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Background

We examined the distributions of 22 immune cell types and the responses to PD-1/PD-L1 inhibitors according to EGFR mutation profile, in three independent datasets of lung adenocarcinoma (LUAD).





Methods

We used CIBERSORTx to analyze the distributions of immune cells, and tumor immune dysfunction and exclusion (TIDE) or tumor mutation burden (TMB) to analyze responses to anti-PD-1/PD-L1 therapy, in two public LUAD datasets. The results were verified with a validation set that included patients treated with PD-1/PD-L1 inhibitors.





Results

Compared to EGFR mutants, EGFR wild-type carcinomas had higher numbers of CD8+ T cells, CD4 memory activated T cells and neutrophils, and lower numbers of resting dendritic cells and resting mast cells, in two of the datasets. In our subgroup analyses, CD8+ T cells and CD4 memory activated T cells were more numerous in EGFR rare variants than in wild-types, L858R mutants, and exon 19 deletion mutants. In our TIDE or TMB analyses, EGFR rare variants were predicted to respond better to PD-1/PD-L1 inhibitors than wild-types, L858R mutants, and exon 19 deletion mutants. In the validation set verified by immunohistochemical staining, levels of CD8+ T cells in the EGFR rare variant or wild-type groups were significantly higher than in the EGFR L858R and exon 19 deletion groups. In patients treated with PD-1/PD-L1 inhibitors, the survival rates of patients with EGFR wild-type and rare mutant carcinomas were higher than those with L858R and exon 19 deletion carcinomas.





Conclusion

The EGFR rare mutation form of LUAD shows a higher immune activation state compared to wild-type, L858R, and exon 19 deletion variants, indicating it as a potential target for PD-1/PD-L1 inhibitor therapy.
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Introduction

Among the adenocarcinomas associated with non-smokers in East Asia, EGFR mutations are the most common driver genes, accounting for approximately 60-78% of driver genes in the group (1). After receiving anti-programmed cell death protein 1/programmed death-ligand 1 (PD-1/PD-L1) treatment, adenocarcinoma patients positive for EGFR mutant show poorer responses than those with the wild-type (2). Because many patients in East Asia have EGFR mutations, they are excluded from treatment with PD-1/PD-L1 inhibitors. NSCLC with mutated EGFR has lower tumor mutation burden (TMB) levels than the wild-type, which may affect PD-1 inhibitor treatment (3). A negative correlation has been found between EGFR mutation and PD-L1 expression (3). Patients with EGFR-mutated NSCLC lack T-cell infiltration and have decreased ratios of PD-L1+/CD8+ tumor-infiltrating T cells (3). Single-cell analysis has reported that CD8+ tissue-resident memory (TRM) cells are deficient in EGFR-mutant forms of LUAD, compared to wild-type forms (4). There are many immune cells other than T cells in the tumor microenvironment that can affect anti-PD-1/PD-L1 treatment, but their effects are poorly understood. Studies of the effects of EGFR mutations in patients receiving anti-PD-1/PD-L1 therapy are rare.

CIBERSORTx is an analytical tool that uses gene expression data to evaluate cell type abundance (5). Tumor immune dysfunction and exclusion (TIDE) is a machine learning tool that uses gene expression data to evaluate T cell dysfunction and exclusion, and to predict tumor responses to anti-PD-1/PD-L1 therapy (6). In this study, we investigated the distributions of 22 immune cells according to the presence or absence of EGFR mutations using two public LUAD gene expression datasets and the CIBERSORTx tool. The response rates to anti-PD-L1/PD-1 treatment according to the presence of EGFR mutation were verified using the TIDE tool or tumor mutation burden (TMB). We also analyzed whether the response varied depending on the presence of EGFR mutation and immune cell type in patients who received anti-PD-L1/PD-1 treatment. Lastly, we investigated differences in the distributions of immune cells and TIDE scores, according to EGFR mutation subtype.





Materials and methods




Study population and EGFR test

Two public gene expression data sets (510 and 110 samples) and one validated data set (203 samples) were studied. We extracted two LUAD mRNA datasets from cBioportal databases (http://cbioportal.org) (7). The first dataset comprised 510 samples (pancancer dataset, wild-type: 444, L858R: 22, exon 19 deletion: 25, rare: 19) (8) and the second dataset (cptac dataset, wild-type: 72, L858R: 16, exon 19 deletion: 16, rare: 6) comprised 110 samples (9). The rare mutations in the first data set consisted of two exon 20 insertions, three G719X mutations, and 14 other mutations. The rare mutations in the second data set consisted of four G719X mutations and two other mutations. We were able to identify EGFR mutation profiles in all datasets. We obtained TMB scores from the cBioportal databases for each case. The demographic and clinical characteristics of validation set are summarized in Table 1. A total of 203 patients were enrolled (wild-type: 84, L858R: 36, exon 19 deletion: 46, rare: 37), 49 were treated with PD-1/PD-L1 inhibitors (wild-type: 31, L858R: 7, exon 19 deletion: 8, rare: 3) and 154 were not (wild-type: 53, L858R: 29, exon 19 deletion: 38, rare: 34). The rare mutations in the treated group consisted of one exon 20 insertion and two G719X mutations, and the rare mutations in the non-treated group consisted of 16 exon 20 insertions, 12 G719X mutations and six other mutations. Ethical approval was granted by the Institutional Review Board of Ajou University School of Medicine (AJOUIRB-KSP-2020-396 and 2020-12-28).


