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Summary 1 

 2 

In this study, we investigated the potential role of CD26 in ovalbumin (OVA)-induced airway 3 

inflammation using CD26 gene knockout mice. Compared with wild type counterparts, CD26-4 

/- mice showed an obviously enhanced tissue response and denser pulmonary infiltrates 5 

containing eosinophils around vessels and in the parenchyma after OVA sensitisation and 6 

challenge. Serum IgG, including subclasses IgG1 and IgG2a, was greatly reduced in CD26-/- 7 

mice, but serum IgE remained unchanged. CD26-/- mice had increased mRNA expression of 8 

the Th2 cytokines IL-4, IL-5 and IL-13 in the lungs compared with wild type mice, while 9 

levels of the pro-Th1 cytokine IL-12p40 was similar in both strains. Consequently, enhanced 10 

protein secretion of IL-4, IL-5 and IL-13 was detected in bronchoalveolar lavage (BAL) fluid 11 

from CD26-/- mice. In agreement with over-expressed Th2 cytokines, both mRNA transcript 12 

and protein levels of chemokines eotaxin and RANTES, as well as their receptors CCR3 and 13 

CCR5, were elevated in CD26-/- mice. These results suggest a protective role for CD26 in 14 

restricting OVA-induced airway inflammation. 15 

16 
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Introduction 1 

CD26 is a multifunctional type II transmembrane glycoprotein with dipeptidyl peptidase IV 2 

(DPPIV, EC 3.4.14.5) activity, widely distributed in mammalian tissues, mainly on the 3 

surface of epithelial and endothelial cells as well as on fibroblasts and lymphocytes [1，2]. 4 

As a costimulatory molecule, CD26 is involved in T-cell activation via its ability to interact 5 

with adenosine deaminase (ADA) and CD45 [3-5]. CD26 also mediates cell adhesion by its 6 

binding to the extracellular matrix proteins collagen and fibronectin [6, 7]. A well-7 

documented property of CD26 is its protease activity, which is characterised by the specific 8 

cleavage of dipeptides from the N-terminus of bioactive peptides carrying proline or alanine 9 

at the second position. CD26 is, on the other hand, a rather indiscriminate enzyme as a diverse 10 

range of bioactive peptides, such as peptide hormones, growth factors, chemokines and 11 

neuropeptides has been determined to be substrates of CD26 [8]. The CD26-mediated 12 

truncation leads to inactivation, activation or modification of the specificities of these peptides, 13 

and hence, influences different biological processes. Clinical observations have linked CD26 14 

to type II diabetes, HIV infection, malignant transformation, transplantation rejection and 15 

autoimmune diseases [9-15]. 16 

Asthma is a chronic inflammatory pulmonary disorder characterized by airway 17 

hyperresponsiveness and reversible airway obstruction. The early-phase is associated with IgE 18 

production and mast cell degranulation [16]. The critical feature in the late-phase is the 19 

accumulation of eosinophilic cells and their subsequent activation in bronchial tissues, which 20 

cause severe damage to the bronchiolar epithelium. The infiltration of eosinophils is governed 21 

by a network of cytokines and chemokines produced by mast cells, epithelial and endothelial 22 

cells, and Th2 cells, or even by eosinophils themselves [17]. Specifically, the interplay 23 

between the Th2 cytokines IL-4, IL-5, IL-13, and the chemokine eotaxin is responsible for the 24 

selective regulation of the expansion of eosinophil pools in the bone marrow and blood 25 

compartments, and of migration of these leukocytes into the allergic lung [18]. 26 
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Several observations suggest a potential role of CD26 in the pathogenesis of asthma. On the 1 

one hand, CD26 serves as a useful marker of Th1 cells [19]. It is able to regulate cytokine 2 

secretion and immunoglobulin synthesis as demonstrated by the application of CD26 3 

inhibitors, antibodies and CD26 gene knockout mice [20-24]. On the other hand, CD26 is 4 

involved in the processing and degrading of key chemokines in asthma, particularly eotaxin 5 

and RANTES (Regulated upon Activation, Normally T-cell Expressed and Secreted). CD26-6 

truncated eotaxin (3-74 aa) and RANTES (3-68 aa) show reduced chemotactic activity for 7 

eosinophils in vitro and impaired binding and signalling via the CC chemokine receptor 3 8 

(CCR3), which is mainly expressed in eosinophils, basophils and Th2 lymphocytes [25, 26].  9 

In this study, we compared ovalbumin-induced airway inflammation, analyzed cytokine and 10 

chemokine levels in CD26+/+ and CD26-/- mice, and demonstrate that CD26 has a protective 11 

function in allergic immune response. 12 

 13 

Results 14 

Enhanced OVA-mediated eosinophilic airway inflammation in CD26-/- mice 15 

OVA sensitisation and challenge (Fig. 1) provoked a peribronchiolar and perivascular 16 

inflammatory response in both CD26+/+ and CD26-/- mice (Fig. 2C and D), which was not 17 

observed in animals sham-sensitised with adjuvant alone and challenged with PBS (Fig. 2A 18 

and B). In contrast to CD26+/+ mice, however, CD26-/- mice showed an obviously enhanced 19 

tissue response, denser pulmonary infiltrates containing eosinophils around vessels and in the 20 

parenchyma (Fig. 2D and E), a more prominent increase in the number of total inflammatory 21 

cells and eosinophils in BAL fluid (Fig. 2F). 36 h after OVA challenge, the numbers of total 22 

leukocytes and eosinophils in the BAL fluid from CD26-/- mice were 5- (4.52 ± 1.20 × 106 vs. 23 

