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Introduction

Toll-like receptors (TLRs) are an extensive group of proteins involved in host defense processes that express themselves upon the increased production of endogenous damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) due to the constant contact that airway epithelium may have with pathogenic foreign antigens. We have previously shown that COPD-like airway inflammation induced by exposure to an aerosolized lysate of nontypeable Haemophilus influenzae (NTHi) promotes tumorigenesis in a K-rasmutant mouse model of lung cancer, CCSPCre/LSL-K-rasG12D (CC-LR) mouse.





Methods

In the present study, we have dissected the role of TLRs in this process by knocking out TLR2, 4, and 9 and analyzing how these deletions affect the promoting effect of COPD-like airway inflammation on K-ras-driven lung adenocarcinoma.





Results

We found that knockout of TLR 2, 4, or 9 results in a lower tumor burden, reducedangiogenesis, and tumor cell proliferation, accompanied by increased tumor cellapoptosis and reprogramming of the tumor microenvironment to one that is antitumorigenic. Additionally, knocking out of downstream signaling pathways, MyD88/NF-ĸB in the airway epithelial cells further recapitulated this initial finding.





Discussion

Our study expands the current knowledge of the roles that TLR signaling plays in lung cancer, which we hope, can pave the way for more reliable and efficacious prevention and treatment modalities for lung cancer.
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Introduction

Lung cancer continues to lead the way in the context of cancer-related mortality, with over 128,000 deaths expected in the USA alone in 2023 (1). The anatomical and cellular that protect our lungs against exogenous insults such as foreign pathogens and particulates are severely altered in lung cancer. Particularly, when accompanied by inflammatory lung diseases like chronic obstructive pulmonary disease (COPD) (2). Interestingly, current and former smokers with COPD display a 3 to 10-fold increased risk of lung cancer based on their disease severity (3, 4). Importantly, even smokers with COPD who quit smoking will still have persistent inflammation, their lung function will continue to deteriorate, and the risk of lung cancer remains elevated (5–7). Our group has previously shown that COPD-type airway inflammation promotes lung cancer in a K-ras mutant mouse model, this was found to be associated with the activation of NF-ĸB, thus suggesting a role for this pathway in linking COPD to lung cancer (8).

Upstream to the NF-ĸB pathway, there are a group of essential proteins known as toll-like receptors (TLRs) activating the innate immune system due to their high affinity to recognize specific pathogens such as nontypeable Haemophilus Influenzae (NTHi) (9). This pathogen in particular is considered the most common colonizer of airways in patients with COPD. TLRs can be of extracellular (TLR-1, TLR-2, TLR-4, TLR-5, TLR-6) or intracellular (s TLR-3, TLR-7, TLR-8, and TLR-9) origin, and participate in different signaling pathways. For example, TLR-3 couples to the adaptor protein TRIF, which ultimately activates TRAF3 and IRF3, and subsequently induces the secretion of IFN-β, a cytokine that is important for the adequate antiviral response. In contrast, other TLRs, like TLR-2, TLR-4, and TLR-9, can bind to a different adapter protein - Myeloid differentiation primary response gene 88 (MyD88). This interaction then causes the recruitment of IL-1 receptor-associated kinases (IRAKs) and TRAF6., which in turn, will phosphorylate and activate the IKK complex leading to the release and translocation of NF-κB to the nucleus and its activation (10, 11) resulting in the synthesis of cytokines such as TNF-α, IL-6, and IL-1β. These are key mediators of the inflammatory response and are known to be elevated in the lung of COPD patients (12). There is however a unique TLR, TLR-4, that activates both MyD88-dependent and TRIF-dependent pathways (13).

TLRs are essential components of the innate immune defense system. They defend our bodies against bacteria, viruses, and other harmful pathogens. However, the role of specific TLRs in the promotion of lung cancer specifically in the context of COPD is not very clear. Previous studies have shown the favorable outcome of TLR knockouts (14), while others have been associated with paradoxical outcomes when manipulated (15). Therefore, we chose to study the role of TLR2, 4, and 9 and their downstream signaling pathways in lung cancer promotion due to their known importance in lung innate epithelial immune response (16–21). We accomplished this using our previously established K-ras mutant lung cancer mouse model in the presence of COPD-like airway inflammation and genetic targeting of the TLR/MyD88/NF-ĸB pathway in this setting. Through these approaches, we have found that TLR2, 4, and 9 through activation of the MyD88/NF-ĸB signaling pathway in the airway epithelium play causal roles in this process. This supports the implementation of modulating TLR signaling for induction of anti-tumor immunity or suppression of pro-tumor inflammation, therefore paving the way for novel immuno-preventive and -therapeutic modalities to ultimately improve patient clinical outcome and survival.





Methods




Animal housing and experiments

K-ras mutant mouse model of lung cancer used in this study, CCSPCre/LSL-K-rasG12D (CC-LR), was created by crossing mice harboring LSL-K-rasG12D allele with mice containing Cre recombinase inserted into the Club Cell Secretory Protein (CCSP) locus., This mouse model has K-ras mutant tumor initiation exclusively in lung epithelium as we previously described (8). Then CC-LR mice were crossed with TLR2, TLR4, and TLR9 knockout (KO) mice separately to generate CC-LR/TLR2KO, CC-LR/TLR4KO, and CC-LR/TLR9KO mice respectively. TLR2 (22) and TLR4 KO (23) mice were purchased from Jackson Laboratory, and TLR9 KO was a generous gift from Dr. Shizuo Akira (Osaka University, Japan) (24). These mutant mice globally lack their respective TLR while expressing a mutant K-ras in the lung epithelium. LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice, with lung epithelial specific loss of MyD88 and NF-κB activity, were generated by crossing CC-LR with MyD88fl/fl and IKKβ fl/fl conditional KO mice respectively. IKKβ fl/fl mouse was kindly provided by Dr. Michael Karin (University of California, San Diego, CA) (25). MyD88fl/fl mouse was purchased from the Jackson Laboratory (26). All the mice used in this study were housed under specific pathogen-free conditions and handled in accordance with the institutional animal care and use committee (IACUC) of the University of Texas MD Anderson Cancer Center. Mice were also monitored daily for evidence of disease or death.





NTHi lysate preparation and induction of COPD-type airway inflammation

A lysate of NTHi strain 12 (27) was prepared as previously described (28). This was prepared at a protein concentration of 2.5 mg/ml in phosphate-buffered saline (PBS) and stored in 7ml frozen aliquots at −80°C. When delivering the lysate to mice, a thawed aliquot was placed in an AeroMist CA-209 nebulizer (CIS-US, Bedford, MA) driven by 10 liters/minute of room air mixed with 5% CO2 for 20 minutes. Mice in all studies were exposed to the lysate once weekly at six weeks of age for a duration of eight weeks, with a final readout at fourteen weeks of age.