Table 1 | Demographic and clinical characteristics of patients.







Immunohistochemistry of CD8

Immunochemical staining was performed for surgical resection samples using a tissue microarray, and biopsy samples were performed for whole sections. Anti-CD8 antibodies (clone C8/144B, DAKO) were used in analyses. For evaluation of CD8 immunostaining, membrane-positive cells were measured at three locations and the average value was calculated.





CIBERSORTx and TIDE

We used the CIBERSORTx tool to identify 22 human immune cell subpopulations in lung adenocarcinoma samples (5). We used the TIDE tool to identify four biomarkers: TIDE, interferon gamma gene signature, T-cell-inflamed signature, and PD-L1 (6).





Statistical analyses

We used Spearman's rank coefficient or Kruskal–Wallis H test as nonparametric measures of rank correlation. Pearson's chi-squared test was used for statistical tests on categorical data. Survival analysis was performed using a Kaplan–Meier estimator. IBM SPSS Statistics for Windows, version 25.0 (IGM Inc., Armonk, NY, USA) or R version 3.5.3 (http://www.r-project.org/) were used for all analyses. All p values less than 0.05 were considered statistically significant.






Results




Differences in 22 immune cell components according to EGFR mutation profiles

We confirmed differences in 22 immune cell components according to EGFR mutation profiles in two public LUAD datasets. In the pancancer dataset, CD8+ T cells (p = 0.001), CD4 memory activated T cells (p < 0.001), follicular helper T cells (p = 0.012), resting NK cells (p = 0.037), and neutrophils (p = 0.039) were significantly more abundant in the EGFR wild-type group than in the mutation group. However, CD4 naive T cells (p = 0.009), resting dendritic cells (p = 0.007), activated dendritic cells (p = 0.027), and resting mast cells (p = 0.029) were significantly less abundant in the EGFR wild-type group than in the mutation group. In the cptac dataset, naïve B cells (p = 0.036), plasma cells (p = 0.003), CD8+ T cells (p = 0.01), CD4 memory activated T cells (p = 0.001), and neutrophils (p = 0.002) were significantly more abundant in the EGFR wild-type group than in the mutation group. However, CD4 memory resting T cells (p = 0.01), monocytes (p = 0.015), M2 macrophages (p = 0.048), resting dendritic cells (p = 0.008), and resting mast cells (p = 0.028) were significantly less abundant in the EGFR wild-type group than in the mutation group. Some common results found between the two datasets were higher levels of CD8+ T cells, CD4 memory activated T cells and neutrophils, and lower levels of resting dendritic cells and resting mast cells in the EGFR wild-type groups versus the mutation groups (Figure 1).




Figure 1 | Differences in 5 immune cell components according to EGFR mutation profiles. (A) Changes in levels of 5 immune cell components according to EGFR mutations in pancancer dataset (A) and cptac dataset (B). Changes in levels of CD8+ T cells, CD4 memory activated T cells, resting dendritic cells, resting mast cells and neutrophils according to EGFR mutational subtypes in pancancer dataset (C) and cptac dataset (D). The small dot in the boxplot is the mean value. 19 DEL, exon 19 deletion.



We then performed subgroup analyses according to EGFR mutation subtype for four groups: wild-type, L858R, exon 19 deletion, and rare mutation. Other than L858R and exon 19 deletion, all mutations were classified as rare. Levels of CD8+ T cells, CD4 memory activated T cells, resting dendritic cells, resting mast cells, and neutrophils, which showed significant differences between the two datasets, were included in our subgroup analyses.

In the pancancer dataset, the rare variant had the highest CD8+ T cell and CD4 memory activated T cell levels among the four groups (p < 0.001, Figure 1C). Levels of CD8+ T cells and CD4 memory activated T cells were higher in the rare mutant and wild type than in the exon 19 deletion and L858R (p < 0.001, Figure 1C). There were no differences in resting dendritic cells, resting mast cells, and neutrophils levels in rare variant, exon 19 deletion, and L858R groups (Figure 1C). In the cptac dataset, the rare variant group also had the highest CD8+ T cell and CD4 memory activated T cell levels among the four (Figure 1D). Levels of CD8+ T cells or CD4 memory activated T cells were also higher in the rare mutant and wild type groups compared to the exon 19 deletion and L858R mutation groups (p = 0.023 and p = 0.002, respectively, Figure 1D). There were also no differences in resting dendritic cell, resting mast cell, and neutrophil levels in the rare variant, exon 19 deletion, and L858R groups (Figure 1D).





