, as blockade of ER signaling changed the tumorigen-
esis phenotype of LR/Stat3Δ/Δ female to resemble the increased 
tumorigenesis observed in LR/Stat3Δ/Δ males.

Oophorectomy in LR/Stat3Δ/Δ female mice 
reprogrammed the TME to a pro-tumor phenotype, 
and estrogen replacement reversed these changes

Our previous study showed that the TME in LR/Stat3Δ/Δ females 
was marked by enhanced anti-tumor and attenuated immuno-
suppressive characteristics (15). In the present study, we sought 
to determine whether oophorectomy could reprogram the TME 
in LR/Stat3Δ/Δ females. First, we looked at immune cell com-
position in BALF. Oophorectomy did not change the total WBC, 
however, the neutrophil count was significantly increased in 
oophorectomized mice (Figure  2a). Estrogen replacement re-
duced BALF neutrophils slightly in oophorectomized mice 
(Figure  2a). We next looked at the expression level of M1 and 
M2 macrophage-associated genes in BALF using quantitative 
real-time PCR. After normalizing to CD45, a pan-hematopoietic 
marker, we found oophorectomy increased M2 macrophage 
markers, including resistin-like alpha (Retnla1) and man-
nose receptor 1 (Mrc1), and slightly increased 2,3-dioxygenase 
(Ido1) (Figure  2b). Estrogen replacement led to reduced Retnla1 
and arginase 1 (Arg1) compared with oophorectomized mice 
(Figure 2b). These data indicate that estrogen deprivation can lead 
to an immunosuppressive phenotype with pro-tumor function 
in TME. Although BALF immune cell profile does not completely 
represent the lung immune profile, however, it well reflects the 
quantitative and phenotypic changes in lung immune profile re-
spective to tumor development and promotion or in response to 
a specific intervention. To further support our findings in BALF, 
we next measured the levels of pro-inflammatory genes in the 
whole lung. We found increased expression of interleukin 6 (Il6), 
chemoattractant chemokine ligand 2 (Ccl2) and C-X-C motif 
ligand 1 (Cxcl1) in oophorectomized mice, which most likely ex-
plains the significant increase in neutrophils (Figures  2a and 
c). Estrogen replacement appeared to suppress the expression 
of these genes, although this did not reach a statistical signifi-
cance (Figure  2c). The changes in IL-6 and CXCL1 protein ex-
pression followed the same pattern as their mRNA expression 
(Supplementary Figure S5a and c, available at Carcinogenesis 
online). Oophorectomy also significantly increased expression 
of forkhead box P3 (Foxp3) and interleukin 10 (Il10), which indi-
cated enhanced T regulatory (Treg) cell differentiation and ac-
tivity, and their expression significantly decreased with estrogen 
replacement (Figure 2c). We also observed reduced expression 
of interleukin 17 (Il17a) and transforming growth factor beta 
(Tgfb1), which indicates Treg and T helper 17 cell (Th17) function, 
but we postulate that the effect of their reduction was surpassed 
by increased Foxp3 and Il10. Moreover, granzyme B (Gzmb) and 
interferon gamma (Ifng) were significantly decreased with oo-
phorectomy (Figure 2c), indicating attenuated anti-tumor cyto-
toxic activity. Oophorectomy also significantly decreased the 

expression of nitric oxide synthase 2 (Nos2) (Figure 2c), an M1 
macrophage marker, which corresponds well with the M1 to 
M2 polarization we observed in BALF cells. The elevated expres-
sion of Ccl2, Il6, Cxcl1 and increased neutrophil infiltration in 
oophorectomized females were very similar to the phenotype 
of LR/Stat3Δ/Δ male mice, which had increased NF-κB activity 
according to our previous studies (15), so we evaluated NF-κB 
activity in oophorectomized LR/Stat3Δ/Δ females. qPCR of the 
whole lung showed a decreased level of IκBα, an NF-κB inhibitor, 
in oophorectomized mice, and its expression was restored with 
estrogen replacement (Figure 2d). We then measured the DNA 
binding ability of p65 in nuclear extract of the whole lung from 
oophorectomized mice which showed stronger binding activity 
than the control group, and estrogen replacement reversed this 
change (Figure 2e). These data showed that blockade of estrogen 
signaling unleashed NF-κB activation in LR/Stat3Δ/Δ female mice 
and reprogrammed the TME into a pro-tumor inflammatory 
phenotype, which was reversed by estrogen replacement.