Assessment of lung tumor burden and inflammation

In order to assess lung tumor burden and inflammation, fourteen-week-old mice were anesthetized. Their tracheas were then exposed, cannulated, and sutured into place. If visible, lung surface tumor numbers were counted, then the lungs were perfused with PBS through the right ventricle. For half of the mice in this study, lungs were inflated with 10% buffered formalin (Sigma) for 10 min, then collected and embedded in paraffin blocks for histopathological studies. Formalin fixed paraffin embedded (FFPE) blocks were sectioned at 5-mm thickness, placed on glass slides, dried, deparaffinized, and stained with hematoxylin and eosin. Tumor/lung area percentages were calculated using the respective formula; Tumor/Lung Area =∑i=ni=1TiL × 100%, as described previously (29). For the other half of the mice in this study, bronchoalveolar lavage fluid (BALF) was collected by sequentially instilling and extracting 2ml of PBS through a tracheostomy cannula. Afterward, the lungs were removed and snap-frozen to be stored for RNA and protein analysis. Total WBC counts in BALFs were calculated with the use of a hematocytometer, and differential cell populations (macrophages, neutrophils, and lymphocytes) were determined by cytocentrifugation of BALFs onto slides and Wright–Giemsa (Sigma) staining.





Immunostaining

Previously sectioned lung tissue samples were immunohistochemically stained as previously described (29) for proliferation marker Ki-67 (1:200; ab16667; Abcam, MA), angiogenesis marker ETS-related gene (ERG) (1:200; ab92513; Abcam) (30), and leukocyte cell marker, CD45 (1:200; ab10558; Abcam). To calculate the percentages of positively stained cells, slides were analyzed using Nuclear v9 in ImageScope 12.4.3 (Leica Biosystems, Nussloch, Germany) and presented as the fraction of positive cells per total tumor cells per 10x field.





Quantitative RT-PCR analysis

Total RNA from mouse whole lung was extracted using a Zymo Research RNA extraction kit. Reverse transcription PCR was performed using the qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD). We then performed qPCR by using SYBR Green FastMix (Quanta Bioscience) on CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA). CD45 was used as our housekeeping gene and data are presented as fold changes of experimental groups versus controls (CC-LR) as indicated in figure legends. Primers used in this study are listed in Supplementary Table S9.





Statistics

Data are presented as mean ± SEM. GraphPad Prism software was used for statistical analysis, and Student’s t-test was used for comparison between every experimental group versus controls (CC-LR). Differences were considered significant for *p < 0.05 and labeled with an asterisk (*), figures with no significant differences were labeled with "ns". Some figures have additional symbols of “#” and “+” to denote different cellular populations as noted in the figure legend.






Results




Genetic deletion (knockout) of TLRs suppresses tumor promoting effect of NTHi-induced COPD-like airway inflammation on K-ras driven lung cancer

The exact role of TLRs in lung cancer promotion is not well established, therefore we sought to study the role of TLRs by crossing CC-LR mice with TLR2, TLR4, and TLR9 null mice separately to generate K-ras mutant mice lacking TLR2, TLR4, and TLR9, respectively (CC-LR/TLR2KO, CC-LR/TLR4KO, CC-LR/TLR9KO). These cohorts were then subjected to COPD-inducing conditions from the age of 6 weeks for 8 weeks as described above and previously (8) and their tumor burdens were compared with age and sex matched control CC-LR mice at the age of 14 weeks. The lack of TLRs in these three distinct mutant mouse models significantly inhibited lung cancer promotion by COPD-like airway inflammation in CC-LR mice. Lung surface tumor numbers decreased by 1.5-fold (72 vs. 112) in CC-LR/TLR2KO, 1.3-fold (84 vs. 112) in CC-LR/TLR4KO, and 1.3-fold (83 vs. 112) in CC-LR/TLR9KO mice (Figure 1A). Tumor area analysis of H&E-stained slides also showed a 1.5-fold (27% vs. 41%) reduction in CC-LR/TLR2KO and CC-LR/TLR4KO, while CC-LR/TLR9KO showed a 1.4-fold reduction (29% vs. 41%) in the lung area occupied by the tumors (Figures 1B, C). We also studied the role of TLRs in lung cancer promotion in mice lacking COPD-inducing conditions (Naïve). The naïve cohorts of CC-LR/TLR2, 4, and 9 mice also showed 1.7-fold (35 vs 60), 1.5-fold (40 vs. 60), and 2-fold (30 vs. 60) reductions in tumor numbers respectively compared to age and sex match naïve CC-LR mice (Supplementary Figure S1). In these naïve cohorts, we also observed a significant 1.5-fold reduction (17% vs. 28%) across all three mouse models in the lung area occupied by the tumors (Supplementary Figure S1). These findings collectively confirm the protumorigenic effects of these TLRs in K-ras mutant lung cancer development and promotion.




Figure 1 | Knockout of TLRs suppresses tumor promoting effect of NTHi-induced COPD-like airway inflammation on K-ras driven lung cancer. Lung surface tumor number (n=9-14) (A) and tumor area (n=4-5) (B). Representative photomicrographs of whole slide images of lung hematoxylin and eosin (H&E) stained sections in CC-LR+NTHi, CC-LR/TLR2KO+NTHi, CC-LR/TLR4KO+NTHi, and CC-LR/TLR9KO+NTHi at 14 weeks of age, black arrows depict lung microtumors (C). Data represent mean ± SEM; experimental groups are separately compared to CC-LR cohort, where *p< 0.05 by unpaired t-test.







Lung cancer suppression due to knockout of TLRs is associated with decreased tumor cell proliferation and angiogenesis

We aimed to further study the mechanism of tumor reduction in mice with a lack of TLRs and COPD-like airway inflammation. Lung tissues were examined via immunohistochemistry for proliferation, and angiogenesis markers, Ki-67, and ERG respectively. Ki-67 staining of the lung from CC-LR/TLR4KO and CC-LR/TLR9KO mutant mouse models showed a reduction in tumor cell proliferation by ~15%, while CC-LR/TLR2KO had a greater reduction of 50% in Ki-67 positive cells (Figures 2A, B). We also found that TLR knockout mice had reduced angiogenesis. CC-LR/TLR4KO and CC-LR/TLR9KO mutants showed a 30% reduction and CC-LR/TLR2KO a 75% reduction in ERG positive cells (Figures 2C, D). Our naïve cohort of mice displayed a low baseline of Ki-67/ERG positivity and showed significant reductions for both markers. TLR2, 4, and 9 displayed an 80% reduction in Ki-67 positivity, while TLR2 and 4 had a 65% reduction and TLR9 had a 35% reduction in ERG positivity (Supplementary Figure S2). Indeed, these data hint at the promoting effects that TLRs may have on tumor cell proliferation and angiogenesis.