Differences in TIDE score or TMB according to EGFR mutation profile

CD8+ T cells or CD4 memory activated T cells are immune cells closely related to immunotherapy (10, 11). Because the levels of CD8+ T cells and CD4 memory activated T cells were surprisingly high in the rare variant group, we investigated whether the TIDE score was different for each EGFR subtype. We verified differences in four TIDE-associated biomarkers according to EGFR subtype. In previous studies, patients with low TIDE (6), high interferon gamma signature (12), high T cell inflamed signature (13) and high PD-L1 (14) responded better to PD-1/PD-L1 inhibitors. In the pancancer dataset, although not statistically significant, the interferon gamma signature and T cell inflamed signature of the rare variant were the highest among the four groups, and the TIDE score was the lowest among the four groups (Figure 2A). PD-L1 expression in the rare variant group was the second highest after the wild-type group (Figure 2A). In the cptac dataset, although not statistically significant, the interferon gamma signature, T cell inflamed signature, and PD-L1 expression in the rare variant group were also the highest among the four, and the TIDE score was the lowest (Figure 2B). In the pancancer dataset, the TMB score of the rare variant group was the highest among the four (p < 0.001, Figure 3A). In the cptac dataset, the TMB score of the rare variant group was the second highest after the wild-type (p < 0.001, Figure 3B). The TIDE analysis result was that, of the four group (including the wild-type), the rare variant group was most likely to respond well to PD-L1/PD-1 inhibitor treatment.




Figure 2 | Differences in TIDE-related biomarkers according to EGFR mutational subtypes. Changes in levels of TIDE-related biomarkers according to EGFR mutational subtypes in pancancer dataset (A) and cptac dataset (B). The small dot in the boxplot is the mean value. 19 DEL, exon 19 deletion.






Figure 3 | Differences in TMB according to EGFR mutational subtypes. Changes in levels of TMB according to EGFR mutational subtypes in pancancer dataset (A) and cptac dataset (B). The small dot in the boxplot is the mean value.







Differences in CD8+ T cells according to EGFR mutation profile in the validation set

Because we could not find an immunohistochemical antibody that could clearly detect CD4 memory activated T cells, only CD8+ T cells were re-validated by immunohistochemistry. Levels of CD8+ T cells were found to be higher in the EGFR wild-type and rare variants groups than in the L858R and exon 19 deletion groups in both tumor and peritumoral regions (Figure 4A, all p < 0.001). Representative figures for EGFR wild, L858R, exon 19 deletion, and rare mutation results are summarized in Figure 4B.




Figure 4 | Differences in the levels of CD8 according to EGFR mutational subtypes analyzed by immunohistochemistry. (A) Changes in levels of CD8 according to EGFR mutational subtypes. Representative immunohistochemical images of CD8 expression. (B) Case with EGFR L858R or exon 19 deletion mutation is associated with low CD8+ T cells. Case with EGFR rare variant or wild-type is associated with high CD8+ T cells. The small dot in the boxplot is the mean value. 19 DEL, exon 19 deletion.







Smoking status according to EGFR subtype

Previous studies revealed that patients with smoking histories had high TMB levels and responded well to PD-1 inhibitors (15). Therefore, we examined the relationship between smoking history and EGFR subtype. However, since there was no information on smoking history in the pancancer data set, only the cptac and validation datasets were analyzed. In the cptac dataset, the TMB score was significantly higher for those with a history of smoking than those without a history of smoking (Figure 5A, p = 0.007). Smoking history was most frequent in wild-type patients and least frequent in exon 19 deletion patients. (Figure 5B, p = 0.038). In the validation dataset, smoking history was also most frequently present in the wild-type group, and least frequent in the exon 19 deletion group (Figure 5C, p = 0.006).




Figure 5 | Relationship between smoking history and EGFR mutational subtypes. (A) Relationship between smoking history and TMB in cptac dataset. Relationship between smoking history and EGFR mutational subtypes in cptac (B) and validation (C) dataset.







Prognostic role of EGFR mutation in patients using PD-L1/PD-1 inhibitors

We investigated the prognostic role of EGFR mutation in patients using PD-L1/PD-1 inhibitors. Although the difference was not statistically significant, the EGFR mutation group had lower overall survival (OS) rates compared to the wild-type (Figure 6A, p = 0.09). Although the difference was not statistically significant, groups with EGFR wild type or rare mutations had higher rates of OS compared to groups with L858R or exon 19 deletion mutations (Figure 6B, p = 0.184).




Figure 6 | Survival analyses according to EGFR mutation in patients receiving PD-1/PD-L1 inhibitors. (A) Overall survival (OS) according to EGFR mutation. (B) OS according to EGFR mutation subtype.








