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Introduction

CD26/dipeptidyl peptidase 4 (CD26, DPP4) is a transmembrane exopeptidase that modulates tumorigenesis in different malignancies. We demonstrated before that CD26 inhibition decreases lung tumor growth in experimental models. Here, we analyzed the prognostic significance of CD26 expression and its correlation with epithelial-to-mesenchymal transition (EMT) markers in a large series of patients with non-small cell lung cancer (NSCLC).





Patients and methods

NSCLC samples from operated patients were analyzed using immunohistochemistry (IHC) for the expression of CD26 and EMT markers. CD26 was scored semi-quantitatively employing tissue microarrays. Lung cancer cell lines [H460, Lewis lung carcinoma (LLC)] were tested for EMT markers, and a colony formation assay was used to test the effect of treatment with the CD26 inhibitor vildagliptin.





Results

Tumor samples from 904 patients with NSCLC were analyzed. CD26 IHC expression was significantly higher in adenocarcinoma compared to squamous cell carcinoma (p < 0.0001). Patients with adenocarcinoma and CD26 expression had a better overall survival than patients without CD26 expression. The lack of CD26 expression was shown to be an independent risk factor for worse survival. CD26-expressing adenocarcinomas showed a higher expression of Vimentin and Elastin (p = 0.0027 and p < 0.0001, respectively), while E-cadherin expression was lower in this group of patients (p = 0.0021). In vitro, treatment with vildagliptin reduced the expression of Vimentin and the capacity for colony formation in H460 and LLC cell lines.





Summary and conclusion

The correlation of CD26 expression in lung adenocarcinomas and better patient survival, the antiproliferative effect on tumor cells by CD26 inhibition, and an altered EMT status give rise to the hypothesis that CD26 inhibitors impact the biology and clinical course of lung adenocarcinomas.
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Introduction

Lung cancer is the leading cause of death among all malignancies, accounting for more than 1.8 million deaths per year worldwide (1). Approximately 57% of all lung cancer cases are diagnosed at stage IV, showing a 5-year survival rate below 8% (2). Although surgery, chemo-radiotherapy, targeted therapy, and immunotherapy improved the overall survival of lung cancer patients, the prognosis remains poor (3).

CD26/dipeptidylpeptidase 4 (CD26, DPP4) is a multifunctional glycoprotein involved in glucose metabolism, immunomodulation, and tumorigenesis. Through its enzymatic activity, CD26 cleaves a plethora of proteins. In cancer, CD26 can serve as either a tumor suppressor or activator depending on the tumor microenvironment. CD26-expressing tumors are thus associated with better or worse patient survival. For example, CD26 expression in malignant pleural mesothelioma has been shown to be associated with prolonged survival (4), while in colorectal cancer, a higher expression of CD26 was unfavorably correlated with survival (5).

For almost 20 years, inhibitors of CD26 have been employed in routine clinical use for the treatment of type 2 diabetes. CD26 inhibitors exert their function by modulating GLP1 levels, thus enhancing the availability of insulin. Recent studies, among them a meta-analysis on more than 100 randomized trials, have surprisingly revealed that patients who take a CD26 inhibitor for the treatment of type 2 diabetes showed a decreased risk for the development of neoplasms (6). Other cohort studies on cancer patients with CD26 inhibitor intake have shown a better long-term outcome in colorectal (7) or prostate cancers (8), while patients with pancreatic or breast cancer did not have this favorable effect (8). The better prognosis in patients with colorectal cancer taking CD26 inhibitors was attributed to a change in their immune cell profile (7). Given the catalytic activity of CD26 on chemokines that guide effector T cells towards tumors, Ng and colleagues suggested that a decreased degradation of these chemokines enhances the trafficking of anti-tumor T cells into solid tumors, resulting in a better outcome (7). Bishnoi and colleagues also found in lung cancer patients that the combined use of dipeptidyl peptidase 4 (DPP4) inhibitors and metformin can significantly increase survival (9).

Within the tumor environment, CD26 can also exert a pro-tumorigenic activity through the induction of epithelial-to-mesenchymal transition (EMT) with an upregulation of EMT markers such as N-cadherin (10, 11). In one of our previous studies in mouse lung cancer models, we found that the treatment with a CD26 inhibitor suppresses lung metastases and primary lung cancer growth by attenuating EMT and enhancing tumor-infiltrating NK cells (12, 13). Others have shown that the downregulation of CD26 suppresses tumors in lung and mesothelioma models by modifying the EMT pathway, which is in line with our data (14, 15).

In this study, we investigated the expression of CD26 along with EMT markers in patients with non-small cell lung cancer (NSCLC) and correlated it with the clinical course. Moreover, we tested CD26 inhibition on EMT markers and lung cancer cells in vitro.





Patients and methods




Patient cohort

Surgically resected lung tumor specimens from pathologically confirmed primary, NSCLC patients were collected between 1999 and 2002 at the University Hospital Zurich (USZ). Clinical data were extracted from the medical records at the USZ. Tumor histopathological staging and histological subtyping were performed according to the seventh edition of the TNM staging system for lung cancer (16, 17). To confirm histological diagnosis, TTF-1 and p40 immunohistochemistry were performed on tissue microarrays (TMAs).

Histological tumor types of the USZ cohort were adenocarcinoma (n = 463/51.2%), squamous cell carcinoma (n = 388/42.9%), large-cell carcinoma (n = 24/2.6%), and adenosquamous carcinoma (n = 29/3.2%). All patients provided signed informed consent, and the Zurich Ethical Commission approved the study protocol (StV29-2009).