Figure 2 | Lung cancer suppression due to TLR knockout is associated with decreased proliferation and angiogenesis. Representative photomicrographs of lung immunohistochemistry that are positive for Ki-67 (A), and ERG (C) (20x magnification, scale bar=100um). Accompanied by quantitative analysis (right panels) represented as a percentage of positive KI-67 (n=4-5) (B) and ERG cells (n=6-9) (D). Data represent mean ± SEM; experimental groups are separately compared to CC-LR cohort, where *p< 0.05 by unpaired t-test.







Knockout of TLRs reprograms COPD-associated protumorigenic inflammatory phenotype into an antitumorigenic phenotype

Here, we sought to elucidate the intricate mechanisms of tumor suppression due to TLR knockouts in the setting of COPD-like airway inflammation, specifically regarding changes in the tumor microenvironment (TME) and tumor-infiltrating immune subsets. We accomplished this by analyzing the BALFs of TLR2, 4, and 9 KO/K-ras mutant mouse models in the presence of NTHi-induced COPD-like airway inflammation. We found that all three of these TLR KO mice had a significant reduction in lung neutrophilic infiltrates (Figure 3A). There were no significant changes in lymphocytes, although CC-LR/TLR4KO showed a significant decrease in macrophages, and CC-LR/TLR9KO showed a significant increase (Figure 3A). Additionally, mRNA expression analysis of whole lungs from these KO mice revealed significant reductions of neutrophil chemoattractant CXCL1, with a 2-fold decrease in TLR2 KO and a 2.5-fold decrease in TLR4 or 9 KO mice (Figure 3B). No significant changes in macrophage chemoattractant CCL2 were found (Figure 3C). These results were accompanied by significantly increased levels of IFNG, specifically a 15-fold increase in TLR2 KO and a 50-fold increase in TLR4 or 9 KO mice (Figure 3D). TNF also displayed significant increases of 7-fold in TLR2 or 4 KO and 20-fold in TLR9 KO mice (Figure 3E), and Gzmb showed a 2.5-fold increase in TLR2, a 2-fold increase in TLR4 and a 3-fold increase in TLR9KO mice (Figure 3F). IL1β revealed a 1.5-fold reduction in TLR2/4, and a 1.4-fold reduction in TLR9 KO mice (Figure 3G), while IL17 showed a homogenous 2.5-fold reduction across all TLR KO mice (Figure 3H). Lastly, protumorigenic and immunosuppressive macrophage polarization marker RETNLB (Fizz1) showed a significant 2-fold reduction in TLR2 KO, a 5-fold reduction in TLR4 KO, and a 10-fold reduction in TLR9 KO mice (Figure 3I). To further explore the unique immune cell changes across the different TLR KO mice in the context of NTHi-mediated inflammation, we studied the mRNA expression levels of different immune cell markers including total leukocytes (CD45), T-cells (CD3), neutrophils/granulocytes (Ly6G), cytotoxic T-cells (CD8) and monocytes (CD68). We also performed immunohistochemistry for CD45, which represents all immune cell types in our study. Results from mRNA expression of CD45, CD3, CD8, and CD68 showed no significant changes across TLR mutant mice, the only significant change was Ly6G which displayed a significant decrease in TLR2KO (Supplementary Figure S3A-E). Additionally, our immunohistochemistry studies showed a significant reduction in CD45 staining across all TLR KO mouse models, further supporting a decrease in pro-tumor inflammatory TME of these mice (Supplementary Figure S3F, G).




Figure 3 | Knockout of TLRs reprograms COPD-associated protumorigenic inflammatory phenotype into an antitumorigenic phenotype. Total inflammatory cell and lineage-specific leukocyte numbers from BALF (n=6-8) (A). Relative mRNA expression of CXCL1, CCL2, IFNG, TNF, GZMB, IL1B, IL17, and RETNLB mRNA in whole lungs, normalized by CD45 expression (n=4-6) (B-I). Data represent mean ± SEM; experimental groups are separately compared to CC-LR cohort, where "*", "#", "+" denote p< 0.05 by unpaired t-test of Total WBC, Macrophages, and Neutrophils respectively.



In comparison, our naïve cohort of mice displayed a distinct phenotype. There were no significant changes to lymphocytes or neutrophils, although all three mouse models showed a significant increase in macrophages. CXCL1 presented with a 1.6-fold reduction across all three mouse groups. No significant changes were seen for CCL2 or Gzmb. TNF showed a significant 4-fold increase for TLR2, and 4, and a 5-fold increase for TLR9. IFNG had a 3-fold increase for TLR2, a 9-fold increase for TLR4, and a 5-fold increase for TLR9. This was accompanied by significant reductions in IL1β, 2.5-fold reduction for TLR2, 1.6-fold reduction for TLR4, and 1.2-fold reduction for TLR9. IL17 results showed that all three groups shared a significant 1.6-fold reduction. Lastly, RETNLB displayed that TLR2 had a 1.6-fold reduction and TLR4 and 9 had a 2-fold reduction (Supplementary Figure S4). In summary, these findings further support a shift to an antitumorigenic TME phenotype in response to the lack of TLRs.





Targeting downstream signaling pathways to TLRs recapitulates the effect of TLR-knockout on the promotion of K-ras driven lung cancer by COPD-like airway inflammation

To further dissect the cell type specific mechanism of tumor promotion by TLR activation in a COPD setting, we studied the signaling checkpoints shared among TLRs, specifically MyD88/NF-κB signaling. To do this, we developed CC-LR mice with airway specific deletion of MyD88 (LR/MyD88Δ/Δ), and IKKβ (LR/IKKβΔ/Δ) separately, then exposed them to COPD-inducing conditions like TLR KO models. Interestingly, we found a robust reduction in tumor burden similar to the TLR KO models. LR/MyD88Δ/Δ had a 1.4-fold reduction (87 vs. 124) and LR/IKKβΔ/Δ had a 1.3-fold (96 vs. 124) reduction in lung surface tumor numbers compared to age and sex match CC-LR control mice in the presence of COPD-like airway inflammation (Figure 4A). Tumor area analysis revealed a significant 1.5-fold (27% vs. 41%) and 1.3-fold (31% vs. 41%) reduction in LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice, respectively (Figures 4B, C). Our naïve cohort of mice also presented with a significant 1.8-fold reduction (30 vs. 55) in tumor burden for both LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice (Supplementary Figure S5). These findings in naïve mice were accompanied by a 1.5-fold reduction (18% vs 28%) and an 85% reduction in both LR/MyD88Δ/Δ and LR/IKKβΔ/Δ (Supplementary Figure S5). These findings support our initial studies with TLR KO mice and suggest downstream signaling, specifically the MyD88/NF-κB pathway is essential in COPD-driven K-ras mutant lung cancer promotion.