Discussion

We found that levels of CD8+ T cells or CD4 memory activated T cells were higher in EGFR wild-type and rare variant cancers than in EGFR L858R and exon 19 deletion types. Among patients using PD-1/PD-L1 inhibitors, those with EGFR wild-type and EGFR rare mutations had better prognoses than those with EGFR L858R and exon 19 deletion mutations. CD8+ T cells are the most potent effectors in the anti-cancer immune response, and serve as the backbone of cancer immunotherapy (11). Immune checkpoint inhibitors block inhibitory immune receptors and aim to activate dysfunctional CD8+ T cells (11). Immune cold tumor is a common immunotherapy-resistant phenotype observed in solid tumors (16). The definition of hot and cold tumors depends in part on the extent and location of infiltrating CD8+ T cells (17). Therefore, it is predictable that hot tumors respond well to immunotherapy and cold tumors do not. One previous study also reported that EGFR-mutated NSCLC carcinomas were free of T cell infiltration and had decreased proportions of PD-L1+/CD8+ tumor-infiltrating T cells (3). Studies of patients using PD-1/PD-L1 inhibitors have shown that NSCLCs carrying EGFR mutations are associated with poor responses, suggesting that these mutations are associated with a smaller proportion of CD8+ T cells (18). Another study showed that lung cancer patients with the L858R EGFR mutation had more inflammatory tumors with higher CD4 and CD8+ T cell expressions compared to those with the exon 19 deletion mutation (19). However, we found no significant differences in CD4 and CD8+ T cells between L858R and exon 19 deletion groups. Infiltration of CD8+ T cells and neutrophils was observed more frequently in the rare EGFR mutant group than in the L858R and exon 19 deletion groups.

CD4+ T cells have recently been highlighted as playing important roles in regulating the anti-tumor immune response (10). One study found that a higher number of CD62Llow CD4+ T cells prior to PD-1 blockade therapy was significantly associated with better responses (20). Laheurte et al. reported that higher levels of anti-TERT Th1high CD4+ T cells in the peripheral blood was correlated with better clinical outcomes in NSCLC patients (21). Activated CD4+ T cells secrete interleukin (IL)-2 to directly activate CD8+ cytotoxic T cells (22). CD4+ T cells can induce antitumor responses by secreting interferon gamma and tumor necrosis factor-α (TNFα) (23). CD4+ T cells also induce humoral responses to tumor antigens on B cells through the interaction of CD40 with CD40 ligands (10). High CD4 memory activated T cells was significantly associated with better overall survival in gastric cancer (24). In head and neck squamous cell carcinoma, the group with high activated CD4(+)CD69(+) T cells had a better prognosis than the group with low CD4(+)CD69(+) T cells (25).

In our study, the five biomarkers used to predict response to PD-L1/PD-1 inhibitors were TIDE, interferon gamma gene signature, T cell inflammatory signature, PD-L1, and TMB. Ayers et al. found that the interferon gamma gene signature could predict responses to PD-1 inhibitors in 220 patients with nine cancers, including NSCLC (12). The T cell inflammatory signature is a well-known indicator of T cell dysfunction (13). PD-L1 expression is the most frequently used biomarker for the use of PD-L1/PD-1 inhibitors in solid cancers, including NSCLC, in clinical practice (26). Therefore, these four biomarkers are currently the most widely used biomarkers for PD-L1/PD-1 inhibitors. Although not statistically significant, rare variants were predicted to respond best to PD-L1/PD-1 inhibitor treatment in four TIDE biomarkers. It is well known from previous studies that tumors with high TMB have more neoantigens and more immunogenicity (27). Rizvi et al. reported that high TMB levels in tumors of NSCLC patients treated with pembrolizumab had good prognoses (27). Although in our study only TMB was statistically significant and the other factors were not, due to the small number of samples of rare variants, PD-L1/PD-1 inhibitor treatment should be considered for the treatment rare variant NSCLC tumors in the future, as they are expected to respond better than wild-type ones.

Negrao et al. reported that EGFR exon 20 mutations were associated with low expression of PD-L1 (28). Therefore, EGFR exon 20 mutations were also predicted to have less benefit from PD-1 inhibitors. Hastings et al. also reported that the exon 20 insertion mutation was associated with low levels of TMB, whereas the G719X mutation was associated with high TMB levels (15). The G719X mutation was also associated with higher expression of TMB and PD-L1 than the classical EGFR mutation in another study of NSCLC patients (29). In the two public datasets we reviewed, the frequency of exon 20 insertion was relatively low and the frequency of G719X mutation was relatively high (12% vs. 18% in the pancancer dataset and 0% vs 66% in the cptac dataset, respectively). In our survival analysis of our validation dataset, the frequency of the G719X mutation was higher than that of exon 20 insertion (66% vs. 33%). In our dataset, the high frequency of the G719X mutation and the low frequency of the exon 20 insertion mutation may have been the causes of high CD8+ T cell scores and high TMBs.