Immunohistochemistry on tissue microarrays

Formalin-fixed paraffin-embedded tissue blocks were retrieved from the surgical pathology archives, and TMAs were constructed from NSCLC tumor tissue of the enrolled patients using a tissue arrayer. Representative tissue cores of 0.6 mm in diameter were taken in duplicates for each patient. Immunohistochemical stains were performed on 4-μm sections on a Ventana Benchmark Ultra using an OptiView DAB Kit (Ventana Chicago, Illinois, US). For Versican staining, a ChromoMap DAB Kit was used. CD26 staining was performed on a Bond/Leica platform using a Bond Polymer Refine Kit DS9800. Antibodies against the following proteins were used: CD26 (1:100 dilution; Cell Signaling, Danvers, MA, US; #67138), Periostin (1:10; Abcam, Cambridge, MA, US; #ab14041), Vimentin (1:250 dilution; Dako, Glostrup, Denmark; M7020), Versican (1:500 dilution; Seikagaku Corporation, Tokyo, Japan; #270428), E-cadherin (1:200 dilution; Cell Marque, Rocklin, CA, US; #246R-16), and β-catenin (1:50 dilution; BD Biosciences, San Jose, CA, US; #610154). Elastica van Gieson staining was performed according to the standard technique.





Immunohistochemistry and TMA scoring and analyses

CD26 expression and the EMT epithelial cell marker E-cadherin were scored on cancer cells showing membranous and cytoplasmic staining. The EMT markers Vimentin, β-catenin, Periostin, and Versican were scored within the stroma and intracellular compartment as previously reported (18). All markers were scored semi-quantitatively as 0 (negative), 1 (low), 2 (moderate), or 3 (high). CD26 immunohistochemical expression scoring in different NSCLC histological subtypes can be seen in Figure 1 (A–C, adenocarcinoma; D–F, squamous cell carcinoma; G–I, adenosquamous; J–L, large-cell carcinoma).

[image: Microscopic images displaying eleven circular tissue samples, labeled A to K. Varying shades of brown and blue staining indicate different protein expressions. Panels F and L are blank. Each sample shows unique cellular patterns and intensity. Scale bars indicate size.]
Figure 1 | Scoring of CD26 immunohistochemistry. (A–C) Adenocarcinoma scores 1, 2, and 3. (D–F) Squamous cell carcinoma score 1, 2, and no score 3 (F; blank). (G) Adenosquamous score 1. (H, I) Same case of adenosquamous carcinoma with (H) adenocarcinoma component score 2 and (I) squamous cell component score 0. (J–L) Large-cell carcinoma score 1, 2, and no score 3 (blank). Scale bar, 100 µm.

Normal lung tissue that was derived from a distant site from the tumor served as a control for the comparison of staining between TMAs. Similarly, Elastica van Gieson staining was scored by collagen density (red) and elastic (black) fibers in the desmoplastic intratumoral stroma and was scored semi-quantitatively as 0 (no fibers), 1 (few), 2 (moderate), or 3 (high fiber amount), as previously reported (18). For each patient, the scores from both cores were added to obtain an overall score of 0 to 6, which was used for statistical analysis. The scoring was performed by an experienced pathologist (MH) in a blinded manner. Data from public data portals cBioPortal (https://www.cbioportal.org/) and DepMap Portal (https://depmap.org/portal) were used to corroborate the potential correlation of mRNA genes between EMT phase markers and DPP4.





Tumor cell lines

The mouse cell line Lewis lung carcinoma (LLC) was purchased from American Type Culture Collection (Manassas, VA, USA). The human NCI-60 cell lines (H460, A549, H2347, HOP62, H1347, and H522) were obtained from Charles River (Boston, MA, USA) under a material transfer agreement with the National Cancer Institute (Bethesda, MD, USA). Upon arrival, cell lines were stored at early passages (<3) in liquid nitrogen and were used in the experiments for no more than 3 months. Mai9 and Gon8 were derived from malignant pleural effusions of NSCLC patients (19). All cell lines were cultivated in Dulbecco's Modified Eagle Medium (DMEM) containing 10% Fetal Bovine Serum (FBS) and penicillin/streptomycin within 5% CO2 chamber.





Flow cytometry

LLC and H460 cell lines (1 × 105 cells per well) were seeded on a 24-well plate for a 3D culture format. 3D cell cultures were chosen because 3D culture systems optimally provide conditions to best analyze the intercellular space, in which EMT markers are spatially located. A 1% agarose gel was coated on a 24-well plate to establish spheroid formation with LLC and H460 cell lines (Supplementary Figures 3A, B, respectively) in a 3D culture format. At day 3 after vildagliptin treatment, monolayer or 3D cultured spheroids were dissociated with Accutase and filtered through a 70-μm cell strainer. Fixable Viability Dye (Thermo Fisher Scientific, Waltham, MA, US) for dead cell stain and EMT-related protein antibodies against Vimentin and N-cadherin (Thermo Fisher Scientific, Waltham, MA, US) were used for the analysis of tested cells using the BD CANTO flow cytometer. The quantitation and separation gating, including singlet identification (Supplementary Figures 3C, D), were performed employing FlowJo.





Colony formation assay

The tumor cell proliferation of the human lung cancer cell line H460 and the murine LLC cell line was analyzed using the colony formation assay (CFA). We showed previously that both cell lines displayed CD26 expression with tumorigenic properties in vivo (12). Cells were seeded at a density of 500 cells per 9.5 cm2 onto 6-well plates, and the CD26 inhibitor vildagliptin was administered at a dosage between 10 and 160 µM. After 10 days of seeding under vildagliptin treatment, the number of cell colonies was counted microscopically.





MTT assay

Cell lines were seeded into 24-well plates to reach 70% confluence. Two days after cell seeding, the media were exchanged with serum-free medium. The viability of cell lines upon vildagliptin treatment was assessed using the methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, Burlington, MA, US) assay.





Statistics

Histological scoring data are presented as dot plots. Data from the colony formation assay, MTT assay, and flow cytometry are presented as mean ± standard deviation. Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software Inc., La Jolla, CA, USA) and the R software package. Student’s t-test, Kruskal–Wallis test with Dunn’s multiple comparisons, Mann–Whitney U-test, Spearman’s rank test, log-rank (Mantel–Cox) test, and Cox proportional hazards model were used for statistical analysis, as indicated. A p-value <0.05 was regarded as statistically significant.