Estrogen treatment in male LR/Stat3Δ/Δ mice reduced 
tumor burden

We further studied the effect of estrogen in rescuing the tumori-
genic phenotype of male LR/Stat3Δ/Δ mice, and we found that 
8 weeks of estrogen replacement therapy (Supplementary Table 
S3 and Supplementary Figure S1, available at Carcinogenesis on-
line) reduced the lung surface tumor count to 27% and tumor/
lung area percentage to 20.8% of the control group (Figure 3a–c). 
Tumor proliferation was inhibited as Ki-67 immunoreactivity 
was reduced compared with the control group (Figure  3d and 
e). The angiogenesis marker ERG was reduced slightly, but not 
significantly in the estrogen-treated group (Supplementary 
Figure S6, available at Carcinogenesis online). To determine 
whether estrogen has a protective effect in K-ras mutant LUAD 
in general, we also implanted CC-LR mice with estrogen pel-
lets (Supplementary Table S4, available at Carcinogenesis online). 
We observed a significant reduction in tumor surface numbers 
(40%); however, it was not as robust as those of Stat3-deficient 
mice (Supplementary Figure S7a, available at Carcinogenesis 
online). Notably, changes in tumor/lung area percentage were 
not significant (Supplementary Figure S7b and c, available at 
Carcinogenesis online). These data suggest that estrogen might 
play a protective role in K-ras mutant LUAD with normal Stat3 
activity but not as strong as its role in the absence of epithelial 
Stat3. The reduction in tumor count in CC-LR males might be 
caused by the inhibitory effect of estrogen on the baseline in-
crease in the activation of NF-κB in K-ras mutant LUAD. It also 
suggests that estrogen may reduce tumor initiation but may not 
affect the progression of developing tumors. These findings fur-
ther confirmed that estrogen prevents K-ras mutant LUAD pro-
gression in the absence of epithelial Stat3 signaling.

Estrogen treatment in LR/Stat3Δ/Δ male mice 
reprogrammed the TME to an anti-tumor phenotype 
through suppressing NF-κB activity

In our previous studies, we found an NF-κB-driven pro-tumor 
immune response in LR/Stat3Δ/Δ male mice (15). In the present 
study, we evaluated whether exogenous estrogen could sup-
press the NF-κB induced changes in the TME. We first looked 
at changes in WBC differentiation in BALFs, and we found de-
creased neutrophil infiltration in males treated with estrogen, 
but no changes in total WBC, lymphocytes or macrophages 
(Figure  4a). qPCR analysis of RNA extracted from BALF cells 
showed decreased expression of M2 markers Retnla and Arg1, 
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which indicates a shift from M2 to M1 phenotype, however, ex-
pression of Mrc1 and Ido1 were not changed (Figure 4b). We next 
measured the expression of a panel of inflammatory genes in 

the whole lung using qPCR. Estrogen treatment resulted in re-
duced expression of Il6 and Cxcl1 (Figure 4c), which may explain 
the reduced neutrophil infiltration and indicates suppressed 

Figure 2.  Oophorectomy in LR/Stat3Δ/Δ female mice reprogrammed lung tumor microenvironment to a pro-tumor phenotype, and estrogen replacement reversed these 

changes. (a) Total inflammatory cell and lineage-specific leukocyte numbers from BALF (n = 5–9). (b) Relative mRNA expression of Retnla1, Arg1, Mrc1 and Ido1 mRNA in 

BALF inflammatory cells, normalized by Cd45 expression (n = 4). (c) Relative mRNA expression of Ccl2, Cxcl1, Il6, Il17a, Tgfb1, Tbx21, Gzmb, Foxp3, Ifng, Il10, Arg1, Ido1 and 