0.96 ± 0.82 ×106 cells per lung, p < 0.001) and 8-fold (3.21 ± 0.87 × 106 vs. 0.41 ± 0.36 × 106 24 

cells per lung, p < 0.001) higher than that from their wild type counterparts respectively. 25 
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Greatly reduced serum IgG in OVA-immunized CD26-/- mice 1 

Both CD26+/+ and CD26-/- mice showed increased concentrations of serum IgM and IgG after 2 

OVA immunization (Fig. 3). Compared with CD26+/+ mice, CD26-/- mice exhibited a lower 3 

level of serum IgM, but the difference was not statistically significant (Fig. 3A). In contrast, 4 

differences of the IgG concentrations in these two strains were much more pronounced. On 5 

day 5, there was still nearly no increase of IgG in both strains. Following the second 6 

sensitisation, incremental changes of serum IgG concentrations were detectable. On days 10 7 

and 13, CD26+/+ mice yielded 1.5-fold more IgG than CD26-/- mice (3042 vs. 2097 µg/ml, p < 8 

0.0001 and 3888 vs. 2532 µg/ml, p < 0.001, respectively) (Fig.3B). 9 

Decreased production of immunoglobulin isotypes IgG1, IgG2a, but not IgE in OVA-10 

immunized CD26-/- mice 11 

Immunoglobulin isotypes were determined for OVA immunization on the basis of the serum 12 

production of IgG1, IgG2a and IgE. As shown in Fig. 3C and D, the concentrations of serum 13 

IgG1 and IgG2a were significantly lower in CD26-/- mice. On days 10 and 13 after primary 14 

immunization, the concentrations of serum IgG1 were 1.7- and 2.3-fold higher in CD26+/+ 15 

mice than in CD26-/- mice (1436 vs. 849 µg/ml, p < 0.01 and 2164 vs. 922 µg/ml, p < 0.0001) 16 

(Fig. 3C). The decrease of IgG2a production in CD26-/- mice was observed as early as day 5 17 

after primary immunization. On days 5, 10 and 13, serum IgG2a concentrations were 2.2-, 18 

2.7- and 2.0-times higher in CD26+/+ mice than in CD26-/- mice (650 vs. 290 µg/ml, p < 0.05, 19 

1126 vs. 411 µg/ml, p < 0.0001 and 1337 vs. 652 µg/ml, p < 0.001) respectively (Fig. 3D). 20 

However, serum IgE production was no significant difference between both kinds of mice 21 

after OVA immunization, although the maximum IgE levels were reached on day 10 (Fig. 3E). 22 



7 

Overexpressed Th2 cytokines in the lungs of OVA-sensitised and –challenged CD26-/- 1 

mice 2 

Regular RT-PCR was performed to analyse the expression profiles of different cytokine genes 3 

in mouse lungs. In both CD26+/+ and CD26-/- mice, before exposure to aerosol OVA, only 4 

mRNA of IL-12p40 was detectable among analysed cytokines; after challenge, mRNA 5 

transcripts of IL-2, IL-10 and IFN-γ still remained undetectable, whereas those of IL-4, IL-5, 6 

and IL-13 increased (Fig. 4A). Compared with CD26+/+ mice, the mRNA expression of Th2 7 

cytokines, IL-4, IL-5 and IL-13, in the lungs of CD26-/- mice was significantly higher; while 8 

that of IL-12p40 was similar in both strains (Fig. 4A). These results were verified by 9 

quantitative real-time PCR (qRT-PCR) in an independent experiment (Fig. 4B). Whereas IL-10 

10, IL-12p40 and IFNγ levels were the same for OVA-exposed CD26+/+ and CD26-/- mice, IL-11 

4 mRNA was about 6-fold (ΔΔCt = –2.8, p < 0.01), IL-5 mRNA 5-fold (ΔΔCt = –1.7, p < 12 

0.05) and IL-13 mRNA 1.5-fold higher (ΔΔCt = –0,6, p = 0.3) in OVA-exposed CD26-/- mice 13 

as compared with CD26+/+ mice (Fig. 4B). In agreement, enhanced protein secretion of IL-4, 14 

IL-5 and IL-13 was measured in BAL fluid of CD26-/- mice. Notably, the amount of IL-4, IL-15 

5 and IL-13 in BAL fluid of CD26-/- mice was 2.1-, 2.5- and 2.8-fold higher than in CD26+/+ 16 

mice 24 h after aerosol exposure respectively (37.9 ± 10.0 vs. 17.6 ± 10.2 pg/ml, p < 0.01, 17 

127.5 ± 51 vs. 51.8 ± 31.5 pg/ml, p < 0.01, and 87.3 ± 18.7 vs. 30.8 ± 13.5 pg/ml, p < 0.01 18 

respectively) (Fig. 4C). These results indicate that increased secretion of Th2 cytokines in the 19 

lungs contributes to OVA-induced airway eosinophilia and severe inflammation of CD26-/- 20 

mice. 21 

Overexpressed chemokines Eotaxin and RANTES, and their receptors CCR3 and CCR5, 22 

in the lungs of OVA-sensitised and -challenged CD26-/- mice 23 

The protein levels of the key chemokines eotaxin and RANTES, as well as of their receptors 24 