Results




Patient characteristics

A total of 904 NSCLC samples and respective clinical data were analyzed. The study population included 463 patients (51.2%) with adenocarcinoma and 388 patients with squamous cell carcinoma (42.9%); Furthermore, 29 patients (3.2%) with adenosquamous carcinoma and 24 patients (2.7%) with large-cell carcinoma were included. Patient characteristics stratified by tumor subtype are summarized in the Supplementary Table.





CD26 is preferentially expressed in lung adenocarcinoma

The CD26 immunohistochemical expression in different histological NSCLC subtypes was evaluated (Figures 1, 2). Membranous and cytoplasmic expression intensity for CD26 was scored the highest in pulmonary adenocarcinoma as compared to other histological subtypes (Figure 2A). Specifically, CD26 expression was significantly higher in adenocarcinoma compared to squamous cell carcinoma (p < 0.0001). In particular, tissue cores from squamous cell carcinomas, adenosquamous or large-cell carcinomas did not show a CD26 expression of a score higher than 2 (Figures 1F, G–I, L). However, CD26 expression was only detected in 41.90% of adenocarcinoma samples, while 58.10% remained negative for CD26 expression.

[image: Box plot comparing CD26/DPP4 grade across various carcinoma types. Panel A shows higher adenocarcinoma grades with significant differences (** and ****) compared to other types. Panel B displays similar grades across acinar, cribriform, lepidic, micropapillary, papillary, and solid types.]
Figure 2 | CD26 expression among NSCLC subtypes. Adenocarcinoma expresses significantly more CD26 compared to squamous cell carcinoma (p < 0.0001) and large-cell carcinoma (p = 0.0049). (A) Comparison between adenocarcinoma and adenosquamous carcinoma did not reach statistical significance (p = 0.1104). (B) Comparison of CD26 expression across adenocarcinoma subtypes. Although the overall Kruskal–Wallis test indicated statistical significance (p = 0.0493), none of the pairwise post-hoc comparisons reached significance after correction for multiple testing, suggesting only modest differences among subtypes without robust differences between individual groups. Kruskal–Wallis test, Dunn’s multiple comparisons. **p < 0.01; ****p < 0.0001. NSCLC, non-small cell lung cancer.

To further dissect adenocarcinoma subtypes, we compared CD26 expression across different histological adenocarcinoma variants (Figure 2B). Although the overall Kruskal–Wallis test indicated statistical significance (p = 0.0493), none of the pairwise post-hoc comparisons reached significance after correction for multiple testing. This suggests that, while there is modest evidence for differences among adenocarcinoma subtypes as a whole, no robust differences could be confirmed between individual subgroups. We therefore concluded that CD26 expression is not directly associated with adenocarcinoma subtype.

Furthermore, we stratified adenocarcinoma patients by CD26 expression. Adenocarcinoma patient characteristics are summarized in Table 1. Importantly, the adenocarcinoma subgroups did not show significant differences regarding patient age, gender, Union internationale contre le cancer (UICC) tumor stage, histological grading, or vascular and pleural infiltration.


Table 1 | Clinical and pathological parameters of adenocarcinoma groups and grade of CD26 expression.
	
	
	
	CD26/DPP4 negative
	CD26/DPP4 positive
	p


	269
	194



	Age (years)
	Mean (SD)
	 
	63.01 (10.50)
	64.01 (10.14)
	0.308


	Gender
	n (%)
	Male
	163 (61.0)
	107 (55.4)
	0.267


	 
	Female
	104 (39.0)
	86 (44.6)
	 


	Grade
	n (%)
	G1
	20 (7.5)
	24 (12.4)
	0.177


	 
	G2
	119 (44.6)
	86 (44.6)
	 


	 
	G3
	128 (47.9)
	83 (43.0)
	 


	Vascular invasion
	n (%)
	Negative
	173 (64.8)
	119 (61.7)
	0.554


	 
	Positive
	94 (35.2)
	74 (38.3)
	 


	Pleural invasion
	n (%)
	Negative
	152 (56.9)
	126 (65.3)
	0.087


	 
	Positive
	115 (43.1)
	67 (34.7)
	 


	UICC Stage
	n (%)
	IA
	41 (15.4)
	42 (21.8)
	0.217


	 
	IB
	51 (19.1)
	37 (19.2)
	 


	 
	IIA
	35 (13.1)
	33 (17.1)
	 


	 
	IIB
	30 (11.2)
	12 (6.2)
	 


	 
	IIIA
	81 (30.3)
	50 (25.9)
	 


	 
	IIIB
	9 (3.4)
	4 (2.1)
	 


	 
	IV
	20 (7.5)
	15 (7.8)
	 











CD26 expression is an independent prognostic factor for survival in lung adenocarcinoma

Analyzing the two adenocarcinoma subgroups, we found that the overall survival of adenocarcinoma patients was significantly impacted by CD26 expression (Figure 3). The mean survival time of patients suffering from CD26-positive tumors and those with CD26-negative tumors was 6.10 and 4.95 years, respectively (p = 0.0063). Furthermore, Cox proportional hazards regression revealed positive CD26 expression as a protective factor for survival, independent from patient age, tumor grading, tumor stage, and vascular or pleural infiltration (p = 0.0022; Table 2).

[image: Kaplan-Meier survival curves compare CD26 negative and CD26 positive groups over 12.5 years. CD26 positive group shows higher survival probability; shaded areas indicate confidence intervals. p-value is 0.0063. A table shows numbers at risk at various time intervals.]
Figure 3 | Survival function of adenocarcinoma patients estimated by Kaplan–Meier method, stratified by immunohistochemical confirmation of CD26/DPP4 expression (CD26-positive vs. CD26-negative). Time is displayed in months. Patients with CD26/DPP4-expressing tumors show a survival benefit compared to their CD26/DPP4-negative counterparts (n = 463, p = 0.0063, log-rank test).