Nos2 in the whole lung, normalized by Cd45 expression. (d) Relative mRNA expression of IκBα in the whole lung normalized to β-actin. (e) Fold change of p65 binding 

activity represented by fold change of OD value. Data represent mean ± SEM; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, experimental replicate #3.
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NF-κB activity. However, these changes were not reflected at 
the protein level (Supplementary Figure S5b and d, available at 
Carcinogenesis online). Expression of Arg1, PD-L1 (Cd274), Il10 and 
Foxp3 was also reduced in estrogen-treated males (Figure  4c), 

which suggests attenuated immunosuppression on cytotoxic 
T cells and decreased Treg differentiation and activity. These 
were associated with Ifng upregulation (Figure  4c), suggesting 
stronger cytotoxic anti-tumor activities; however, no significant 

Figure 3.  Estrogen treatment in male LR/Stat3Δ/Δ mice reduced tumor burden. (a) Representative photomicrographs of the whole slide images of lung H&E stained 

sections (scale bar = 3 mm) and (b) tumor/lung area percentage (n = 3–4). (c) Lung surface tumor number (n = 9–17). (d) Representative photomicrographs of Ki-67 stained 

sections (n = 3–4) (scale bar = 200 μm), and (e) proliferative rate presented as percentage of Ki-67-positive cells. Data represent mean ± SEM; ****P < 0.0001, **P < 0.01, 

*P < 0.05, experimental replicate #3.
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Figure 4.  Estrogen treatment in male LR/Stat3Δ/Δ mice reprogrammed lung tumor microenvironment to an anti-tumor phenotype through suppressing NF-κB activity. 

(a) Total inflammatory cell and lineage-specific leukocyte numbers from BALF (n = 6, 7). (b) Relative mRNA expression of Retnla1, Arg1, Mrc1 and Ido1 mRNA in BALF 

inflammatory cells, normalized by Cd45 expression. (c) Relative mRNA expression of Ccl2, Cxcl1, Il6, Il17a, Tnf, Tbx21, Il10, Foxp3, Gzmb, Ifng, Arg1, Cd274 and Tgfb1 in the 

whole lung, normalized by Cd45 expression. (d) Relative mRNA expression of IκBα in the whole lung normalized to β-actin. (e) Fold change of p65 binding activity rep-

resented by fold change of OD value. (f) Western blot analysis of IκBα and β-actin protein levels in whole lung tissue. (g) Quantification of (f) relative density of IκBα/β-

actin. Data represent mean ± SEM; ****P < 0.0001, **P < 0.01, *P < 0.05, experimental replicate #3.
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changes in Gzmb were found. Estrogen treatment also led to 
reduced expression of tumor necrosis factor alpha (Tnf) and 
Tgfb1 (Figure 4c). These data showed that exogenous estrogen 
in male mice enhanced cytotoxic T-cell activity and diminished 
the immunosuppressive pro-tumor response. Because we pre-
viously reported stronger NF-κB activity in LR/Stat3Δ/Δ males 
and our qPCR results showed reduced expression of NF-κB 
downstream genes after estrogen treatment, we next sought 
to measure NF-κB activity in estrogen-treated males. mRNA 
and protein levels of IκBα were both higher in estrogen-treated 
males, which suggested stronger inhibition of NF-κB nuclear 
translocation (Figure  4d, f  and  g). DNA binding assay of p65 
showed decreased binding activity in estrogen-treated males 
(Figure 4e). These changes together indicate that exogenous es-
trogen in LR/Stat3Δ/Δ males attenuates the pro-TME through the 
downregulation of NF-κB activity.

Interestingly, using an available mRNA expression dataset 
extracted from a cohort of tumor tissues surgically resected 
from patients with LUAD that did not receive neoadjuvant 
therapy, we found a significant positive correlation between ex-
pression levels of ERβ and T cell-specific markers including CD3, 
CD8 and CD4 in both females and males, which was stronger 
in females (Supplementary Figure S8, available at Carcinogenesis 
online). This further supports the observed changes in cytotoxic 
T-cell activities in response to estrogen deprivation in female 
mice and estrogen treatment in male mice and suggests an im-
portant role for ER signaling in attenuation of pro-tumor im-
munosuppressive response which we assume to be stronger in 
females due to higher levels of estrogen and ER signaling.