Hastings et al. reported that a smoking history was associated with a high TMB level and responded well to immune checkpoint inhibitors (15). A positive correlation between smoking history and TMB levels was also identified in our cptac data set. In previous report, smoking history was observed more frequently with the L858R mutation than with the exon 19 deletion (15). In our two data sets, smoking history was also found more frequently with the L858R mutation compared to the exon 19 deletion. Among the four EGFR subtypes of our two data sets, smoking history was most common in the wild type and second most common in rare mutations.

Compared to other studies in the past (15, 28, 30), the sample size of our study is relatively too small. Two studies (Hastings et al's cohort (n=554) (15) and Negrao et al's cohort (n=4189) (28))reported that EGFR exon 20 mutations were associated with reduced benefit from PD-1 inhibitors. Mazieres et al. found no difference in survival between rare and classical EGFR mutations on PD-1/PD-L1 treatment in 551 NSCLCs (30). However, experiments with a relatively large number of samples also reported that rare mutations in EGFR were associated with high levels of TMB or PD-L1 expression. In an experiment targeting 1,111 NSCLC patients, it was found that the levels of TMB and PD-L1 in the G719X mutation were higher than those in the classical EGFR mutation (29). In 2417 NSCLC patients, PD-L1 high-expression was more likely to shown with G719X/S768I/exon 20 insertion than with classical EGFR /L861Q mutation (31). In 982 NSCLCs, rare EGFR mutations (G719X, L861Q, S768I, exon 20 insertion) showed statistically significantly higher PD-L1 expression than classical EGFR mutations (32). Although our results indicate that patients with rare EGFR mutations are more likely to respond to PD-L1/PD-1 inhibitors in three independent data sets, the prescription of PD-L1/PD-1 inhibitors for rare EGFR mutations needs to be validated with more samples.

Our study had some limitations. First, although numerous EGFR rare mutations have been reported, these were combined and analyzed together in this study. As a result, the immune profiles associated with specific rare mutations or their relationships to PD-1/PD-L1 inhibitors were not examined. Because the number of rare EGFR mutations was small, it was difficult to perform subgroup analysis for rare EGFR mutations. The immune characteristics of specific rare mutations should be investigated in larger-scale studies. Second, our validation set consisted of 203 patients, of which 49 were treated with PD-1/PD-L1 inhibitors. The small number of patients divided into four groups (EGFR wild, L858R, exon 19 deletion, and rare) for analysis may have limited the interpretation of the results. Third, we did not perform CIBERSORTx, TIDE, and immunohistochemistry analyses on the same LUAD dataset. Although similar results were obtained for all three datasets, our results should be validated using the same dataset. Fourth, we could not confirm the distribution of CD4 memory activated T cells in the validation set. Because the level of CD4 memory activated T cells in the two public datasets was the highest in the rare variant, it is thought that CD4 memory activated T cells may affect immunotherapy.

In this study, we investigated differences in 22 immune cell components following EGFR mutation in 620 LUADs in two public databases, for the first time. Subgroup analysis revealed that the rare variant group had the highest CD8+ T cell and CD4 memory activated T cell levels among the four groups, including the wild-type. TIDE and TMB analyses also showed that rare EGFR variants was more likely to respond to PD-L1/PD-1 inhibitors than wild-type, L858R-mutated, and exon 19 deletion-mutated EGFR lung cancers. A validation set using CD8+ T cell immunochemical staining demonstrated an immune profile similar to the previous two data sets for EGFR rare mutations, and a better prognosis for these cancer types than L858R and exon 19 deletions, with PD-1/PD-L1 inhibitor treatment. The results of this study indicate that rare EGFR mutations may be potential targets for PD-1/PD-L1 inhibitors.





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 studies involving human participants were reviewed and approved by The Institutional Review Board of Ajou University School of Medicine. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.





Author contributions

YK designed the study. SH, J-HH, HL, and YK collected the data, SH, J-HH, HL, BP, SJ, and YK performed the experiments and analyzed the data. SH, J-HH, HL, and YK wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT (NRF-2020R1A2C1100568 for Young Wha Koh).





Conflict of interest

The 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.