Table 2 | Cox proportional hazards model reveals CD26 positivity on immunohistochemistry as an independent protective factor for survival.
	Covariate
	Coefficient
	Hazard ratio
	Confidence interval
	p
	



	Age
	0.0124
	1.0125
	1.0014–1.0237
	0.0274
	*


	G2 grade
	0.2439
	1.2762
	0.8102–2.0103
	0.2928
	 


	G3 grade
	0.3075
	1.3600
	0.8632–2.1425
	0.1849
	 


	Positive vascular invasion
	0.3775
	1.4587
	1.1406–1.8654
	0.0026
	**


	Positive pleural invasion
	−0.0513
	0.9500
	0.7450–1.2114
	0.6789
	 


	UICC Stage IB
	−0.0409
	0.9599
	0.6236–1.4776
	0.8524
	 


	UICC Stage IIA
	0.4210
	1.5235
	0.9831–2.3609
	0.0596
	 


	UICC Stage IIB
	0.4887
	1.6302
	0.9841–2.7003
	0.0577
	 


	UICC Stage IIIA
	0.8966
	2.4512
	1.6851–3.5655
	2.74 × 10−6
	***


	UICC Stage IIIB
	1.2985
	3.6639
	1.8667–7.1916
	0.0002
	***


	UICC Stage IV
	1.9028
	6.7044
	4.0609–11.0689
	1.02 × 10−13
	***


	CD26/DPP4 positivity
	−0.3628
	0.6958
	0.5515–0.8778
	0.0022
	**





*p < 0.05; **p < 0.01; ***p < 0.001.







The expression of CD26 correlates with EMT marker expression in adenocarcinoma

As CD26 expression can influence EMT induction in cancer, we analyzed the correlation of CD26 with the EMT phase markers E-cadherin, Vimentin, β-catenin, Elastin, Periostin, and Versican. CD26 expression correlated with the expression of the mesenchymal stem cell markers Vimentin, β-catenin, and Elastin, while the epithelial marker E-cadherin was inversely correlated (Table 3). The comparison of EMT marker expression between the CD26-positive and CD26-negative adenocarcinoma subgroups is shown in Figures 4A–I. The levels of Vimentin and Elastin were significantly higher in CD26-positive tumors compared to CD26-negative adenocarcinoma tissues (Figures 4A, B; p = 0.0027 and p < 0.0001, respectively). Conversely, E-cadherin was significantly lower in CD26-positive tumors (Figure 4F; p = 0.0021). The analysis of the serial sections of individual cases demonstrated identical results for Vimentin, Elastin, and E-cadherin (Figures 4G–I). For example, Figure 4G depicts two cases. In the upper row, high expression of Vimentin (score of 3) and CD26 (score of 3) are found in the same case. In contrast, the case in the lower row exhibits a Vimentin score of only 1 and is CD26-negative.


Table 3 | Correlation between expression of CD26 and EMT-related proteins.
	EMT-related proteins
	Spearman's r
	p
	



	Elastin
	0.3425
	<0.0001
	****


	Vimentin
	0.1730
	0.0081
	**


	β-Catenin
	0.1421
	0.0301
	*


	Periostin
	−0.13
	0.41
	 


	Versican
	−0.09719
	0.1391
	 


	E-Cadherin
	−0.2149
	0.0010
	*** §





EMT, epithelial-to-mesenchymal transition.

Spearman's rank test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; § inversely correlated.



[image: Charts A to F compare the grades of various proteins (vimentin, elastin, β-catenin, periostin, versican, E-cadherin) based on CD26/DPP4 expression, with stars indicating statistical significance. Panels G to I show immunohistochemical staining for vimentin, elastin, and E-cadherin against CD26/DPP4 expression, highlighting differences in protein localization.]
Figure 4 | EMT marker analysis in adenocarcinoma in correlation with CD26/DPP4 expression, Vimentin, Elastin, β-catenin, Periostin, Versican, and E-cadherin (A–F). Mann–Whitney U-test; **p < 0.01; ****p < 0.0001. (G–I) Serial section analysis of representative cases; each row represents a single case with various staining scores for specific markers. (G) Upper row: Vimentin score 3/CD26/DPP4 score 3. Lower row: Vimentin score 1/CD26/DPP4 negative. (H) Upper row: Elastin score 3, CD26/DPP4 score 2. Lower row: Elastin score 1, CD26/DPP4 negative. (I) Upper row: E-cadherin score 3, CD26/DPP4 score 1. Lower row: E-cadherin score 1, CD26/DPP4 score 3. Scale bar, 100 µm. EMT, epithelial-to-mesenchymal transition.

Public data cBioPortal (https://www.cbioportal.org/) and DepMap Portal (https://depmap.org/portal) reveal a correlation of the mRNA gene expression of the EMT phase markers E-cadherin, Vimentin, β-catenin, Elastin, Periostin, and Versican with DPP4 in lung adenocarcinoma (Supplementary Figures 1A–F, Supplementary Figures 2A–F), thus corroborating our immunohistochemical data.





Treatment with the CD26 inhibitor vildagliptin reduces the self-renewal capacity of cancer cells in vitro

Colony formation is an EMT-associated cancer stem cell feature (20, 21). Thus, we tested whether treatment with the CD26 inhibitor vildagliptin could modulate colony formation in vitro. Here, we found that vildagliptin treatment reduced the proliferation and viability of both lung cancer cell lines, LLC and H460 (Figures 5A, B). However, additional analyses in other human NSCLC cell lines showed only an effect in the Mai9 cell line, but not in the A549 or Gon8 cell line (Supplementary Figure 4A). Also, vildagliptin showed no direct cytotoxic effect at 10 and 100 µM in other human NSCLC cell lines (Supplementary Figure 4B).