Inhibition of NF-κB activity suppressed lung 
tumorigenesis in LR/Stat3Δ/Δ males

Because LR/Stat3Δ/Δ males have significantly elevated NF-κB ac-
tivity but females do not, we sought to determine whether the 
inhibition of IKKβ, which plays a critical role in NF-κB trans-
location and activation, affects tumorigenesis. We crossed 
LR/Stat3Δ/Δ mice with IKKβ fl/fl mice (31) to generate double 
knockout LR/Stat3Δ/Δ/IKKβ Δ/Δ mice. At 14 weeks of age, we found 
that the surface tumor count and tumor/lung area percentage 
reduced to 66.7% and 9.1%, respectively, in LR/Stat3Δ/Δ/IKKβ Δ/Δ 
male mice (Figure  5a–c), but no difference in tumor burden 
was observed between the two female groups (Supplementary 
Figure S9a and b, available at Carcinogenesis online). Tumors 
from LR/Stat3Δ/Δ/IKKβ Δ/Δ males also had significantly reduced 
proliferation and angiogenesis as assessed by Ki-67 (Figure 5d 
and e) and ERG staining (Supplementary Figure S10, available 
at Carcinogenesis online). We next inhibited NF-κB signaling 
in LR/Stat3Δ/Δ male mice using intraperitoneally injection of 
a selective IKKβ inhibitor, IMD-0354, daily for 8 weeks. IMD-
0354 treatment resulted in a 66.7% reduction in tumor/lung 
area percentage compared with 0.5% carboxymethylcellulose 
vehicle-treated group (Supplementary Figure 11Sa and b, avail-
able at Carcinogenesis online); however, no differences in Ki-67 
or ERG staining were observed (Supplementary Figure 11Sc–f, 
available at Carcinogenesis online). Surprisingly, the IMD-0354-
treated group had slightly stronger staining for Ki-67, probably 
because most of the lesions in the IMD-0354-treated group 
were early proliferative hyperplasia, whereas adenomas and 
adenocarcinomas were mostly present in the vehicle group. 
These data further confirmed that the increased tumor burden 
in LR/Stat3Δ/Δ males is caused by increased NF-κB activity 
and that inhibition of IKKβ can reverse the effect. Because 
LR/Stat3Δ/Δ females already have endogenous estrogen that 

inhibits NF-κB activity, inhibition of IKKβ does not have such 
a dramatic effect in suppressing tumorigenesis in females. 
However, we knowledge that inclusion of a complementary 
experiment showing the effect of IMD-0354 treatment in 
oophorectomized LR/Stat3Δ/Δ female mice could further sup-
port this conclusion.

Targeting of NF-κB activity in lung epithelium 
reprogrammed the TME in LR/Stat3Δ/Δ male mice

As described above, double knockout of Stat3 and IKKβ in lung 
epithelium led to lower tumor burden compared with LR/Stat3Δ/Δ 
males. We next sought to determine whether the inhibition of 
IKKβ affected TME characteristics. In BALFs, there was a signifi-
cant reduction in neutrophils and lymphocytes in LR/Stat3Δ/Δ/
IKKβ Δ/Δ male mice, but no significant changes in total WBC and 
macrophages were seen (Figure  6a). However, we did not ob-
serve changes in the different WBC populations in female LR/
Stat3Δ/Δ/IKKβ Δ/Δ mice (Supplementary Figure S9c, available at 
Carcinogenesis online). qPCR analysis of RNA extracted from 
the whole lung showed reduced Ccl2, Arg1 and Tnf expression 
(Figure  6b) in LR/Stat3Δ/Δ/IKKβ Δ/Δ males, which indicated de-
creased immunosuppressive function. There was a sharp in-
crease in Nos2 (Figure  6b), an M1 macrophage marker, which 
suggested a polarization to M1 phenotype. Notably, even though 
lymphocyte number was decreased in LR/Stat3Δ/Δ/IKKβ Δ/Δ males, 
there were still significant increases in Gzmb and Ifng (Figure 6b), 
which suggests a shift toward an anti-tumor cytotoxic response. 
We then studied NF-κB activity by measuring the level of IκBα. In 
LR/Stat3Δ/Δ/IKKβ Δ/Δ males, IκBα protein levels were significantly 
higher than LR/Stat3Δ/Δ counterparts, although mRNA levels did 
not show significant changes (Figure 6c–e), which suggested in-
hibited NF-κB activation in LR/Stat3Δ/Δ/IKKβ Δ/Δ males. Changes 
in TME characteristics and NF-κB activity in LR/Stat3Δ/Δ/IKKβ Δ/Δ 
males were similar to estrogen-treated LR/Stat3Δ/Δ males, fur-
ther confirming our hypothesis that estrogen acts as a pro-
tective factor in K-ras mutant lung tumorigenesis in the absence 
of epithelial Stat3 signaling by suppressing NF-κB activity.