References

1. Zhou, F, and Zhou, C. Lung cancer in never smokers–the East Asian experience. Trans Lung Cancer Res (2018) 7(4):450–63. doi: 10.21037/tlcr.2018.05.14

2. Li, J, and Gu, J. PD-L1 expression and EGFR status in advanced non-small-cell lung cancer patients receiving PD-1/PD-L1 inhibitors: a meta-analysis. Future Oncol (2019) 15(14):1667–78. doi: 10.2217/fon-2018-0639

3. Dong, ZY, Zhang, JT, Liu, SY, Su, J, Zhang, C, Xie, Z, et al. EGFR mutation correlates with uninflamed phenotype and weak immunogenicity, causing impaired response to PD-1 blockade in non-small cell lung cancer. Oncoimmunology (2017) 6(11):e1356145. doi: 10.1080/2162402x.2017.1356145

4. Yang, L, He, YT, Dong, S, Wei, XW, Chen, ZH, Zhang, B, et al. Single-cell transcriptome analysis revealed a suppressive tumor immune microenvironment in EGFR mutant lung adenocarcinoma. J Immunother Cancer. (2022) 10(2):e003534. doi: 10.1136/jitc-2021-003534

5. Newman, AM, Steen, CB, Liu, CL, Gentles, AJ, Chaudhuri, AA, Scherer, F, et al. Determining cell type abundance and expression from bulk tissues with digital cytometry. Nat Biotechnol (2019) 37(7):773–82. doi: 10.1038/s41587-019-0114-2

6. Jiang, P, Gu, S, Pan, D, Fu, J, Sahu, A, Hu, X, et al. Signatures of T cell dysfunction and exclusion predict cancer immunotherapy response. Nat Med (2018) 24(10):1550–8. doi: 10.1038/s41591-018-0136-1

7. Cerami, E, Gao, J, Dogrusoz, U, Gross, BE, Sumer, SO, Aksoy, BA, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer discovery. (2012) 2(5):401–4. doi: 10.1158/2159-8290.Cd-12-0095

8. Hoadley, KA, Yau, C, Hinoue, T, Wolf, DM, Lazar, AJ, Drill, E, et al. Cell-of-Origin patterns dominate the molecular classification of 10,000 tumors from 33 types of cancer. Cell> (2018) 173(2):291–304.e6. doi: 10.1016/j.cell.2018.03.022

9. Gillette, MA, Satpathy, S, Cao, S, Dhanasekaran, SM, Vasaikar, SV, Krug, K, et al. Proteogenomic characterization reveals therapeutic vulnerabilities in lung adenocarcinoma. Cell (2020) 182(1):200–25.e35. doi: 10.1016/j.cell.2020.06.013

10. Tay, RE, Richardson, EK, and Toh, HC. Revisiting the role of CD4+ T cells in cancer immunotherapy–new insights into old paradigms. Cancer Gene Ther (2021) 28(1):5–17. doi: 10.1038/s41417-020-0183-x

11. Raskov, H, Orhan, A, Christensen, JP, and Gögenur, I. Cytotoxic CD8(+) T cells in cancer and cancer immunotherapy. Br J cancer. (2021) 124(2):359–67. doi: 10.1038/s41416-020-01048-4

12. Ayers, M, Lunceford, J, Nebozhyn, M, Murphy, E, Loboda, A, Kaufman, DR, et al. IFN-γ-related mRNA profile predicts clinical response to PD-1 blockade. J Clin Invest. (2017) 127(8):2930–40. doi: 10.1172/jci91190

13. Woo, SR, Corrales, L, and Gajewski, TF. The STING pathway and the T cell-inflamed tumor microenvironment. Trends Immunol (2015) 36(4):250–6. doi: 10.1016/j.it.2015.02.003

14. Brahmer, J, Reckamp, KL, Baas, P, Crinò, L, Eberhardt, WE, Poddubskaya, E, et al. Nivolumab versus docetaxel in advanced squamous-cell non-Small-Cell lung cancer. New Engl J Med (2015) 373(2):123–35. doi: 10.1056/NEJMoa1504627

15. Hastings, K, Yu, HA, Wei, W, Sanchez-Vega, F, DeVeaux, M, Choi, J, et al. EGFR mutation subtypes and response to immune checkpoint blockade treatment in non-small-cell lung cancer. Ann Oncol (2019) 30(8):1311–20. doi: 10.1093/annonc/mdz141

16. Trujillo, JA, Sweis, RF, Bao, R, and Luke, JJ. T Cell-inflamed versus non-T cell-inflamed tumors: A conceptual framework for cancer immunotherapy drug development and combination therapy selection. Cancer Immunol Res (2018) 6(9):990–1000. doi: 10.1158/2326-6066.Cir-18-0277

17. Galon, J, and Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat Rev Drug discovery. (2019) 18(3):197–218. doi: 10.1038/s41573-018-0007-y

18. Gainor, JF, Shaw, AT, Sequist, LV, Fu, X, Azzoli, CG, Piotrowska, Z, et al. EGFR mutations and ALK rearrangements are associated with low response rates to PD-1 pathway blockade in non-small cell lung cancer: A retrospective analysis. Clin Cancer research: an Off J Am Assoc Cancer Res (2016) 22(18):4585–93. doi: 10.1158/1078-0432.Ccr-15-3101