[image: Bar graphs labeled A and B show the effects of different concentrations of Vildagliptin on the percentage of colony control in LLC and H460 cells. Graph A displays decreasing colony percentages with significant differences indicated at 80 and 160 micromolar concentrations. Graph B shows a similar trend but without statistically significant differences noted. Error bars represent standard deviation.]
Figure 5 | CD26 inhibition by vildagliptin showed reduced colony formation in a dose-dependent manner in the CD26-expressing mouse lung cancer cell line LLC. (A) Mean ± standard deviation, one-way ANOVA, p = 0.0279, False Discovery Rate (FDR) method by Benjamini–Hochberg. In the CD26-positive human lung cancer cell line H460, we observed a similar trend. (B) Mean ± standard deviation, one-way ANOVA, p = 0.0579. LLC, Lewis lung carcinoma.





EMT regulation by pharmacological CD26 inhibition

Vildagliptin treatment reduced the expression of Vimentin in both LLC and H460 cell lines in a 3D spheroid culture format (Figures 6A, B, respectively, and Supplementary Figure 3E); however, N-cadherin did not change upon CD26 inhibition (Figures 6C, D).

[image: Bar graphs labeled A to D, comparing the percentage of LLC and H460 cells between control and Vildagliptin groups. Graphs A and B show vimentin levels, with a significant decrease in the Vildagliptin group. Graphs C and D show N-cadherin levels, with no significant changes between groups.]
Figure 6 | Pharmacological CD26 inhibition reduced the expression of the EMT marker Vimentin in the lung cancer cell lines LLC and H460, tested in 3D culture conditions (A, B). N-cadherin remained unchanged by vildagliptin treatment (C, D). Student’s t-test: *p < 0.05. EMT, epithelial-to-mesenchymal transition; LLC, Lewis lung carcinoma.






Discussion

CD26 has gained increased interest in cancer research due to its relevant role in immunomodulation and tumorigenesis (22). In this study, we analyzed the expression of CD26 in lung cancer in a large cohort of patients and demonstrated that CD26 is significantly overexpressed in lung adenocarcinoma and correlates with better overall patient survival. Furthermore, CD26-expressing adenocarcinomas showed a higher expression of the EMT phase markers Vimentin and Elastin. In vitro, the pharmacological inhibition of CD26 reduced Vimentin expression and had an anti-proliferative effect in tumor cell lines.

Various malignancies have been shown to express CD26, e.g., hepatocellular carcinoma, thyroid carcinoma, renal cell carcinoma, prostate cancer, gastrointestinal tumors, malignant mesothelioma, and some hematologic malignancies (22). CD26 expression on these tumors can have either a tumor-promoting or tumor-suppressing effect, depending on the individual tumor microenvironment, organ-specific signaling pathways, and mediator changes, e.g., hormones. It has been shown that a high expression of CD26 in colorectal cancer correlated with the presence of metastases, an advanced disease stage, and worse patient survival (5). For prostate cancer, dichotomous effects were found showing a higher expression of CD26 on cancer cells, which correlated with a poor prognosis of patients (23). However, in vitro analyses on prostate cancer showed that CD26 has a suppressor function on tumor progression by blocking the basic fibroblast growth factor signaling pathway (24) or suppressing the chemotactic migration of tumor cells (25).

In an elaborated histomorphological analysis on lung tumors, Asada and colleagues described CD26 to be expressed in higher levels in lung adenocarcinoma compared to other tumor types, such as squamous cell lung carcinoma (26). This study was the first of its kind, which is in line with the data we obtained in our patient cohort. In contrast, Wesley et al. found that the expression of CD26 is lost in different types of non-small cell lung carcinoma cell lines (27), thus assigning CD26 a tumor suppressor function in lung cancer. These dichotomous results could be owed to different culture conditions: Wesely and colleagues used tumor cell lines but not primary human cells. Also, their analyses were based on RNA and protein expression and did not employ histological samples.

In order to further dissect our immunohistochemical results, we analyzed the co-expression of CD26 with the markers of the epithelial-to-mesenchymal transition, a pathway that has been shown to promote tumor initiation, progression, and resistance to therapies (28). In fact, we found the phenomenon of partial EMT as an additional mechanism of tumor progression, development of metastases, and drug resistance (29) in which cells of the cancer and its environment co-express epithelial and mesenchymal markers. The expression of Vimentin and Elastin was positively correlated, while E-cadherin was negatively correlated with CD26, supporting the presence of partial EMT. Data from public data portals such as cBioPortal (https://www.cbioportal.org/) (30–32) and DepMap Portal (https://depmap.org/portal) (33) show the relation of mRNA gene expression between the EMT phase markers E-cadherin, Vimentin, β-catenin, Elastin, Periostin, and Versican to DPP4 in lung adenocarcinoma (Supplementary Figures 1A–F, 2A–F). In part, EMT markers correlate with DPP4 and thus corroborate our immunohistochemical data.

The correlation between the overexpression of CD26 in adenocarcinoma histology and better patient survival that we found in our study is somewhat surprising and does not meet the general expectation that overexpressed molecules on tumor cells are targets for respective inhibitors or antibodies. Mechanisms such as those described in prostate cancer, for example, the inhibition of cell proliferation, increased p21 expression with subsequent apoptosis and cell cycle arrest, may assign CD26 to be a suppressor in tumors (24). However, increased CD26 expression within tumors harbors another, potentially favorable opportunity for an immune-modulating treatment: an increased density of CD26 within the tumor consequently leads to the increased enzymatic cleavage of tumor-relevant chemokines. The inhibition of CD26 then results in an enhancement of the local accumulation of these chemokines, thereby attracting anti-tumor cytotoxic T cells. This mechanism seems plausible, as it has already been shown by various groups (34–37). An increased expression of CD26 on mesothelioma has led to promising first phase I and II trials employing the CD26 antibody YS110 on pretreated patients and showed modest response but a good tolerance to the treatment (38, 39). Whether this is a direct effect on tumor cells or an indirect effect through the reduced cleavage of chemokines and enhanced T-cell attack towards the tumor is not clear from this study. Most recently, a combination therapy of metformin and DPP4 inhibitors with an immune checkpoint inhibitor (ICI) showed a significant improvement in clinical outcome without increasing the incidence of immune-related adverse events (irAEs) in NSCLC patients, thus supporting the concept of directing T cells against the tumor by two different, but synergistically acting, mechanisms (40).