CCR3 and CCR5 in the lungs were determined by immunohistochemical analysis. In both 25 
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CD26+/+ and CD26-/- mice these chemokines and receptors were expressed constitutively and 1 

increased over 24 h following the exposure to OVA aerosol. However, the difference between 2 

these two strains was distinguishable after the challenge (Fig. 5A). In CD26-/- mice, the 3 

number of cells that consistently expressed the chemokines or their receptor proteins was 4 

obviously higher and the expression levels of those proteins were significantly up-regulated, 5 

in comparison to that in CD26+/+ mice (Fig. 5A). The gene expression of eotaxin, RANTES, 6 

CCR3 and CCR5 in the lungs was measured by quantitative real-time PCR. Peak levels at 6 h 7 

after OVA challenge differed significantly in CD26-/- mice from those in CD26+/+ mice (Fig. 8 

5B): RANTES mRNA levels were 2-fold higher (ΔΔCt = –1.0, p < 0.01), and eotaxin mRNA 9 

1.6-fold higher (ΔΔCt = –0.8, p ≤ 0.05) in CD26-/- mice. CCR3 mRNA was even expressed 6-10 

fold higher in CD26-/- mice (ΔΔCt = –2.8, p < 0.05), whereas CCR5 mRNA increased only 11 

1.5-fold (ΔΔCt = –0.7, p = 0.14). These differences diminished after 24 h (|ΔΔCt| < 0.3, data 12 

not shown). This finding shows that increased secretion of eotaxin and RANTES as well as 13 

enhanced expression of CCR3 and CCR5 receptors correlates to the OVA-induced severe 14 

eosinophilia and inflammation in the lungs of CD26-/- mice. 15 

 16 
 17 
Discussion 18 

Using a murine model, we demonstrated that the lungs of CD26-/- mice display an obviously 19 

enhanced infiltration of leukocytes, especially eosinophils, in the pathogenesis of allergic 20 

asthma, suggesting that CD26 is required for the control of eosinophilic airway inflammation 21 

mediated by the inhaled allergen. It is remarkable that the serum IgG was greatly reduced, 22 

while the expression levels of Th2 cytokines, chemokines eotaxin and RANTES, as well as 23 

their receptors CCR3 and CCR5 in the lung of CD26-/- mice were increased significantly.  24 

Allergic airway symptoms are initiated by IgE mediated Mast cell activation. Mast cell-25 

derived cytokines and chemokines, including IL-1, IL-3, IL-4, IL-5, IL-13, 26 
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granulocyte/macrophage colony stimulating factors (GM-CSF), eotaxin, RANTES and 1 

monocyte chemotactic protein (MCP), have an immediate impact on the environment of the 2 

airway and surrounding lung tissue, and on the recruitment and/or activation of mononuclear 3 

cells and eosinophils observed in these disorders [27-29]. These activated and recruited 4 

eosinophils and Th2 cells, in turn, amplify the allergic immune response through an autocrine 5 

or paracrine feedback loop.  6 

CD26 may exert its role in different phases of the allergic immune response.  As a 7 

costimulatory molecule described by many studies, it is involved in T cell activation, cytokine 8 

secretion and B cell antibody production [20-24]. In the present study, loss of CD26 leads to 9 

enhanced Th2 cytokine secretion in the lung, which affects both acute phase and cascade 10 

reaction in late phase. Reduced serum IgG may counteract IgE induced pulmonary 11 

inflammation as suggested by resent studies on blocking IgG antibody [30-33].  12 

Moreover, in human lung, CD26 is expressed strongly in submucosal glands and in the blood 13 

vessels of the bronchus [34], suggesting that it is involved in the processing of intravascular 14 

and intraluminal bioactive peptides. Among chemokines involved in asthma, CD26/DPPIV 15 

removes the terminal Xaa-Pro dipeptides from full length RANTES, eotaxin, and 16 

macrophage-derived chemokine (MDC) [35], which target eosinophils and activate Th2 cells 17 

through interaction with CCR3, CCR5 or CCR4 expressed on the surface of these cells. NH2-18 

terminal truncation greatly affects the biological activities of such chemokines. After CD26-19 

mediated processing, both eotaxin and RANTES exhibit a remarkable reduction in 20 

chemotactic potency for eosinophils due to impaired signalling through CCR3 [25, 26]. It was 21 

shown recently that CD26/DPPIV indeed impairs the ability of parenchyma cells (including 22 

endothelial and epithelial cells) to establish the cell-cell interactions necessary to sustain 23 

leukocyte migration in vitro and tissue infiltration in vivo by metabolizing chemoattractants 24 

bound to the endothelial/epithelial cell surface [36]. Coincidently the highest specific DPPIV 25 
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activity of CD26 was found in the lung among various organs in wild type mice (data not 1 

shown). Thus, the aggravated inflammation in the lungs of CD26 deficient mice may result 2 

from the inability to degrade the key chemokines involved in the recruitment of eosinophils 3 

and activated Th2 cells. Supporting our results, CD26/DPPIV activity has been demonstrated 4 

to correlate inversely with the degree of human allergic inflammation [37]. Inhibitor of CD26 5 

enhances eotaxin-mediated recruitment of eosinophils in rats [38], and application of soluble 6 