Discussion
To test whether estrogen might be the protective factor in K-ras 
mutant lung tumorigenesis by suppressing NF-κB activity, we 
manipulated either estrogen or NF-κB signaling in LR/Stat3Δ/Δ 
mice. Oophorectomy in LR/Stat3Δ/Δ females increased tumor 
burden and immunosuppression while decreasing anti-tumor 
cytotoxic activity. These changes were similar to the phenotype 
of LR/Stat3Δ/Δ males and were reversed by estrogen replace-
ment therapy. In LR/Stat3Δ/Δ males, estrogen treatment led to 
reduced tumorigenesis and immunosuppression along with 
increased anti-tumor immunity, which are the characteristics 
of LR/Stat3Δ/Δ females. Furthermore, we found increased NF-κB 
activity in oophorectomized females, which was decreased in 
males receiving estrogen. In LR/Stat3Δ/Δ males, both genetic and 
pharmacologic inhibition of NF-κB activity resulted in reduced 
tumor burden, increased anti-tumor immune response and at-
tenuated immunosuppression. Overall, our findings suggest 
that estrogen plays a protective role against K-ras mutant lung 
cancer by suppressing NF-κB activity in the absence of epithelial 
Stat3 activity.

Sex disparity is a complex and controversial topic in lung 
cancer. Women are more likely to develop adenocarcinoma 
than men (33), and women smokers are more susceptible to 
lung cancer (34); however, women with lung cancers have better 
clinical outcomes regardless of stages and histological subtypes 
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Figure 5.  Lung epithelial-specific deletion of IKKβ suppressed tumorigenesis in LR/Stat3Δ/Δ males. (a) Representative photomicrographs of the whole slide images of 

lung H&E stained sections (scale bar = 4 mm) and (b) tumor/lung area percentage (n = 3–5). (c) Lung surface tumor number (n = 14–18). (d) Representative photomicro-

graphs of Ki-67 stained sections (n = 3–4) (scale bar = 200 μm), and (e) proliferative rate presented as the percentage of Ki-67-positive cells. Data represent mean ± SEM; 

**P < 0.01, *P < 0.05, experimental replicate #3.
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(35). Interestingly, most lung cancers are seen in older people 
with smoking history except for non-smoker females with 
non-K-ras targetable mutations (36,37). The effect of hormone 

replacement therapy (HRT) in lung cancer patients also re-
mains controversial. Several studies suggest that HRT increases 
lung cancer incidence and shortens median survival time (38), 

Figure 6.  Lung epithelial-specific deletion of IKKβ reprogrammed lung tumor microenvironment in LR/Stat3Δ/Δ male mice through suppressing NF-κB activity. (a) Total 

inflammatory cell and lineage-specific leukocyte numbers from BALF (n = 6, 7). (b) Relative mRNA expression of Ccl2, Cxcl1, Il10, Foxp3, Gzmb, Ifng, Arg1, Ido1, Il6, Il17, 

Nos2, Cd 274, Tgfb1, Tbx21 and Tnf in the whole lung normalized by Cd45 expression. (c) Relative mRNA expression of IκBα in the whole lung normalized to β-actin. 