For more than 15 years, CD26 inhibitors have been in routine use for the treatment of type 2 diabetes. There are a large number of retrospective studies on patient cohorts that were treated with a CD26 inhibitor for diabetes that analyze the incidence and course of different malignant diseases. Results obtained from these studies revealed distinct patterns. A recent multicentric analysis showed that the exposure to CD26 inhibitors led to a significantly higher progression-free survival in patients with advanced colorectal and airway cancers and a trend towards improved overall survival (41). Another recently released study on patients with type 2 diabetes who developed either a colorectal (n = 11,657) or lung cancer (n = 15,201), of which 1,876 patients took a gliptin, revealed improved overall survival in both cancer entities, with or without taking metformin (9). Other retrospectively conducted studies on patients with colorectal cancer show similar favorable results, indicating that gliptins induce specific immune responses leading to better survival (7). The first data on CD26-expressing primary lung cancer cells treated with the CD26 inhibitor vildagliptin that we present in this study showed that upon increasing the doses of vildagliptin, tumor cell colonies were reduced, indicating also here a tumor-inhibitory effect by a gliptin. Similar to human adenocarcinoma, the cell lines we used here also harbor the KRAS mutation, a mutation that can potentially impact the expression or function of CD26. Indeed, Grunt and colleagues found co-expression patterns of the stem cell markers CD133 and CD26 on KRAS-mutated HC116 colon cancer cells, showing that the co-expression of these markers enhances long-term growth and increased resistance to anticancer agents (42). However, there is no evidence from solid human tumors including lung cancer that supports this hypothesis.

So far, existing data about the expression and impact of CD26 in solid tumors are inconsistently reported; however, our data—and we consider this as a strength of this study—add more evidence to current literature on the role of CD26 and patient outcome in cancer in general and, for the first time, in lung adenocarcinoma in particular. Yet, our data are not uniform. On the one hand, we observed better survival in patients who express CD26; on the other hand, we observed a tumor-attenuating effect upon CD26 inhibition in vitro. Without doubt, both conditions harbor biases that could limit the significance of the one or the other result: CD26 was stained in tumor cells but not in infiltrating immune cells. A characterization of CD26 on immune cells could potentially give a hint of why patients have better survival. Also, the in vitro assays could potentially harbor biases: 2D and 3D spheroids were used, and even if aim-specified, results gained on these two different culture conditions should be interpreted with caution. Furthermore, the process of dissociation during Fluorescence Activated Cell Sorting  (FACS) analysis induces an alteration of surface marker expression of molecules, thus again potentially affecting the results.

Nevertheless, with all its heterogeneity, this study can serve as a starting point to further dissect the role of CD26 as either a tumor-promoting or tumor-suppressing receptor.
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Supplementary Figure 1 | Correlation of mRNA gene expression of the EMT phase markers E-cadherin, Vimentin, β-catenin, Elastin, Periostin, and Versican with DPP4 in lung adenocarcinoma (A-F), retrieved from cBioPortal for Cancer Genomics (https://www.cbioportal.org/).

Supplementary Figure 2 | Correlation of mRNA gene expression of the EMT phase markers E-cadherin, Vimentin, β-catenin, Elastin, Periostin, and Versican with DPP4 in lung adenocarcinoma (A-F) retrieved from Depmap Portal (https://depmap.org/portal).

Supplementary Figure 3 | Analysis of the expression of EMT markers by Flow cytometry. Representative pictures of 3D spheroid formation of cell lines of LLC (A) and H460 (B) after 3 days of seeding. Dead cell and doublet exclusion gating (C, D). Representative picture of anti-Vimentin antibody-stained populations of control (red), Vildagliptin treated (green), and unstained control (blue) with gating of Vimentin-positive cells (rectangular) (E).

Supplementary Figure 4 | CD26 inhibitor test on human NSCLC cell lines. Colony forming assay showed reduced stemness only on Mai9 cell line with Vildagliptin treatment (160µM) (A). Vildagliptin showed no cytotoxic effect on human NSCLC cell lines with 10 and 100µM (B). Student´s t-test: *p<0.05.




References

	 Zhou J, Xu Y, Liu J, Feng L, Yu J, Chen D. Global burden of lung cancer in 2022 and projections to 2050: Incidence and mortality estimates from GLOBOCAN. Cancer Epidemiol. (2024) 93:102693. doi: 10.1016/j.canep.2024.102693


	 Brainard J, Farver C. The diagnosis of non-small cell lung cancer in the molecular era. Mod Pathol. (2019) 32:16–26. doi: 10.1038/s41379-018-0156-x


	 Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ Jr., Wu YL, et al. Lung cancer: current therapies and new targeted treatments. Lancet. (2017) 389:299–311. doi: 10.1016/S0140-6736(16)30958-8


	 Aoe K, Amatya VJ, Fujimoto N, Ohnuma K, Hosono O, Hiraki A, et al. CD26 overexpression is associated with prolonged survival and enhanced chemosensitivity in Malignant pleural mesothelioma. Clin Cancer Res. (2012) 18:1447–56. doi: 10.1158/1078-0432.CCR-11-1990


	 Lam CS, Cheung AH, Wong SK, Wan TM, Ng L, Chow AK, et al. Prognostic significance of CD26 in patients with colorectal cancer. PloS One. (2014) 9:e98582. doi: 10.1371/journal.pone.0098582


	 Li Z, Lin C, Zhou J, Cai X, Zhu X, Hu S, et al. Dipeptidyl peptidase 4-inhibitor treatment was associated with a reduced incidence of neoplasm in patients with type 2 diabetes: a meta-analysis of 115 randomized controlled trials with 121961 participants. Expert Opin Investig Drugs. (2022) 31:957–64. doi: 10.1080/13543784.2022.2113056


	 Ng L, Foo DC, Wong CK, Man AT, Lo OS, Law WL. Repurposing DPP-4 inhibitors for colorectal cancer: A retrospective and single center study. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13143588