CD26 significantly reduces allergic airway inflammation in rabbit [34].  7 

Taken together, our data suggest that CD26 is required for the control of eosinophilic airway 8 

inflammation mediated by the inhaled allergen. Its expression in wild type mice has a 9 

protective role in allergic eosinophilic inflammation via its ability as a signal molecule and an 10 

enzyme.  11 

Given that CD26 is an abundant and multifunctional protein, it is hard to distinguish CD26 12 

function as an enzyme or as a signal molecule based on static knockout model. Induced and 13 

targeted knock out models, allowing temporal and spatial, cell-type or tissue-specific 14 

knockout of target gene, will certainly be helpful to characterise further the role of CD26 in 15 

asthma. Targeting to T cells or lung-specific epithelial/endothelial cells, including submucosal 16 

glands, should be considered, which would give more insights into the underling mechanisms. 17 

These results indicate an important role of CD26 in controlling the allergic immune response 18 

and raise the safety question for clinical application of CD26 inhibitors. It is reported that a 19 

subset of clinically defined allergic rhinitis subjects exhibited worsening of their symptoms 20 

when taking sitagliptin, one of the approved inhibitors of DPPIV. This and other DPPIV 21 

inhibitors have been reported for causing “upper respiratory infections” in about 5% of type II 22 

diabetics [39]. These reports, together with our finding, suggest that the application of DPPIV 23 

inhibitors to patients, especially to those with an immune disorder such as asthma, 24 

rhinosinusitis or other eosinophilc diseases, should be carefully controlled. 25 
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Materials and Methods 1 

Mice  2 

Homozygous CD26-/- mice on C56BL/6 genetic background [9] and wild type C57BL/6 mice 3 

were kept under specific pathogen-free conditions. Male mice, 6 - 8 weeks of age, were used 4 

in all experiments. C57BL/6 mice were purchased from Charles River Laboratories (Sulzfeld, 5 

Germany). The animals were treated according to the German Law on the Protection of 6 

Animals, and permission (G 140/01, TVV 11/11) was obtained from the state animal welfare 7 

committees. 8 

Sensitisation and airway challenge with ovalbumin 9 

On days 0 and 5, mice were sensitised by intraperitoneal (i.p.) injection of 20 µg of 10 

ovalbumin (Sigma) dissolved in 0.3 ml endotoxin-free PBS mixed with 0.2 ml aluminum 11 

hydroxide gel (Alu-Gel-S Suspension, Serva electrophoresis, Heidelberg, Germany). On day 12 

12, mice were challenged by exposure to an aerosol of 1% OVA in PBS for 40 min (Fig. 1). 13 

Inhalation was carried out in a plastic chamber (27 × 20 × 10 cm). The aerosol was generated 14 

via an ultrasonic nebulizer (1-5 µm particles according to the manufacturer’s specifications, 15 

Model no. SW-966V 230V, Shining World Health Care Co, Taipei). 16 

Bronchoalveolar lavage (BAL) 17 

BAL was performed at indicated time points after aerosol challenge. Mice were killed by 18 

cervical dislocation. A median sternotomy was performed. The trachea was dissected free and 19 

canulated. The lungs were lavaged twice with 1 ml-aliquots of PBS. The samples were then 20 

pooled and centrifuged. The cell-free BAL fluid was stored at –20°C until analysis. The cell 21 

pellet was re-suspended in PBS. Cell numbers were counted in a hemocytometer (Paul 22 

Marienfeld, Lauda-Königshofen, Germany). Smears of BAL fluid cells were stained with 23 
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Giemsa & May-Grünwald solution (Sigma) and the cell differential was enumerated on the 1 

basis of morphology and staining profile.  2 

Lung histology and immunohistochemistry 3 

After BAL, lungs were inflated with 1 ml tissue freezing medium (Leica Instruments, 4 

Nossloch, Germany) instilled through a tracheotomy tube. Tissues were frozen immediately in 5 

liquid nitrogen and stored at –20°C until sectioning. Sections of 7 µm thickness were mounted 6 

on slides and stained with hematoxylin & eosin (Sigma). 7 

Immunohistochemistry was performed according to the description of “Cell & Tissue Staining 8 

Kit” from R&D System (Abingdon, UK). All procedure was performed at room temperature. 9 

Endogenous peroxidase and non-specific Ig-, avidin- or biotin-binding sites were blocked 10 

with their respective blocking reagents. Tissue sections were first incubated with primary 11 

antibodies for 60 min. After washing with PBS, these sections were further incubated with 12 

biotinylated secondary antibody for 60 min. Following washing steps, the sections were 13 

incubated with HSS-HRP complex for 30 min and subsequently visualized with DAB 14 

chromogen solution for 3-20 min. Finally hematoxylin was applied for counterstain. The 15 

antibodies used in this experiment were rat anti-mouse monoclonal antibodies against 16 

CCL11/Eotaxin (25 μg/ml), CCL5/RANTES (25 μg/ml), CCR3 (10 μg/ml) and CCR5 (10 17 