Figure 4 | Targeting downstream signaling pathways to TLRs recapitulates the effect of TLR-knockout on the promotion of K-ras driven lung cancer by COPD-like airway inflammation. Lung surface tumor number (n=7-12) (A) and tumor area (n=6-7) (B). Representative photomicrographs of whole slide images of lung hematoxylin and eosin (H&E) stained sections in CC-LR, LR/MYD88Δ/Δ, and LR/IKKβΔ/Δ mice at 14 weeks of age, black arrows depict lung microtumors (C). Data represent mean ± SEM; experimental groups are separately compared to CC-LR cohort where *p< 0.05 by unpaired t-test.







Lung cancer suppression due to epithelial specific knockout of MyD88/NF-κB signaling is associated with decreased tumor cell proliferation and angiogenesis

Similar to TLR KO models, we sought to study the mechanism of epithelial specific knockouts of MyD88/NF-κB in K-ras mutant lung tumor promotion. Thus, we analyzed lung tissue for markers of cell proliferation and angiogenesis. LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice showed a robust decrease in Ki-67 positive cells of about 80% (Figures 5A, B) and ERG positive cells of about 85% (Figures 5C, D). Upon analyzing our naïve cohort of mice, we found Ki-67 positive cells displayed a significant 55% reduction for LR/MyD88Δ/Δ and an 85% reduction for LR/IKKβΔ/Δ mice. On the other hand, ERG had approximately a 30% reduction in LR/MyD88Δ/Δ and an 80% reduction in LR/IKKβΔ/Δ mice (Supplementary Figure S6). These results indicate that TLR downstream signaling pathways may play a role in regulating tumor cell proliferation and angiogenesis.




Figure 5 | Targeting downstream signaling pathways to TLRs recapitulates the effect of TLR-knockout on the promotion of K-ras driven lung cancer by COPD-like airway inflammation. Representative photomicrographs of lung immunohistochemistry that are positive for Ki-67 (A), and ERG (C) (20x magnification, scale bar=100um). Accompanied by quantitative analysis (right panels) represented as a percentage of positive Ki-67 (n=7-10) (B) and ERG cells (n=5-6) (D). Data represent mean ± SEM; experimental groups are separately compared to CC-LR cohort, where *p< 0.05 by unpaired t-test.







Knockout of epithelial specific MyD88/NF-κB signaling reprograms COPD-associated protumorigenic inflammatory phenotype into an antitumorigenic phenotype

To gain insight into the immune cell phenotype of K-ras mutant MyD88 or IKKβ conditional knockout models, we studied the BALF inflammatory cells along with protumorigenic and anti-tumorigenic cytokine milieu. We found evidence of a similar reprogramming in the immune cell phenotype as TLR KOs, characterized by a reduction in total WBC counts driven mainly by a reduction in neutrophils followed by a significant reduction in the macrophage population (Figure 6A). Interestingly, neutrophil chemoattractant CXCL1 showed a 1.6-fold decrease in both LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice (Figure 6B), however, macrophage chemoattractant CCL2 did not show significant changes (Figure 6C). IFNG displayed a significant 2-fold increase in LR/MyD88Δ/Δ and a 3-fold increase in LR/IKKβΔ/Δ mice (Figure 6D). There was a 3.5-fold increase in TNF levels in both LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice (Figure 6E), and Gzmb showed a 1.9-fold increase in LR/MyD88Δ/Δ and 2.7-fold increase in LR/IKKβΔ/Δ mice (Figure 6F). IL-1β was unaffected (Figure 6G), while, IL17 revealed a 1.4-fold decrease in both KO mice (Figure 6H). Consistent with our findings in TLR KO mice, we also found a significant 2-fold decrease in protumorigenic/immunosuppressive marker RETNLB (Fizz1) in both LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice (Figure 6I). In contrast to TLR KOs, CD45 mRNA expression in LR/MyD88Δ/Δ and LR/IKKβΔ/Δ mice showed a significant decrease, which is consistent with the relatively lower number of leukocytes present in these mice compared to TLR KOs (Supplementary Figure S7A). T-cell marker CD3 and more specifically cytotoxic T-cell marker CD8 both showed a significant increase in LR/MyD88Δ/Δ and LR/IKKβΔ/Δ (Supplementary Figure S7D, E), possibly due to the fact that MyD88 and IKKβ are downstream to multiple TLRs and blocking them leads to a signaling response akin to the promotion of T-cell cytotoxicity, which is nicely supported by the observed mRNA expression levels of Gzmb in these cohorts. CD68 expression showed no significant changes, while Ly6G was significantly decreased in LR/IKKβΔ/Δ mutant mice (Supplementary Figures S7B, C). Interestingly, IHC results were similar to TLR KO mice, supporting the previous notion of a less inflamed TME as we found a significant decrease of CD45-positive staining across all mutant mice models (Supplementary Figures S7F, G).




Figure 6 | Knockout of epithelial specific MyD88/NF-ĸB signaling reprograms COPD-associated protumorigenic inflammatory phenotype into an antitumorigenic phenotype. Total inflammatory cell and lineage-specific leukocyte numbers from BALF (n=5-7) (A). Relative mRNA expression of CXCL1, CCL2, IFNG, TNF, GZMB, IL1B, IL17, and RETNLB in whole lungs, normalized by CD45 expression (n=4-5) (B-I). Data represent mean ± SEM; experimental groups are separately compared to CC-LR cohort, where "*", "#", "+" denote p< 0.05 by unpaired t-test of Total WBC, Macrophages, and Neutrophils respectively.



In the naïve cohorts of LR/MyD88Δ/Δ and LR/IKKβΔ/Δ, like our naïve TLR KO cohort we found no significant changes in either neutrophils or lymphocytes. However, contrary to our naïve TLR KO cohort, targeting these downstream signaling pathways led to significant reductions in macrophages. Interestingly, CXCL1, CCL2, and Gzmb showed no significant changes. TNF levels in both LR/MyD88Δ/Δ and LR/IKKβΔ/Δ naïve mice had a significant 3.5-fold increase. IFNG displayed a 2.2-fold increase for LR/MyD88Δ/Δ and a 3-fold increase for LR/IKKβΔ/Δ. Expression of IL-1β displayed a 1.7-fold and 1.2-fold reduction in naïve LR/MyD88Δ/Δ and LR/IKKβΔ/Δ respectively. Lastly, IL17 had a significant 1.4-fold reduction for both mouse models of downstream TLR signaling pathways and RETNLB had a 2-fold reduction as well (Supplementary Figure S8). Ultimately, these findings in conjunction with our initial TLR KO models validate an antitumorigenic phenotype that the knockout of TLRs or epithelial specific knockout of MyD88/NF-κB could induce.