(d) Western blot analysis of IκBα and β-actin protein levels in whole lung tissue. (e) Quantification of (d) relative density of IκBα/β-actin. Data represent mean ± SEM; 

**P < 0.01, *P < 0.05, experimental replicate #3.
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whereas some find that women under HRT show less incidence 
of lung cancer (39) and decreased mortality rate (40,41), and 
some studies found neutral results (42–44). ERs are members 
of the nuclear steroid receptor superfamily that respond to es-
trogen. Normally, ERβ is highly expressed in lung epithelia and 
is required for maintaining the extracellular matrix of the lung 
(45,46). ERβ is also the predominant form of ER in lung cancer 
(46), and studies find that nuclear ERβ favors a good prognosis; 
however, cytoplasmic ERβ is associated with poor prognosis 
(47,48). Roles of estrogen signaling in K-ras-driven malignancies 
are controversial, too. In breast cancer, estrogen withdrawal or a 
low estrogen state predicts aggressive tumor biology in women 
with K-ras mutant tumors (49). In K-rasV12 hepatocellular car-
cinoma, estrogen inhibits tumor growth (50). In lung cancer, 
women who smoke are more likely to develop tumors harboring 
K-ras mutations (16,51); however, our studies have found that 
epithelial Stat3-deleted female mice with K-ras mutant LUAD 
had reduced tumorigenesis whereas their male counterparts 
had increased tumor burden (15). In this study, we found that 
inhibiting ER signaling by either oophorectomy or fulvestrant 
in LR/Stat3Δ/Δ females significantly increased tumor growth 
and estrogen replacement therapy reversed these changes. 
Moreover, estrogen treatment in LR/Stat3Δ/Δ males inhibited 
tumorigenesis. Our findings confirmed our previous report that 
estrogen prevents K-ras mutant lung tumorigenesis in the ab-
sence of epithelial Stat3 signaling.

K-ras mutant lung tumorigenesis is characterized by activa-
tion of NF-κB and Stat3 signaling pathways, increased inflam-
matory mediators IL-6, CXCL1, CCL2, IL-17, and subsequent 
infiltration of tumor-promoting neutrophils, M2 macrophages, 
Th-17 cells and MDSCs (7–10,52). Estrogen plays an important 
role in regulating inflammation. Although ERβ is the major ER 
expressed in lung tissues, inflammatory cells infiltrating the 
lungs express both ERα and ERβ (53). It has long been recog-
nized that steroid hormones regulate the immune response 
to infection or tissue damage and modulate all levels of the 
innate and adaptive immune systems (54). Estrogen restricts 
recruitment of neutrophils through downregulating produc-
tion of neutrophil chemoattractants CXCL1, CXCL2 and CXCL3 
in rodent models of intestinal (55,56) and lung injuries (56,57), 
and limiting adhesion of neutrophils to endothelial cells 
(58). Estrogen inhibits CD206+ M2 macrophages and prevents 
tumor growth in hepatocellular carcinoma (59). Estrogen also 
attenuates the release of pro-inflammatory mediators TNFα, 
IL-1β and IL-6 from neutrophils and macrophages (60). In our 
oophorectomized LR/Stat3Δ/Δ females, we found increased neu-
trophil infiltration, increased M2 macrophage polarization and 
increased NF-κB-driven pro-inflammatory cytokines (i.e. IL-6 
and CCL2), and estrogen treatment in LR/Stat3Δ/Δ males re-
sulted in reduced neutrophil infiltration and M1 macrophage 
polarization and lowered IL-6, CXCL1, TNFα, Arg1 and TGFβ 
expression. These findings suggest that estrogen in epithelial 
Stat3-deleted K-ras LUAD dampens immunosuppressive char-
acteristics of TME by inhibiting neutrophil infiltration, reducing 
M2 macrophage polarization and suppressing MDSCs. Estrogen 
also regulates immune function through affecting adaptive im-
munity. Low levels of estrogen promote Th1-type response and 
increase IFNγ produced by T cells, whereas high levels of es-
trogen inhibit the production of IL-17 by Th17 cells (61). In the 
present study, oophorectomized LR/Stat3Δ/Δ females had lower 
cytotoxic anti-tumor immunity with reduced expression of 
GzmB and IFNγ, whereas their male counterparts treated with 
estrogen had increased IFNγ. These data suggest that estrogen 

may inhibit Stat3 deficient K-ras mutant LUAD growth through 
activating cytotoxic anti-tumor immunity. Estrogen also me-
diates immunosuppression through activating Treg cells, such 
as in pregnancy, to maintain fetal-maternal tolerance (62). 
In our model, loss of estrogen boosted Treg activity through 
upregulating Foxp3 and IL-10, and suppressed anti-tumor im-
munity. This contrasting effect of estrogen on Tregs suggests 
that estrogen might play different roles under specific patho-
logical conditions.