μg/ml) (R&D System, Abingdon, UK). A rat IgG was used as a negative control.  18 

Measurement of immunoglobulin concentration in sera 19 

Blood samples were collected from the mouse tails and clotted at room temperature for 4 h. 20 

Sera were transferred into new tubes after centrifugation and were stored at –20°C for further 21 

analysis. Serum immunoglobulin concentration was measured by ELISA as described 22 

previously [24]. Anti-mouse Ig pAb was used as coating antibody to detect IgM, IgG, IgG1 23 

and IgG2a. Anti-mouse IgE mAb was used as coating antibody to detect IgE (PharMingen). 24 
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Biotin-labelled anti-IgM, anti-IgG (Sigma), anti-IgG1, anti-IgG2a, and anti-IgE mAbs 1 

(PharMingen) were used as detecting antibodies. 2 

Measurement of cytokine and chemokine concentrations 3 

IL-4, IL-5, and IL-13 concentrations in supernatants of BAL were determined by ELISA 4 

(R&D Systems), using the procedure recommended by the manufacturer.  5 

RNA isolation, reverse transcription PCR and quantitative real-time PCR 6 

Total RNA was isolated with trizol (Invitrogen) from lung tissue, checked for integrity by 7 

agarose gel electropheresis, digested with DNase I (Fermentas), heated to 65 °C to inactivate 8 

DNase I and reverse transcribed into cDNA using SuperScript® Vilo cDNA synthesis kit 9 

(Invitrogen). Real-time PCR was performed in 25 µl 1x PCR buffer containing 1.5 mM 10 

MgCl2, 100 µM dNTP, 400 nM forward and reverse primer (TIB Molbiol), 100 nM TaqMan 11 

chemistry probe (6FAM/BBQ, TIB MolBiol) and 1.5 U Maxima® Hot Start Taq polymerase 12 

(Fermentas) on a Mx3005P real-time PCR system (Agilent Technologies). Cycle conditions 13 

were 4 min enzyme activation at 95 °C and 50 cycles of 30 s 95 °C, 30 s 60 °C and 20 s 72 °C. 14 

Threshold Ct-values were recorded in independent duplicates or triplicates for each of at least 15 

4 identically treated animals and related to those of GAPDH (ΔCt = Cttarget – CtGAPDH). 16 

Differences between homzygous CD26 knockout and wildtype mice were calculated as ΔΔCt 17 

= ΔCtCD26–/– – ΔCtCD26+/+, yielding a negative value for a higher expression. Primer and probe 18 

sequences for IL-2, IL-4, IL-5, IL-10, IL-12p40, IL-13, IFNγ, RANTES, Eotaxin, CCR3, 19 

CCR5 and GAPDH will be provided upon request. Standard PCR was performed accordingly; 20 

the amplification products were separated by 2% agarose gel electrophoresis and visualized 21 

by EtBr staining. 22 
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Statistical analysis 1 

Data were from three or more separate experiments and were expressed as mean ± SD. p 2 

values were calculated with unpaired, two-tailed Student's test. 3 

 4 
 5 

Acknowledgements 6 

We thank Dr. Didier Marguet (Centre dÍmmunologie INSERM-CNRS de Marseille-Luminy, 7 

Marseille, France) for the generous provide of homozygous CD26-/- mice and Dr. Luis Da 8 

Silva Azevedo for scientific discussions. This work was supported by a grant from the 9 

Deutsche Forschungsgemeinschaft Bonn (Sonderforschungsbereich 366 and 449, 10 

Graduekollegure 276) and the Sonnenfeld-Stiftung Berlin.  11 

 12 

 13 

Conflict of interest 14 

The authors declare no financial or commercial conflict of interest. 15 

 16 

References 17 

1. Ohnuma, K., Dang, NH., Morimoto, C., Revisiting an old acquaintance: CD26 and its 18 

molecular mechanisms in T cell function. Trends Immunol. 2008. 29: 295-301.  19 

2. Reutter, W., Baum, O., Loester, K., Fan, H., Bork, J.P., Bernt, K., Hanski, C. and 20 

Tauber, R., Functional aspects of the three extracellular domains of dipeptidyl peptidase 21 

IV: Characterization of glycosylation events, of the collagen-binding site and 22 

endopeptidase activity. In: Fleischer, B. (Eds.), Dipeptidyl Peptidase IV (CD26) in 23 

Metabolism and the Immune Response. R. G. Landes Company, Texas, 1995, pp. 55-79. 24 



15 

3. Kameoka, J., Tanaka, T., Nojima, Y., Schlossman, S. F., Morimoto, C., Direct 1 

association of adenosine deaminase with a T cell activation antigen, CD26. Science 1993. 2 

261: 466-469. 3 

4. Weihofen, W. A., Liu, J., Reutter, W., Saenger, W., Fan, H., Crystal structure of 4 

CD26/dipeptidyl-peptidase IV in complex with adenosine deaminase reveals a highly 5 

amphiphilic interface. J. Biol. Chem. 2004. 279: 43330-43335. 6 

5. Ishii, T., Ohnuma, K., Murakami, A., Takasawa, N., Kobayashi, S., Dang, N. H., 7 

Schlossman, S. F., Morimoto, C., CD26-mediated signaling for T cell activation occurs 8 

in lipid rafts through its association with CD45RO. Proc. Natl. Acad. Sci. USA 2001. 98: 9 