	 Shah C, Hong YR, Bishnoi R, Ali A, Skelton WPT, Dang LH, et al. Impact of DPP4 inhibitors in survival of patients with prostate, pancreas, and breast cancer. Front Oncol. (2020) 10:405. doi: 10.3389/fonc.2020.00405


	 Bishnoi R, Hong YR, Shah C, Ali A, Skelton WPT, Huo J, et al. Dipeptidyl peptidase 4 inhibitors as novel agents in improving survival in diabetic patients with colorectal cancer and lung cancer: A Surveillance Epidemiology and Endpoint Research Medicare study. Cancer Med. (2019) 8:3918–27. doi: 10.1002/cam4.2278


	 Davies S, Beckenkamp A, Buffon A. CD26 a cancer stem cell marker and therapeutic target. BioMed Pharmacother. (2015) 71:135–8. doi: 10.1016/j.biopha.2015.02.031


	 Beckenkamp A, Davies S, Willig JB, Buffon A. DPPIV/CD26: a tumor suppressor or a marker of Malignancy? Tumour Biol. (2016) 37:7059–73. doi: 10.1007/s13277-016-5005-2


	 Jang JH, Janker F, De Meester I, Arni S, Borgeaud N, Yamada Y, et al. The CD26/DPP4-inhibitor vildagliptin suppresses lung cancer growth via macrophage-mediated NK cell activity. Carcinogenesis. (2019) 40:324–34. doi: 10.1093/carcin/bgz009


	 Jang JH, Baerts L, Waumans Y, De Meester I, Yamada Y, Limani P, et al. Suppression of lung metastases by the CD26/DPP4 inhibitor Vildagliptin in mice. Clin Exp Metastasis. (2015) 32:677–87. doi: 10.1007/s10585-015-9736-z


	 Komiya E, Ohnuma K, Yamazaki H, Hatano R, Iwata S, Okamoto T, et al. CD26-mediated regulation of periostin expression contributes to migration and invasion of Malignant pleural mesothelioma cells. Biochem Biophys Res Commun. (2014) 447:609–15. doi: 10.1016/j.bbrc.2014.04.037


	 Chang JH, Cheng CW, Yang YC, Chen WS, Hung WY, Chow JM, et al. Downregulating CD26/DPPIV by apigenin modulates the interplay between Akt and Snail/Slug signaling to restrain metastasis of lung cancer with multiple EGFR statuses. J Exp Clin Cancer Res. (2018) 37:199. doi: 10.1186/s13046-018-0869-1


	 Sobin LH. The World Health Organization’s Histological Classification of Lung Tumors: a comparison of the first and second editions. Cancer Detect Prev. (1982) 5:391–406


	 Travis WD, Committee IS. Reporting lung cancer pathology specimens. Impact of the anticipated 7th Edition TNM classification based on recommendations of the IASLC Staging Committee. Histopathology. (2009) 54:3–11. doi: 10.1111/j.1365-2559.2008.03179.x


	 Soltermann A, Tischler V, Arbogast S, Braun J, Probst-Hensch N, Weder W, et al. Prognostic significance of epithelial-mesenchymal and mesenchymal-epithelial transition protein expression in non-small cell lung cancer. Clin Cancer Res. (2008) 14:7430–7. doi: 10.1158/1078-0432.CCR-08-0935


	 Ponz-Sarvise M, Nguewa PA, Pajares MJ, Agorreta J, Lozano MD, Redrado M, et al. Inhibitor of differentiation-1 as a novel prognostic factor in NSCLC patients with adenocarcinoma histology and its potential contribution to therapy resistance. Clin Cancer Res. (2011) 17:4155–66. doi: 10.1158/1078-0432.CCR-10-3381


	 Singla M, Kumar A, Bal A, Sarkar S, Bhattacharyya S. Epithelial to mesenchymal transition induces stem cell like phenotype in renal cell carcinoma cells. Cancer Cell Int. (2018) 18:57. doi: 10.1186/s12935-018-0555-6


	 Wen H, Qian M, He J, Li M, Yu Q, Leng Z. Inhibiting of self-renewal, migration and invasion of ovarian cancer stem cells by blocking TGF-beta pathway. PloS One. (2020) 15:e0230230. doi: 10.1371/journal.pone.0230230


	 Pan K, Ohnuma K, Morimoto C, Dang NH. CD26/dipeptidyl peptidase IV and its multiple biological functions. Cureus. (2021) 13:e13495. doi: 10.7759/cureus.13495


	 Lu Z, Qi L, Bo XJ, Liu GD, Wang JM, Li G. Expression of CD26 and CXCR4 in prostate carcinoma and its relationship with clinical parameters. J Res Med Sci. (2013) 18:647–52


	 Wesley UV, McGroarty M, Homoyouni A. Dipeptidyl peptidase inhibits Malignant phenotype of prostate cancer cells by blocking basic fibroblast growth factor signaling pathway. Cancer Res. (2005) 65:1325–34. doi: 10.1158/0008-5472.CAN-04-1852


	 Sun YX, Pedersen EA, Shiozawa Y, Havens AM, Jung Y, Wang J, et al. CD26/dipeptidyl peptidase IV regulates prostate cancer metastasis by degrading SDF-1/CXCL12. Clin Exp Metastasis. (2008) 25:765–76. doi: 10.1007/s10585-008-9188-9


	 Asada Y, Aratake Y, Kotani T, Marutsuka K, Araki Y, Ohtaki S, et al. Expression of dipeptidyl aminopeptidase IV activity in human lung carcinoma. Histopathology. (1993) 23:265–70. doi: 10.1111/j.1365-2559.1993.tb01199.x


	 Wesley UV, Tiwari S, Houghton AN. Role for dipeptidyl peptidase IV in tumor suppression of human non small cell lung carcinoma cells. Int J Cancer. (2004) 109:855–66. doi: 10.1002/ijc.20091


	 Pastushenko I, Blanpain C. EMT transition states during tumor progression and metastasis. Trends Cell Biol. (2019) 29:212–26. doi: 10.1016/j.tcb.2018.12.001