Discussion

TLRs can recognize various antigens, unleashing a signaling cascade through MyD88, IKKβ interaction, and ultimately activating the NF-κB pathway, a prominent promoter of inflammation and tumorigenesis (31, 32).

The study presented here shows that complete knockout of either TLR 2, 4, and 9 suppresses the tumor promoting effect of COPD-like lung inflammatory microenvironment, with CC-LR/TLR2KO seeming to manifest the strongest phenotype owing to the highest reduction in tumor burden and accompanied changes in TME. Additionally, our findings support that the epithelial cell specific knockout of downstream signaling pathways to TLRs, MyD88, and IKKβ, also suppresses the tumor promoting effect of COPD-like lung inflammatory microenvironment.

Accordingly, we conclude that the observed antitumorigenic effect of targeting TLRs or epithelial specific MyD88/IKKβ is mainly due to the inhibition of the NF-κB pathway, and subsequent changes in the gradient of essential protumor versus anti-tumor cytokines as we and others have previously shown (8, 28, 33–35). Some of these cytokines can also influence cell proliferation, vascular permeability, and macrophage migration (35–37). Interestingly, these cytokines remain elevated for a longer period during TLR2 activation than in TLR4 activation (38). TLR4 function is similar to TLR2 because of the common signaling checkpoint (MyD88) they share, and activating NF-κB pathway, which could lead to tumor cell proliferation, apoptosis inhibition, and metastasis (39). TLR9 is unique due to being located intracellularly, where it detects viral/bacterial nucleic acid (particularly CpG DNA) in late endosomes-lysosomes (40, 41). Previous studies have proven TLR9’s tumorigenic role in vivo in NSCLC through the upregulation of VEGF and iNOS, thus promoting an angiogenic phenotype (42). Among the TLRs and their downstream (MyD88/IKKβ) we studied here, all had pro-tumor inflammatory functions, because their knockout led to reduced tumor burden, reduced angiogenesis, and reduced cell proliferation. Importantly, we observed a decrease in COPD driven lung neutrophilic influx which we and others have shown to have an essential role in the promotion of K-ras mutant lung cancer (8, 43–45).

Macrophages are an important component of the inflammatory TME. Previous studies have shown the roles that TLR3/TLR4 have in promoting an M1 antitumor macrophage phenotype (46, 47). In this study, we found a predominant protumorigenic myeloid cell phenotype (M2), and have shown reprogramming into one that is antitumorigenic in response to lack of TLR/MyD88/NF-kB pathway. Specifically, we found that TLR 2, 4, and 9 knockouts, as well as epithelial specific knockout of MyD88/NF-κB pathway, have a significant effect on reducing expressions of protumorigenic immunosuppressive factors such as RETNLB, and induction of anti-tumorigenic cytotoxic factors like IFNγ along with increased apoptosis (Gzmb) possibly via TNF-mediated cleaved caspase 3/8 activity. These results are further supported by previous studies dissecting the mechanism of TLR-mediated apoptosis through the RIP1 signaling pathway, where authors have shown that TLRs can activate the RIP/FADD/caspase-8-axis through their common adaptor protein TRIF to ultimately promote cell death (48–50).

Our study is set in a TME that is heavily inflamed due to neutrophilic influx via robust COPD-mediated TLR activation. The primary insult caused by pathogens like NTHi, which is the most prevalent pathogen that exists in the lung of patients with COPD (51, 52), and other inflammatory stimuli like cigarette smoke gives rise to the most common phenotypic inflammatory characteristic of COPD, neutrophilic influx. This is known to have a positive correlation with disease severity as well as lung cancer progression (43, 53, 54). Interestingly, an important hallmark of our study is the attenuation of COPD associated neutrophilic influx in the absence of TLRs or their epithelial specific downstream signaling pathways which drives the favorable outcomes present in this context. This could be mainly described by the observed changes in the expression of neutrophil chemoattractants such as CXCL1 that are known to be modulated by the NF-ĸB pathway. It is important to consider that this phenomenon could also be partly due to the significant decrease in IL-17 which we have found in our study. IL-17 is a cytokine that has been shown by us to be a key player in promotion of K-ras mutant lung tumorigenesis by NTHi-induced COPD type lung inflammation (55), as well as by others where it was specifically found to be dependent on TLR2/4 in the context of NTHi-mediated inflammation (56).

It is also worth noting our favorable findings related to naïve tumorigenesis (mice without exposure to NTHi) present in our study, which is probably due to a positive feedback loop in tumor cells. As discussed earlier, we and others have previously reported that K-ras mutant tumors have an intrinsic inflammatory phenotype that is associated with the activation of the NF-kB pathway and production of a group of inflammatory pro-tumor cytokines (8, 51, 57). Consequently, the increased expression of these cytokines by tumor cells could signal to immune cells or have an intrinsic effect on tumor cells, therefore explaining the observed effect of TLR/IKKβ/MyD88 knockout on naïve tumorigenesis.

Taken together, these data suggest a link between TLR-mediated inflammation in COPD and lung cancer progression, introducing TLR/MyD88/NF-kB pathway as a key player in linking COPD to lung cancer. Interestingly, the use of TLR antagonists in lung cancer is lacking. Multiple studies demonstrate that TLR agonists improve cancer outcomes (15, 58–60). However, our study suggests that the observed antitumor response after TLR/MyD88/NF-κB pathway inhibition is mediated by a delicate balance between immune activation and immune suppression in the tumor microenvironment (TME), It provides a baseline for the development of alternative intervention modalities., and paves the way for the introduction of agents inhibiting innate immune signals such as TLRs for prevention and treatment of K-ras mutant lung cancer in high-risk individuals (Smokers with and without COPD).





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by University of Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee.





Author contributions

SM conceived, designed, supervised and conceptualized the study; WV, MR-C, NK, SC-P, MG, AK, MC, NT-G, MU, SA, DDB, SD, and MDLG performed research; WV and SM analyzed data; SE provided reagents, WV and SM wrote the paper. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by a research scholar award (RSG-11-115-01-CNE) from the American Cancer Society and a lung cancer discovery award (LCD-114696-N and LCD-821433) from the American Lung Association/LUNGevity Foundation, as well as an R01 grant (R01CA225977) from NIH/NCI all awarded to SM.