12138-12143. 10 

6. Hanski, C., Huhle, T., Gossrau, R., Reutter, W., Direct evidence for the binding of rat 11 

liver DPP IV to collagen in vitro. Exp. Cell. Res. 1988. 178: 64-72. 12 

7. Piazza, G. A., Callanan, H. M., Mowery, J., Hixson, D. C., Evidence for a role of 13 

dipeptidyl peptidase IV in fibronectin-mediated interactions of hepatocytes with 14 

extracellular matrix. Biochem. J. 1989. 262: 327-334. 15 

8. De Meester, I., Korom S., Van Damme J., Scharpé S., CD26, let it cut or cut it down. 16 

Immunol. Today. 1999. 20(8): 367-375. 17 

9. Marguet, D., Baggio, L., Kobayashi, T., Bernard. A. M., Pierres, M., Nielsen, P. F., 18 

Ribel, U. et al., Enhanced insulin secretion and improved glucose tolerance in mice 19 

lacking CD26. Proc. Natl. Acad. Sci. USA 2000. 97: 6874-6879. 20 

10. Ohtsuki, T., Tsuda, H., Morimoto, C., Good or evil: CD26 and HIV infection. J. 21 

Dermatol. Sci. 2000. 22: 152-160. 22 

11. Weihofen, W. A., Liu, J., Reutter, W., Saenger, W., Fan, H., Crystal structures of 23 

HIV-1 Tat derived nonapeptides Tat(1-9) and Trp2-Tat(1-9) bound to the active site of 24 

dipeptidyl peptidase IV (CD26). J. Biol. Chem. 2005. 280: 14911-14917. 25 



16 

12. Iwata, S., Morimoto, C., CD26/dipeptidyl peptidase IV in context. The different roles of 1 

a multifunctional ectoenzyme in malignant transformation. J. Exp. Med. 1999. 190: 301-2 

306. 3 

13. Korom, S., de Meester, I., Belyaev, A., Schmidbauer, G., Schwemmle, K., CD26/DPP 4 

IV in experimental and clinical organ transplantation. Adv. Exp. Med. Biol. 2003. 524: 5 

133-143. 6 

14. Reinhold, D., Kahne, T., Steinbrecher, A., Wrenger, S., Neubert, K., Ansorge, S., 7 

Brocke, S., The role of dipeptidyl peptidase IV (DP IV) enzymatic activity in T cell 8 

activation and autoimmunity. Biol. Chem. 2002. 383: 1133-1138. 9 

15. Tansi, F.L., Blanchard, V., Berger, M., Tauber, R., Reutter, W., Fan, H., Interaction 10 

of human dipeptidyl peptidase IV and human immunodeficiency virus type-1 11 

transcription transactivator in Sf9 cells. Virol J. 2010. 7: 267-278. 12 

16. Oettgen, H. C., Geha, R. S., IgE regulation and roles in asthma pathogenesis. J. Allergy 13 

Clin. Immunol. 2001. 107: 429-440. 14 

17. Gleich, G. J., Mechanisms of eosinophil-associated inflammation. J. Allergy Clin. 15 

Immunol. 2000. 105: 651-663. 16 

18. Foster, P. S., Mould, A. W., Yang, M., Mackenzie, J., Mattes, J., Hogan, S. P., 17 

Mahalingam, S. et al. Elemental signals regulating eosinophil accumulation in the lung. 18 

Immunol. Rev. 2001. 179: 173-181. 19 

19. Seitzer, U., Scheel-Toellner, D., Mattern, T., Haas, H., Flad, H. D., Gerdes, J., 20 

Staining pattern of seven monoclonal anti-CD26 antibodies in leprosy: implications for 21 

the use of CD26 as a surrogate marker of a human Th1-like reaction. Virchows Arch. 22 

1998. 432: 343-347. 23 

20. Kubota, T., Flentke, G. R., Bachovchin, W. W., Stollar, B. D., Involvement of 24 

dipeptidyl peptidase IV in an in vivo immune response. Clin. Exp. Immunol. 1992. 89: 25 

192-197. 26 



17 

21. Schon, E., Jahn, S., Kiessig, S. T., Demuth, H. U., Neubert, K., Barth, A., Von Baehr, 1 

R., Ansorge, S., The role of dipeptidyl peptidase IV in human T lymphocyte activation. 2 

Inhibitors and antibodies against dipeptidyl peptidase IV suppress lymphocyte 3 

proliferation and immunoglobulin synthesis in vitro. Eur. J. Immunol. 1987. 17: 1821-4 

1826. 5 

22. Gruber, M., Scholz, W., Flad, H. D., Influence of human T lymphocytes identified by 6 

antibodies to dipeptidyl peptidase IV on differentiation of human B lymphocytes 7 

stimulated with Staphylococcus aureus Cowan I and pokeweed mitogen. Cell Immunol. 8 