	 Kariya Y, Oyama M, Suzuki T, Kariya Y. alphavbeta3 Integrin induces partial EMT independent of TGF-beta signaling. Commun Biol. (2021) 4:490. doi: 10.1038/s42003-021-02003-6


	 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 Discov. (2012) 2:401–4. doi: 10.1158/2159-8290.CD-12-0095


	 Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal. (2013) 6:pl1. doi: 10.1126/scisignal.2004088


	 de Bruijn I, Kundra R, Mastrogiacomo B, Tran TN, Sikina L, Mazor T, et al. Analysis and visualization of longitudinal genomic and clinical data from the AACR project GENIE biopharma collaborative in cBioPortal. Cancer Res. (2023) 83:3861–7. doi: 10.1158/0008-5472.CAN-23-0816


	 Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS, et al. Defining a cancer dependency map. Cell. (2017) 170:564–576 e516. doi: 10.1016/j.cell.2017.06.010


	 Ohnuma K, Hatano R, Komiya E, Otsuka H, Itoh T, Iwao N, et al. A novel role for CD26/dipeptidyl peptidase IV as a therapeutic target. Front Biosci (Landmark Ed). (2018) 23:1754–79. doi: 10.2741/4671


	 Barreira da Silva R, Laird ME, Yatim N, Fiette L, Ingersoll MA, Albert ML. Dipeptidylpeptidase 4 inhibition enhances lymphocyte trafficking, improving both naturally occurring tumor immunity and immunotherapy. Nat Immunol. (2015) 16:850–8. doi: 10.1038/ni.3201


	 De Zutter A, Van Damme J, Struyf S. The role of post-translational modifications of chemokines by CD26 in cancer. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13174247


	 Nishina S, Hino K. CD26/DPP4 as a therapeutic target in nonalcoholic steatohepatitis associated hepatocellular carcinoma. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14020454


	 Takeda M, Ohe Y, Horinouchi H, Hida T, Shimizu J, Seto T, et al. Phase I study of YS110, a recombinant humanized monoclonal antibody to CD26, in Japanese patients with advanced Malignant pleural mesothelioma. Lung Cancer. (2019) 137:64–70. doi: 10.1016/j.lungcan.2019.09.010


	 Nakagawa K, Kijima T, Okada M, Morise M, Kato M, Hirano K, et al. Phase 2 study of YS110, a recombinant humanized anti-CD26 monoclonal antibody, in Japanese patients with advanced Malignant pleural mesothelioma. JTO Clin Res Rep. (2021) 2:100178. doi: 10.1016/j.jtocrr.2021.100178


	 Yang J, Kim SH, Jung EH, Kim SA, Suh KJ, Lee JY, et al. The effect of metformin or dipeptidyl peptidase 4 inhibitors on clinical outcomes in metastatic non-small cell lung cancer treated with immune checkpoint inhibitors. Thorac Cancer. (2023) 14:52–60. doi: 10.1111/1759-7714.14711


	 Ali A, Fuentes A, Skelton WI, Wang Y, McGorray S, Shah C, et al. A multi-center retrospective analysis of the effect of DPP4 inhibitors on progression-free survival in advanced airway and colorectal cancers. Mol Clin Oncol. (2019) 10:118–24. doi: 10.3892/mco.2018.1766


	 Grunt TW, Hebar A, Laffer S, Wagner R, Peter B, Herrmann H, et al. Prominin-1 (CD133, AC133) and dipeptidyl-peptidase IV (CD26) are indicators of infinitive growth in colon cancer cells. Am J Cancer Res. (2015) 5:560–74







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 © 2025 Jungraithmayr, Ohm, Haberecker, Curioni-Fontecedro, Janker, Gil-Bazo, Soltermann, Kirschner, Weder, Opitz and Jang. 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/fonc-15-1552587-g004.jpg
A B *okkk C
—_
6 - — 6
2 ) >
g <4 Ea
= & 5
= g3 £3
5} 2 S
E = ) g2
> = &
1 1
0 0
No Yes . No Yes No Yes
CD26/DPP4 expression CD26/DPP4 expression CD26/DPP4 expression
D E k
6
5
< 3 g
2 ¥ 5
5o )
g g R
2 = =
o p— ) t
5 ke g2
A =
1
0
No Yes No Yes No Yes
CD26/DPP4 expression CD26/DPP4 expression CD26/DPP4 expression
G H 1

Vimentin

CD26/DPP4 Elastin CD26/DPP4 e-cadherin CD26/DPP4






OEBPS/Images/fonc-15-1552587-g006.jpg
% LLC cells of total

% LLC cells of total

10~

Vimentin

Control

Vildagliptin

N-cadherin

Control

Vildagliptin

Vimentin

% H460 cells of total
P
(-]

0 ]
Control  Vildagliptin
D
N-cadherin
258~
| 50-
§ 20
k)
o 18-
@
v
2 10-
-
2 ¥
0_ — —— ———

Control  Vildagliptin





OEBPS/Images/fonc-15-1552587-g002.jpg
*k

apeib $dda/9zad

© v ¢ o N -

apelb $dda/9zas

o






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2025.1552587_cover.jpg
& frontiers | Frontiers in Oncology

CD26 as a potential therapeutic target for
lung adenocarcinoma





OEBPS/Images/fonc-15-1552587-g003.jpg
Strata =+ CD26 negative =+ CD26 positive

100%

75%

Survival probability
o

25%

0%

0 25 5 75 10 125
Time (years)

Number at risk

CD26 negative{ 269 140 93 34 10 2

Strata

CD26 positive 126

194

0 25 5 7.5 10 12.5
Time (years)





OEBPS/Images/fonc-15-1552587-g005.jpg
150

% Colony of control
% Colony of control

0 10 20 40 80 160 0 10 20 40 80 160
Vildagliptin (uM) Vildagliptin (uM)

LLC H460





OEBPS/Images/fonc-15-1552587-g001.jpg