Conflict of interest

SM reports funding from Arrowhead Pharma and Boehringer Ingelheim outside the submitted work.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1118721/full#supplementary-material




References

1. Siegel, RL, Miller, KD, Wagle, NS, and Jemal, A. Cancer statistics. CA: Cancer J Clin (2023) 73:17–48. doi: 10.3322/caac.21763

2. Houghton, AM. Mechanistic links between COPD and lung cancer. Nat Rev Cancer (2013) 13:233–45. doi: 10.1038/nrc3477

3. Takiguchi, Y, Sekine, I, Iwasawa, S, Kurimoto, R, and Tatsumi, K. Chronic obstructive pulmonary disease as a risk factor for lung cancer. World J Clin Oncol (2014) 5:660. doi: 10.5306/wjco.v5.i4.660

4. De-Torres, JP, Wilson, DO, Sanchez-Salcedo, P, Weissfeld, JL, Berto, J, Campo, A, et al. Lung cancer in patients with chronic obstructive pulmonary disease. development and validation of the COPD lung cancer screening score. Am J Respir Crit Care Med (2015) 191:285–91. doi: 10.1164/rccm.201407-1210OC

5. Rutgers, SR, Postma, DS, Ten Hacken, NH, Kauffman, HF, Van Der Mark, TW, Koëter, GH, et al. Ongoing airway inflammation in patients with COPD who do not currently smoke. Thorax (2000) 55:12–8. doi: 10.1136/thorax.55.1.12

6. Shapiro, SD. End-stage chronic obstructive pulmonary disease: the cigarette is burned out but inflammation rages on. Am J Respir Crit Care Med (2001) 164:339–40. doi: 10.1164/ajrccm.164.3.2105072c

7. Lapperre, TS, Postma, DS, Gosman, MM, Snoeck-Stroband, JB, Ten Hacken, NH, Hiemstra, PS, et al. Relation between duration of smoking cessation and bronchial inflammation in COPD. Thorax (2006) 61:115–21. doi: 10.1136/thx.2005.040519

8. Moghaddam, SJ, Li, H, Cho, S-N, Dishop, MK, Wistuba, II, Ji, L, et al. Promotion of lung carcinogenesis by chronic obstructive pulmonary disease–like airway inflammation in a k-ras–induced mouse model. Am J Respir Cell Mol Biol (2009) 40:443–53. doi: 10.1165/rcmb.2008-0198OC

9. Zhang, G, and Ghosh, S. Toll-like receptor–mediated NF-κB activation: a phylogenetically conserved paradigm in innate immunity. J Clin Invest (2001) 107:13–9. doi: 10.1172/JCI11837

10. Takeda, K, and Akira, S. TLR signaling pathways. Semin Immunol (2004), 16:3–9. doi: 10.1016/j.smim.2003.10.003

11. O’Neill, LA. How toll-like receptors signal: what we know and what we don’t know. Curr Opin Immunol (2006) 18:3–9. doi: 10.1016/j.coi.2005.11.012

12. Kawai, T, and Akira, S. Toll-like receptor downstream signaling. Arthritis Res Ther (2004) 7:1–8. doi: 10.1186/ar1469

13. Kawasaki, T, and Kawai, T. Toll-like receptor signaling pathways. Front Immunol (2014) 5:461. doi: 10.3389/fimmu.2014.00461

14. Jungnickel, C, Schnabel, PA, Bohle, R, Wiewrodt, R, Herr, C, Bals, R, et al. Nontypeable haemophilus influenzae–promoted proliferation of kras-induced early adenomatous lesions is completely dependent on toll-like receptor signaling. Am J Pathol (2017) 187:973–9. doi: 10.1016/j.ajpath.2017.01.003

15. Anfray, C, Mainini, F, Digifico, E, Maeda, A, Sironi, M, Erreni, M, et al. Intratumoral combination therapy with poly (I: c) and resiquimod synergistically triggers tumor-associated macrophages for effective systemic antitumoral immunity. J ImmunoTher. Cancer (2021) 9. doi: 10.1136/jitc-2021-002408

16. Duggan, JM, You, D, Cleaver, JO, Larson, DT, Garza, RJ, Pruneda, FAG, et al. Synergistic interactions of TLR2/6 and TLR9 induce a high level of resistance to lung infection in mice. J Immunol (2011) 186:5916–26. doi: 10.4049/jimmunol.1002122

17. Tuvim, MJ, Gilbert, BE, Dickey, BF, and Evans, SE. Synergistic TLR2/6 and TLR9 activation protects mice against lethal influenza pneumonia. PloS One (2012) 7:e30596. doi: 10.1371/journal.pone.0030596

18. Drake, MG, Evans, SE, Dickey, BF, Fryer, AD, and Jacoby, DB. Toll-like receptor–2/6 and toll-like receptor–9 agonists suppress viral replication but not airway hyperreactivity in guinea pigs. Am J Respir Cell Mol Biol (2013) 48:790–6. doi: 10.1165/rcmb.2012-0498OC

19. Cleaver, JO, You, D, Michaud, DR, Guzmán Pruneda, F, Leiva Juarez, M, Zhang, J, et al. Lung epithelial cells are essential effectors of inducible resistance to pneumonia. Mucosal Immunol (2014) 7:78–88. doi: 10.1038/mi.2013.26

20. Leiva-Juárez, MM, Ware, HH, Kulkarni, VV, Zweidler-Mckay, PA, Tuvim, MJ, and Evans, SE. Inducible epithelial resistance protects mice against leukemia-associated pneumonia. Blood J Am Soc Hematol (2016) 128:982–92. doi: 10.1182/blood-2016-03-708511

21. Leiva-Juarez, MM, Kirkpatrick, CT, Gilbert, BE, Scott, B, Tuvim, MJ, Dickey, BF, et al. Combined aerosolized toll-like receptor ligands are an effective therapeutic agent against influenza pneumonia when co-administered with oseltamivir. Eur J Pharmacol (2018) 818:191–7. doi: 10.1016/j.ejphar.2017.10.035

22. Wooten, RM, Ma, Y, Yoder, RA, Brown, JP, Weis, JH, Zachary, JF, et al. Toll-like receptor 2 is required for innate, but not acquired, host defense to borrelia burgdorferi. J Immunol (2002) 168:348–55. doi: 10.4049/jimmunol.168.1.348

23. Ben-Othman, R, Flannery, AR, Miguel, DC, Ward, DM, Kaplan, J, and Andrews, NW. Leishmania-mediated inhibition of iron export promotes parasite replication in macrophages. PloS Pathog (2014) 10:e1003901. doi: 10.1371/journal.ppat.1003901

24. Hemmi, H, Takeuchi, O, Kawai, T, Kaisho, T, Sato, S, Sanjo, H, et al. A toll-like receptor recognizes bacterial DNA. Nature (2000) 408:740–5. doi: 10.1038/35047123

25. Li, Z-W, Omori, SA, Labuda, T, Karin, M, and Rickert, RC. IKKβ is required for peripheral b cell survival and proliferation. J Immunol (2003) 170:4630–7. doi: 10.4049/jimmunol.170.9.4630

26. Hou, B, Reizis, B, and Defranco, AL. Toll-like receptors activate innate and adaptive immunity by using dendritic cell-intrinsic and-extrinsic mechanisms. Immunity (2008) 29:272–82. doi: 10.1016/j.immuni.2008.05.016