1988. 113: 423-434. 9 

23. Reinhold, D., Bank, U., Buhling, F., Neubert, K., Mattern, T., Ulmer, A. J., Flad, H. 10 

D., Ansorge, S., Dipeptidyl peptidase IV (CD26) on human lymphocytes. Synthetic 11 

inhibitors of and antibodies against dipeptidyl peptidase IV suppress the proliferation of 12 

pokeweed mitogen-stimulated peripheral blood mononuclear cells, and IL-2 and IL-6 13 

production. Immunobiology 1993. 188: 403-414. 14 

24. Yan, S., Marguet, D., Dobers, J., Reutter, W., Fan, H., Deficiency of CD26 results in a 15 

change of cytokine and immunoglobulin secretion after stimulation by pokeweed mitogen. 16 

Eur. J. Immunol. 2003. 33: 1519-1527. 17 

25. Struyf, S., De Meester, I., Scharpe, S., Lenaerts, J. P., Menten, P., Wang, J. M., 18 

Proost, P., Van Damme, J., Natural truncation of RANTES abolishes signaling through 19 

the CC chemokine receptors CCR1 and CCR3, impairs its chemotactic potency and 20 

generates a CC chemokine inhibitor. Eur. J. Immunol. 1998. 28: 1262-1271. 21 

26. Struyf, S., Proost, P., Schols, D., De Clercq, E., Opdenakker, G., Lenaerts, J. P., 22 

Detheux, M. et al., CD26/dipeptidyl-peptidase IV down-regulates the eosinophil 23 

chemotactic potency, but not the anti-HIV activity of human eotaxin by affecting its 24 

interaction with CC chemokine receptor 3. J. Immunol. 1999. 162: 4903-4909. 25 



18 

27. Shakoory, B., Fitzgerald, S. M., Lee, S. A., Chi, D. S., Krishnaswamy, G., The role of 1 

human mast cell-derived cytokines in eosinophil biology. J. Interferon Cytokine Res. 2 

2004. 24: 271-281. 3 

28. Renauld, J. C., New insights into the role of cytokines in asthma. J. Clin. Pathol. 2001. 4 

54: 577-589. 5 

29. Blease, K., Lukacs, N. W., Hogaboam, C. M., Kunkel, S. L., Chemokines and their 6 

role in airway hyper-reactivity. Respir. Res. 2000. 1: 54-61. 7 

30. van Neerven, R. J., Wikborg, T., Lund, G., Jacobsen, B., Brinch-Nielsen, A., 8 

Arnved, J., Ipsen, H., Blocking antibodies induced by specific allergy vaccination 9 

prevent the activation of CD4+ T cells by inhibiting serum-IgE-facilitated allergen 10 

presentation. J. Immunol. 1999. 163: 2944-2952. 11 

31. Lange. H., Kiesch, B., Linden, I., Otto, M., Thierse, H. J., Shaw, L., Maehnss, K. et 12 

al., Reversal of the adult IgE high responder phenotype in mice by maternally transferred 13 

allergen-specific monoclonal IgG antibodies during a sensitive period in early ontogeny. 14 

Eur. J. Immunol. 2002. 32: 3133-3141. 15 

32. James, L.K., Shamji, M.H., Walker, S.M., Wilson, D.R., Wachholz, P.A., Francis, 16 

J.N., Jacobson, M.R. et al. Long-term tolerance after allergen immunotherapy is 17 

accompanied by selective persistence of blocking antibodies. J Allergy Clin Immunol. 18 

2011 Feb;127:509-516 19 

33. Sehra, S., Pynaert, G., Tournoy, K., Haegeman, A., Matthys, P., Tagawa, Y., 20 

Pauwels, R., Grooten, J., Airway IgG counteracts specific and bystander allergen-21 

triggered pulmonary inflammation by a mechanism dependent on Fc gamma R and IFN-22 

gamma. J. Immunol. 2003. 171: 2080-2089. 23 

34. Landis, B.N., Grouzmann, E., Monod, M., Busso, N., Petak, F., Spiliopoulos, A., 24 

Robert, J.H. et al. Implication of dipeptidylpeptidase IV activity in human bronchial 25 



19 

inflammation and in bronchoconstriction evaluated in anesthetized rabbits. Respiration. 1 

2008;75: 89-97. 2 

35. Van Damme, J., Struyf, S., Wuyts, A., Van Coillie, E., Menten, P., Schols, D., 3 

Sozzani, S. et al., The role of CD26/DPP IV in chemokine processing. Chem. Immunol. 4 

1999. 72: 42-56. 5 

36. James, M. J., Belaramani, L., Prodromidou, K., Datta, A., Nourshargh, S., 6 

Lombardi, G., Dyson, J. et al., Anergic T cells exert antigen-independent inhibition of 7 

cell-cell interactions via chemokine metabolism. Blood 2003. 102: 2173-2179. 8 

37. Matsuno, M., Miyazaki, E., Nureki, S., Ueno, T., Ando, M., Kumamoto, T. Soluble 9 

CD26 is inversely Associated with Disease Severity in Patients with Chronic 10 

Eosinophilic Pneumonia. Biomark Insights. 2007. 1: 201-4. 11 

38. Forssmann, U., Stoetzer, C., Stephan, M., Kruschinski, C., Skripuletz, T., Schade, J., 12 

Schmiedl, A. et al. Inhibition of CD26/dipeptidyl peptidase IV enhances CCL11/eotaxin-13 

mediated recruitment of eosinophils in vivo. J Immunol. 2008. 181:1120-7. 14 

39. Baraniuk JN, Jamieson MJ. Rhinorrhea, cough and fatigue in patients taking sitagliptin. 15 

Allergy Asthma Clin Immunol. 2010. 6: 8. 16 

 17 
 18 

Figure legends 19 

Figure 1. A schematic diagram of immunization procedure. On day 0 and 5, mice were 20 

sensitised by intraperitoneal injection ovalbumin and aluminum hydroxide gel as adjuvant. On 21 

day 12, mice were challenged by exposure to an aerosol OVA. Blood samples were taken on 22 

day 0, 5, 12 and 13. Lung tissue and BALF were obtained 0, 6, 12, 24, 36 h after challenge. 23 