As discussed above, K-ras mutant LUAD is associated 
with increased NF-κB activation (7,10), and estrogen has been 
widely reported to suppress NF-κB activity (27–30,63). Estrogen 
suppresses NF-κB induced inflammation by increasing IκBα 
levels (27) and decreasing phosphorylated IκBα levels (63). ERβ 
inhibits DNA binding ability of NF-κB p50, c-Rel and p65/p50 
dimers, and both ERs prevent NF-κB from binding to IL-6 pro-
moter (28–30). In K-ras mutant LUAD, CXCL1, CCL2, IL-6 are im-
portant inflammatory cytokines and chemokines that are all 
regulated by NF-κB activity. In our previous study, we found 
increased NF-κB activity in LR/Stat3Δ/Δ males, but not females 
(15). In the present study, we found increased NF-κB activity in 
oophorectomized LR/Stat3Δ/Δ females, which were rescued by 
estrogen replacement, and LR/Stat3Δ/Δ males treated with ex-
ogenous estrogen had reduced NF-κB activity. Moreover, both 
genetic and pharmacologic inhibition of IKKβ resulted in re-
duced tumor burden, attenuated immunosuppression and en-
hanced anti-tumor immunity only in LR/Stat3Δ/Δ males, but not 
females. Our findings align well with our previous findings and 
suggest that estrogen inhibits K-ras mutant lung tumorigen-
esis in the absence of epithelial Stat3 through inhibiting NF-κB 
activity.

In summary, we found that in K-ras mutant lung tumors 
without epithelial Stat3 expression, NF-κB gets further acti-
vated (unleashed) to compensate for the loss of Stat3 signaling. 
In females, with the presence of strong estrogen signaling, 
NF-κB is suppressed, which results in reduced tumorigenesis, 
reduced pro-tumor immunosuppression and enhanced anti-
tumor cytotoxicity. However, in males, with lower estrogen 
signaling, NF-κB activity becomes dominant, promotes tumori-
genesis and induces a pro-tumor TME. These findings are in line 
with our previous findings in LUAD patients showing a signifi-
cant positive correlation between pSTAT3 and ERβ expression 
in female but not in male LUAD patients (15), which here we 
further corroborated by demonstrating a positive correlation 
between expression levels of ERβ and T-cell-specific markers 
CD3, CD8 and CD4. Overall, our study underscores the inter-
play between the Stat3/NF-κB cytokine network and estrogen 
signaling and their gender-specific functions in K-ras mutant 
tumorigenesis. This suggests an important role for in-depth 
immuno-genomic phenotyping of each patient with lung tumor 
prior to decision making. It provides novel cues in developing 
personalized treatment and preventive strategies against this 
currently ‘undruggable‘ malignancy based on each patient’s 
sex-specific immuno-genomic phenotype. Furthermore, our 
data showing the mechanisms of interaction between the TME 
and cancer cells in a sex-specific fashion is crucial in the con-
text of immunotherapy [e.g. immune checkpoint blockade (ICB)]. 
Although ICB has shown promising results against lung cancer, 
most patients do not sustain durable responses to current ICB 
regimens. Interestingly, the response rate to ICB could be in-
fluenced by patient sex due to differences in TME contexture 
between sexes (64–69). Our study also prompts the use of com-
plementary treatment approaches using IL-6/Stat3 inhibitors in 
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combination with ICB or HRT. It will also help to better under-
stand sex-specific predictive and prognostic biomarkers and 
explore mechanisms of susceptibility or resistance to therapy.

Supplementary material
Supplementary data are available at Carcinogenesis online.
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