27. Wang, B, Lim, DJ, Han, J, Kim, YS, Basbaum, CB, and Li, J-D. Novel cytoplasmic proteins of nontypeable haemophilus influenzae up-regulate human MUC5AC mucin transcription via a positive p38 mitogen-activated protein kinase pathway and a negative phosphoinositide 3-kinase-Akt pathway. J Biol Chem (2002) 277:949–57. doi: 10.1074/jbc.M107484200

28. Moghaddam, SJ, Clement, CG, De La Garza, MM, Zou, X, Travis, EL, Young, HW, et al. Haemophilus influenza e lysate induces aspects of the chronic obstructive pulmonary disease phenotype. Am J Respir Cell Mol Biol (2008) 38:629–38. doi: 10.1165/rcmb.2007-0366OC

29. Caetano, MS, Zhang, H, Cumpian, AM, Gong, L, Unver, N, Ostrin, EJ, et al. IL6 blockade reprograms the lung tumor microenvironment to limit the development and progression of k-ras–mutant lung cancer. Cancer Res (2016) 76:3189–99. doi: 10.1158/0008-5472.CAN-15-2840

30. Jiang, Y, Müller, K, Khan, MA, Assmann, JC, Lampe, J, Kilau, K, et al. Cerebral angiogenesis ameliorates pathological disorders in nemo-deficient mice with small-vessel disease. J Cereb Blood Flow Metab (2021) 41:219–35. doi: 10.1177/0271678X20910522

31. Akira, S, and Takeda, K. Toll-like receptor signalling. Nat Rev Immunol (2004) 4:499–511. doi: 10.1038/nri1391

32. Hoden, B, Derubeis, D, Martinez-Moczygemba, M, Ramos, KS, and Zhang, D. Understanding the role of toll-like receptors in lung cancer immunity and immunotherapy. Front Immunol (2022), 6618. doi: 10.3389/fimmu.2022.1033483

33. Ochoa, CE, Mirabolfathinejad, SG, Ruiz, VA, Evans, SE, Gagea, M, Evans, CM, et al. Interleukin 6, but not T helper 2 cytokines, promotes lung CarcinogenesisInterleukin 6 promotes lung carcinogenesis. Cancer Prev Res (2011) 4:51–64. doi: 10.1158/1940-6207.CAPR-10-0180

34. Mai, CW, Kang, YB, and Pichika, MR. Should a toll-like receptor 4 (TLR-4) agonist or antagonist be designed to treat cancer? TLR-4: its expression and effects in the ten most common cancers. OncoTargets Ther (2013) 6:1573. doi: 10.2147/OTT.S50838

35. Gong, L, Da Silva Caetano, M, Cumpian, AM, Daliri, S, Garza Flores, A, Chang, SH, et al. Tumor necrosis factor links chronic obstructive pulmonary disease and K-ras mutant lung cancer through induction of an immunosuppressive pro-tumor microenvironment. Oncoimmunology (2016) 5:e1229724. doi: 10.1080/2162402X.2016.1229724

36. Garay, RP, Viens, P, Bauer, J, Normier, G, Bardou, M, Jeannin, J-F, et al. Cancer relapse under chemotherapy: why TLR2/4 receptor agonists can help. Eur J Pharmacol (2007) 563:1–17. doi: 10.1016/j.ejphar.2007.02.018

37. Kluwe, J, Mencin, A, and Schwabe, RF. Toll-like receptors, wound healing, and carcinogenesis. J Mol Med (2009) 87:125–38. doi: 10.1007/s00109-008-0426-z

38. Re, F, and Strominger, JL. IL-10 released by concomitant TLR2 stimulation blocks the induction of a subset of Th1 cytokines that are specifically induced by TLR4 or TLR3 in human dendritic cells. J Immunol (2004) 173:7548–55. doi: 10.4049/jimmunol.173.12.7548

39. Wang, E, Qian, Z-R, Nakasono, M, Tanahashi, T, Yoshimoto, K, Bando, Y, et al. High expression of toll-like receptor 4/myeloid differentiation factor 88 signals correlates with poor prognosis in colorectal cancer. Br J Cancer (2010) 102:908–15. doi: 10.1038/sj.bjc.6605558

40. Matsumoto, M, Funami, K, Tanabe, M, Oshiumi, H, Shingai, M, Seto, Y, et al. Subcellular localization of toll-like receptor 3 in human dendritic cells. J Immunol (2003) 171:3154–62. doi: 10.4049/jimmunol.171.6.3154

41. Iwasaki, A, and Medzhitov, R. Toll-like receptor control of the adaptive immune responses. Nat Immunol (2004) 5:987–95. doi: 10.1038/ni1112

42. Belmont, L, Rabbe, N, Antoine, M, Cathelin, D, Guignabert, C, Kurie, J, et al. Expression of TLR9 in tumor-infiltrating mononuclear cells enhances angiogenesis and is associated with a worse survival in lung cancer. Int J Cancer (2014) 134:765–77. doi: 10.1002/ijc.28413

43. Gong, L, Cumpian, AM, Caetano, MS, Ochoa, CE, De La Garza, MM, Lapid, DJ, et al. Promoting effect of neutrophils on lung tumorigenesis is mediated by CXCR2 and neutrophil elastase. Mol Cancer (2013) 12:1–14. doi: 10.1186/1476-4598-12-154

44. Azevedo, PO, Paiva, AE, Santos, GS, Lousado, L, Andreotti, JP, Sena, IF, et al. Cross-talk between lung cancer and bones results in neutrophils that promote tumor progression. Cancer Metastasis Rev (2018) 37:779–90. doi: 10.1007/s10555-018-9759-4

45. Quail, DF, Amulic, B, Aziz, M, Barnes, BJ, Eruslanov, E, Fridlender, ZG, et al. Neutrophil phenotypes and functions in cancer: a consensus statement. J Exp Med (2022) 219. doi: 10.1084/jem.20220011

46. Huang, Z, Yang, Y, Jiang, Y, Shao, J, Sun, X, Chen, J, et al. Anti-tumor immune responses of tumor-associated macrophages via toll-like receptor 4 triggered by cationic polymers. Biomaterials (2013) 34:746–55. doi: 10.1016/j.biomaterials.2012.09.062

47. Vidyarthi, A, Khan, N, Agnihotri, T, Negi, S, Das, DK, Aqdas, M, et al. TLR-3 stimulation skews M2 macrophages to M1 through IFN-αβ signaling and restricts tumor progression. Front Immunol (2018) 9:1650. doi: 10.3389/fimmu.2018.01650

48. Han, K-J, Su, X, Xu, L-G, Bin, L-H, Zhang, J, and Shu, H-B. Mechanisms of the TRIF-induced interferon-stimulated response element and NF-κB activation and apoptosis pathways. J Biol Chem (2004) 279:15652–61. doi: 10.1074/jbc.M311629200