19. Toki, MI, Mani, N, Smithy, JW, Liu, Y, Altan, M, Wasserman, B, et al. Immune marker profiling and programmed death ligand 1 expression across NSCLC mutations. J Thorac oncology: Off Publ Int Assoc Study Lung Cancer. (2018) 13(12):1884–96. doi: 10.1016/j.jtho.2018.09.012

20. Kagamu, H, Kitano, S, Yamaguchi, O, Yoshimura, K, Horimoto, K, Kitazawa, M, et al. CD4(+) T-cell immunity in the peripheral blood correlates with response to anti-PD-1 therapy. Cancer Immunol Res (2020) 8(3):334–44. doi: 10.1158/2326-6066.Cir-19-0574

21. Laheurte, C, Dosset, M, Vernerey, D, Boullerot, L, Gaugler, B, Gravelin, E, et al. Distinct prognostic value of circulating anti-telomerase CD4(+) Th1 immunity and exhausted PD-1(+)/TIM-3(+) T cells in lung cancer. Br J cancer. (2019) 121(5):405–16. doi: 10.1038/s41416-019-0531-5

22. Borst, J, Ahrends, T, Bąbała, N, Melief, CJM, and Kastenmüller, W. CD4(+) T cell help in cancer immunology and immunotherapy. Nat Rev Immunol (2018) 18(10):635–47. doi: 10.1038/s41577-018-0044-0

23. Kennedy, R, and Celis, E. Multiple roles for CD4+ T cells in anti-tumor immune responses. Immunol Rev (2008) 222:129–44. doi: 10.1111/j.1600-065X.2008.00616.x

24. Ning, ZK, Hu, CG, Huang, C, Liu, J, Zhou, TC, and Zong, Z. Molecular subtypes and CD4(+) memory T cell-based signature associated with clinical outcomes in gastric cancer. Front Oncol (2020) 10:626912. doi: 10.3389/fonc.2020.626912

25. Badoual, C, Hans, S, Rodriguez, J, Peyrard, S, Klein, C, Agueznay Nel, H, et al. Prognostic value of tumor-infiltrating CD4+ T-cell subpopulations in head and neck cancers. Clin Cancer Res (2006) 12(2):465–72. doi: 10.1158/1078-0432.Ccr-05-1886

26. Yu, H, Boyle, TA, Zhou, C, Rimm, DL, and Hirsch, FR. PD-L1 expression in lung cancer. J Thorac oncology: Off Publ Int Assoc Study Lung Cancer. (2016) 11(7):964–75. doi: 10.1016/j.jtho.2016.04.014

27. Rizvi, NA, Hellmann, MD, Snyder, A, Kvistborg, P, Makarov, V, Havel, JJ, et al. Cancer immunology. mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science (2015) 348(6230):124–8. doi: 10.1126/science.aaa1348

28. Negrao, MV, Skoulidis, F, Montesion, M, Schulze, K, Bara, I, Shen, V, et al. Oncogene-specific differences in tumor mutational burden, PD-L1 expression, and outcomes from immunotherapy in non-small cell lung cancer. J Immunother Cancer. (2021) 9(8):e002891. doi: 10.1136/jitc-2021-002891

29. Ma, T, Jiao, J, Huo, R, Li, X, Fang, G, Zhao, Q, et al. PD-L1 expression, tumor mutational burden, and immune cell infiltration in non-small cell lung cancer patients with epithelial growth factor receptor mutations. Front Oncol (2022) 12:922899. doi: 10.3389/fonc.2022.922899

30. Mazieres, J, Drilon, A, Lusque, A, Mhanna, L, Cortot, AB, Mezquita, L, et al. Immune checkpoint inhibitors for patients with advanced lung cancer and oncogenic driver alterations: results from the IMMUNOTARGET registry. Ann Oncol (2019) 30(8):1321–8. doi: 10.1093/annonc/mdz167

31. Liu, Y, Quan, F, Chen, S, Lu, G, Yang, Y, Deng, W, et al. Correlation between PD-L1 high-expression and EGFR variants in non-small cell lung cancer. J Clin Oncol (2022) 40(16_suppl):e21062–e. doi: 10.1200/JCO.2022.40.16_suppl.e21062

32. Evans, M, O’Sullivan, B, Smith, M, Hughes, F, Trim, N, Mullis, T, et al. The association between PD-L1 expression, EGFR mutation and ALK translocation in a series of 982 lung cancers. Ann Oncol (2017) 28:v29. doi: 10.1093/annonc/mdx363.022




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 Koh, Park, Jung, Han, Haam and Lee. 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-14-1137880-g001.jpg
EGFR [#] Mutant [#] Wild

EGFR [#] Mutant [ Wild

0.028 p = 0.002

p=

0.01 p.=0.001 p=0.008

p=

0.039

p=

= 0.007 p=0.029

Y4

p < 0.001

0.001

Pz

04

03
02

._ I spydonnapn

i s|joo

] jsew Bupsay

1193 >B31pusp
Bunsay

s||e
1 paennoe

‘e ._ Kiowaw +Qqd

S||e> L +8QD

sjiydosna N

2 _ s||@
.‘ jsew Bupsay

| 1193 >B3pusp
_ Bunsay

s||92
1 parennoe

C I|* Aiowaw +pq)