  24 

 25 
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Figure 2. OVA-induced airway inflammation in CD26+/+ and CD26-/- mice. Lung tissues 1 

and BAL fluid were obtained 36 h after OVA challenge. Lung sections were stained with 2 

hematoxylin and eosin. Smears of BAL cells were stained with Giemsa and May-Grünwald 3 

solution. (A and B) Lung sections of (A) sham-immunized CD26+/+ mouse and (B) CD26-/- 4 

mouse are shown at 100 × magnification. (C and D) Lung sections of OVA-sensitised and -5 

challenged (C) CD26+/+ mouse and (D) CD26-/- mouse are shown at 100 × magnification. (E) 6 

Lung section of OVA-sensitised and -challenged CD26-/- mouse is shown at 1000 × 7 

magnification. Arrows indicate eosinophils. Images are representative of photomicrographs 8 

performed in triplicate of three experiments. (F) Total leukocytes and eosinophils in BAL 9 

fluid. Cell differentials were enumerated on the basis of morphology and staining profile. The 10 

values represent the mean + SD of eight mice for each group. Statistical significance was 11 

determined by unpaired, two-tailed Student’s t-test. Results shown are representative of three 12 

independent experiments.  13 

Figure 3. Serum immunoglobulin concentrations in OVA-immunized mice. Blood was 14 

taken at the indicated times after OVA immunization. Serum concentrations of (A) IgM, (B) 15 

IgG, (C) IgG1, (D) IgG2A and (E) IgE were measured by ELISA. The values represent the 16 

mean ± SD of fourteen mice at each time point. Statistical significance determined by 17 

unpaired, two-tailed Student’s t-test.  The data are representative of three independent 18 

experiments. 19 

Figure 4. Cytokine expression profiles in the lungs of OVA-sensitised and -challenged 20 

mice. (A) Cytokine mRNA expression determined by RT-PCR in the lung tissues 6 and 24 h 21 

after challenge. Only mRNA of IL-12p40 was detected in unchallenged samples. After 22 

challenge, mRNA of Th2 cytokines IL-4, IL-5 and IL-13 was increased and detected. P: 23 

positive control provided in the detection kit; +/+: CD26+/+ mice; -/-: CD26-/- mice. (B) The 24 

mRNA expression levels of the indicated cytokines were independently quantified by real 25 
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time PCR in lung tissues 6 h after challenge. The values represent the mean 1 

duplicates/triplicates + SEM of 4 to 5 mice in each group. (C) IL-4, IL-5 and IL-13 2 

concentrations were measured by ELISA in BAL fluid 24 h after challenge. The values 3 

represent the mean + SD of eight mice for each group. * p < 0.05, ** p < 0.01 as determined 4 

by unpaired, two-tailed Student’s t-test. Results shown are representative of three independent 5 

experiments.  6 

Figure 5. Expression of eotaxin, RANTES, CCR3 and CCR5 in the lungs of OVA-7 

sensitised and -challenged mice. (A) Immunohistochemical staining of eotaxin, RANTES, 8 

CCR3 and CCR5 in the lungs of PBS- or OVA-sensitised and -challenged mice (a, c, e, g, 9 

CD26+/+ mice and b, d, f, h, CD26-/- mice). Lung tissues were obtained 24 h after challenge 10 

and immunohistochemical staining was performed in frozen sections from PBS- (a, b, c and d, 11 

n = 5 per group) or OVA- (e, f, g an h, n = 8 per group) treated mice with monoclonal 12 

antibodies against mouse eotaxin, RANTES, CCR3 and CCR5, and then counterstained with 13 

hematoxylin. The cell nuclei are blue and immunopositive positions are in dark brown as 14 

indicated by arrows. As a control, the secondary goat anti-rat mAb was used without primary 15 

antibodies but showed no non-specific reactions (data not shown). Images a, b, e and f were 16 

taken at original magnification 100× and images c, d, g, h were taken at original 17 

magnification 400×. (B) Quantitative real-time PCR analysis of RANTES, eotaxin, CCR3 and 18 

CCR5 expression levels in CD26+/+ and CD26–/– mice 6 h after OVA airway challenge. The 19 

lower ΔCt values of the CD26–/– mice indicate a higher mRNA expression of the analyzed 20 

proteins. Data are shown as mean + SEM of n=4/5 mice. * p < 0.05, ** p < 0.01 as 21 

determined by unpaired two-tailed Student’s t-test. Results shown are representative of three 22 

independent experiments. 23 
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