49. Kaiser, WJ, and Offermann, MK. Apoptosis induced by the toll-like receptor adaptor TRIF is dependent on its receptor interacting protein homotypic interaction motif. J Immunol (2005) 174:4942–52. doi: 10.4049/jimmunol.174.8.4942

50. Liu, C, Han, C, and Liu, J. The role of toll-like receptors in oncotherapy. Oncol Res (2019) 27:965. doi: 10.3727/096504019X15498329881440

51. Pinto, A, Morello, S, and Sorrentino, R. Lung cancer and toll-like receptors. Cancer Immunol. Immunother. (2011) 60:1211. doi: 10.1007/s00262-011-1057-8

52. Bafadhel, M, Haldar, K, Barker, B, Patel, H, Mistry, V, Barer, MR, et al. Airway bacteria measured by quantitative polymerase chain reaction and culture in patients with stable COPD: relationship with neutrophilic airway inflammation, exacerbation frequency, and lung function. Int J chronic obstructive pulmonary Dis (2015) 10:1075. doi: 10.2147/COPD.S80091

53. Liang, X, Liu, T, Zhang, Z, and Yu, Z. Airway inflammation biomarker for precise management of neutrophil-predominant COPD. Precis Med (2020) 181–191. doi: 10.1007/978-1-0716-0904-0_16

54. Shaul, ME, Eyal, O, Guglietta, S, Aloni, P, Zlotnik, A, Forkosh, E, et al. Circulating neutrophil subsets in advanced lung cancer patients exhibit unique immune signature and relate to prognosis. FASEB J (2020) 34:4204–18. doi: 10.1096/fj.201902467R

55. Chang, SH, Mirabolfathinejad, SG, Katta, H, Cumpian, AM, Gong, L, Caetano, MS, et al. T Helper 17 cells play a critical pathogenic role in lung cancer. Proc Natl Acad Sci (2014) 111:5664–9. doi: 10.1073/pnas.1319051111

56. Jungnickel, C, Schmidt, L, Bittigkoffer, L, Wolf, L, Wolf, A, Ritzmann, F, et al. IL-17C mediates the recruitment of tumor-associated neutrophils and lung tumor growth. Oncogene (2017) 36:4182–90. doi: 10.1038/onc.2017.28

57. Gu, J, Liu, Y, Xie, B, Ye, P, Huang, J, and Lu, Z. Roles of toll-like receptors: from inflammation to lung cancer progression. Biomed Rep (2018) 8:126–32. doi: 10.3892/br.2017.1034

58. De Ridder, M, Verovski, VN, Chiavaroli, C, Van Den Berge, DL, Monsaert, C, Law, K, et al. The radiosensitizing effect of immunoadjuvant OM-174 requires cooperation between immune and tumor cells through interferon-gamma and inducible nitric oxide synthase. Int J Radiat Oncol Biol Phys (2006) 66:1473–80. doi: 10.1016/j.ijrobp.2006.07.1381

59. Belani, CP, Chakraborty, BC, Modi, RI, and Khamar, BM. A randomized trial of TLR-2 agonist CADI-05 targeting desmocollin-3 for advanced non-small-cell lung cancer. Ann Oncol (2017) 28:298–304. doi: 10.1093/annonc/mdw608

60. Kell, SA, Kachura, MA, Renn, A, Traquina, P, Coffman, RL, and Campbell, JD. Preclinical development of the TLR9 agonist DV281 as an inhaled aerosolized immunotherapeutic for lung cancer: pharmacological profile in mice, non-human primates, and human primary cells. Int Immunopharmacol. (2019) 66:296–308. doi: 10.1016/j.intimp.2018.11.019




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Velasco, Khosravi, Castro-Pando, Torres-Garza, Grimaldo, Krishna, Clowers, Umer, Tariq Amir, Del Bosque, Daliri, De La Garza, Ramos-Castaneda, Evans and Moghaddam. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1118721-g001.jpg
Surface Tumor numbor

Tumor Area (% of lung)

Tumor burden
[

Tumor area

CC-LR CC-LRITLR2KO






OEBPS/Images/fimmu-14-1118721-g005.jpg
LR/MYD88&A

CC-LR






OEBPS/Images/fimmu-14-1118721-g003.jpg
Cell Count x10*

H

288

H

BALF
- CCIR

] = CCLRILRKO
= CCLRTRKO
£ CCLRITLRSKO

ToulWBC Macrophages Neutrophils  Lymphocytes

oxcr  © ceta

E

L
/
ol
N H wir RETMLE
3 3 g e
- H ¥ z H
H § 10 § -
| | |
{ {- -





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Toll-like receptors 2, 4, and 9 modulate promoting effect of COPD-like airway inflammation on K-ras-driven lung cancer through activation of the MyD88/NF-ĸB pathway in the airway epithelium

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Animal housing and experiments

          



          		

            NTHi lysate preparation and induction of COPD-type airway inflammation

          



          		

            Assessment of lung tumor burden and inflammation

          



          		

            Immunostaining

          



          		

            Quantitative RT-PCR analysis

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Genetic deletion (knockout) of TLRs suppresses tumor promoting effect of NTHi-induced COPD-like airway inflammation on K-ras driven lung cancer

          



          		

            Lung cancer suppression due to knockout of TLRs is associated with decreased tumor cell proliferation and angiogenesis

          



          		

            Knockout of TLRs reprograms COPD-associated protumorigenic inflammatory phenotype into an antitumorigenic phenotype

          



          		

            Targeting downstream signaling pathways to TLRs recapitulates the effect of TLR-knockout on the promotion of K-ras driven lung cancer by COPD-like airway inflammation

          



          		

            Lung cancer suppression due to epithelial specific knockout of MyD88/NF-κB signaling is associated with decreased tumor cell proliferation and angiogenesis

          



          		

            Knockout of epithelial specific MyD88/NF-κB signaling reprograms COPD-associated protumorigenic inflammatory phenotype into an antitumorigenic phenotype

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1118721_cover.jpg
& frontiers | Frontiers in Immunology

Toll-like receptors 2, 4, and 9 modulate
promoting effect of COPD-like airway
inflammation on K-ras-driven lung cancer
through activation of the MyD88/NF-kB
pathway in the airway epithelium





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1118721-g002.jpg





OEBPS/Images/fimmu-14-1118721-g004.jpg
Tumor burden Tumor area
B [onTH

200- 0.

S N .

Sutaco Tumar number
e
=






OEBPS/Images/fimmu-14-1118721-g006.jpg
BALF

_}_hw

4

o,

N

>
g o o e o M

P ——

IFNG
[25}

[ ——

- CCIR
1 LRMYDSS™
2 LRIKKE

,04X3UN0D 119D o