S||ed L +8AD

01
00

D

EGFR [#] 19 DEL [#] L858R [#] Rare [ wWild

EGFR [#] 19 DEL [#] L858R [#] Rare [ Wild

0.164 p=0.011

p=

0.023 p=0.002 p=0.061

p=

0.012 p=0068 p=0.197

p=

p < 0.001

p < 0.001

04

spiydoyynapn

s||9>
jsew Bupsay

[195 >31pusp
Bunsay

s||9>
1 paennoe

T Ksowaw +y)

S||e> L +8AD

sjiydosna

s||92
jsew Bupsay

1193 231pusp
Bunsay

s|je
1 paiennoe
Aiowaw +pq)

S||ed L +8AD






OEBPS/Images/fimmu-14-1137880-g006.jpg
Overall survival rate

p = 0.09

1.0 -MEGFR Wild
-MEGFR Mutation

0.8

0.6

0.4

Overall survival rate

1.0

p = 0.184

wild
IL858R
-I719 Deletion
-FRare

00 1000 2000 3000 4000  50.00
Months

.00 10.00 20.00 30.00 ;0.00 50.00
Months





OEBPS/Images/fimmu-14-1137880-g004.jpg
EGFR [#] 19 DEL [#] L858R [ Rare FJ Wild

001

R < 0.

.001

p<0

i
L.\m.w‘”wﬁ

1501

100

501
0

Peritumoral
CD8+ T cells

Intratumoral

CD8+ T cells





OEBPS/Images/fimmu-14-1137880-g003.jpg
TMB

60

40

20

p < 0.001

Wild

L858R Exon 19 Rare
deletion

40

30

=

p < 0.001

—

T

Wild

L858R Exon 19

deletion

Rare






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immune profiles according to EGFR mutant subtypes and correlation with PD-1/PD-L1 inhibitor therapies in lung adenocarcinoma

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study population and EGFR test

          



          		

            Immunohistochemistry of CD8

          



          		

            CIBERSORTx and TIDE

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Differences in 22 immune cell components according to EGFR mutation profiles

          



          		

            Differences in TIDE score or TMB according to EGFR mutation profile

          



          		

            Differences in CD8+ T cells according to EGFR mutation profile in the validation set

          



          		

            Smoking status according to EGFR subtype

          



          		

            Prognostic role of EGFR mutation in patients using PD-L1/PD-1 inhibitors

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1137880_cover.jpg
& frontiers | Frontiers in Immunology

Immune profiles according to EGFR mutant
subtypes and correlation with PD-1/ PD-L1
inhibitor therapies in lung adenocarcinoma





OEBPS/Images/fimmu-14-1137880-g002.jpg
A B
EGFR (4] 19 DEL (4] L858R [ Rare B Wild EGFR (4] 19 DEL [#] 1858R [#] Rare FJ Wild
4 . 2 s s . |
‘ |
2 . : . - Al
g | B | 9 “J‘T g i 5 " ! o
— e -
0 B 4—:.:'F|:)*- ) : -‘* ‘ o ‘
2 < 2 . :
: $ . :
p = 0.860 p = 0361 p=0711 p=0495 - p=0.584 p=0450 -  p=0338 p=0374
TIDE Interferon gamma  T-cell-inflamed PD-L1 TIDE Interferon gamma  T-cell-inflamed PD-L1

signature

signature

signature signature





OEBPS/Images/fimmu-14-1137880-g005.jpg
% p=0.007 o
40 ©
8

o ¥ 80
S
=

20,

10

5 —

Never Ever

Percentage

60

40

20

wild

L858R Exon 19 Rare
deletion

mEver
" Never

p=0.038

Percentage

40

wild

L858R Exon 19 Rare
deletion

mEver
' Never

p = 0.006





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





OEBPS/Images/table1.jpg
Variable
Age, median (range) (years)
Male sex

TNM 8th edition

Number (%)
64 (35-85)

124 (61.1%)

Stage I 71 (35%)

Stage IT 24 (11.8%)

Stage IIT 55 (27.1%)

Stage IV 53 (26.1%)
EGFR test method

Real-time PCR

166 (81.8%)

Next-generation sequencing 37 (18.2%)
EGFR results

wild 84 (41.4%)

L858R 36 (17.7%)

Exon 19 deletion 46 (22.7%)

Rare 37 (18.2%)
Smoking history

Presence 96 (59.6%)

Absence 65 (40.4%)
PD-L1/PD-1 inhibitor

Treatment 49 (24.1%)

No treatment

Smoking history was obtained in 161 patients.

154 (75.9%)





