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Abstract

Chronic myeloid leukemia (CML) is a stem cell (SC) neoplasm characterized by the BCR/ABL1 
oncogene. Although the disease can be kept under control using BCR/ABL1 tyrosine kinase 

inhibitors (TKIs) in most cases, some patients relapse or have resistant disease, so there is a need 

to identify new therapeutic targets in this malignancy. Recent data suggest that leukemic SCs 

(LSCs) in CML display the stem-cell (SC)-mobilizing cell surface enzyme dipeptidyl-peptidase IV 

(DPPIV = CD26) in an aberrant manner. In the present study, we analyzed the effects of the 

DPPIV blocker vildagliptin as single agent or in combination with the BCR/ABL1 TKI imatinib 

or nilotinib on growth and survival of CML LSCs in vitro and on LSC engraftment in an in vivo 

xenotransplantation nonobese diabetic SCID-IL-2Rγ−/− (NSG) mouse model. We found that 

nilotinib induces apoptosis in CML LSCs and inhibits their engraftment in NSG mice. In contrast, 

no substantial effects were seen with imatinib or vildagliptin. Nevertheless, vildagliptin was found 

to reduce the “mobilization” of CML LSCs from a stroma cell layer consisting of mouse 

fibroblasts in an in vitro co-culture model, suggesting reduced disease expansion. However, 

although vildagliptin and nilotinib produced cooperative effects in individual experiments, overall, 

no significant effects of coadministered vildagliptin over nilotinib or imatinib treatment alone were 

seen on the engraftment of CML cells in NSG mice. Gliptins may be interesting drugs in the 
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context of CML and nilotinib therapy, but our preclinical studies did not reveal a major 

cooperative effect of the drug-combination vildagliptin + nilotinib on engraftment of CML cells in 

NSG mice.

Chronic myeloid leukemia (CML) is a myeloproliferative disorder characterized by a 

reciprocal chromosome translocation, t(9;22), which creates the Philadelphia (Ph) 

chromosome [1–4]. The resulting BCR/ABL1 fusion gene causes constitutive activation of 

the BCR/ABL1 kinase and of several downstream signaling pathways [2–6]. As a result, 

affected cells exhibit enhanced survival and the resulting accumulation of myeloid 

progenitor cells leads to the clinical picture of CML [2–7]. The development of BCR/ABL1-

specific tyrosine kinase inhibitors (TKIs), including imatinib and the second- and third-

generation TKIs (nilotinib, dasatinib, bosutinib, and ponatinib) has improved the prognosis 

and outcome of patients with Ph+ CML substantially [8–13]. However, in a significant 

proportion of patients, drug resistance develops, which is mainly due to the evolution of 

subclones exhibiting (secondary) BCR/ABL1 mutations [11–14]. In addition, leukemic SCs 

(LSCs) in patients with CML exhibit multiple forms of intrinsic resistance against imatinib 

and other drugs [15–21].

Several efforts have been made to identify and characterize LSCs with self-renewal capacity 

in CML [22–29]. Based on in vitro studies and data obtained in various xenotransplantation 

models, LSCs in chronic phase (CP) CML are considered to reside within a CD34+/

CD38═/Lin═ compartment of the malignant clone [22,23,25–29]. Current research is 

focusing on LSC-specific drug targets in LSCs with the aim of eradicating these cells to 

develop curative therapeutic approaches [20,24–28,30–32]. However, as mentioned above, 

LSCs exhibit multiple mechanisms of drug resistance. One of these mechanisms relates to 

the altered interactions between CML LSCs and the surrounding bone marrow (BM) 

microenvironment, the so-called SC niche. However, only little is known about the 

molecular mechanisms contributing to specific interactions between LSCs and the SC niche 

[27,33–39].

During the past few years, we and others have characterized the phenotype of CML LSCs. 

Aberrantly expressed cell surface antigens detectable on CML LSCs but not on normal 

hematopoietic SCs (HSCs) include IL-1RAP, CD25, CD26, CD56, and CD93 [25–

28,40,41]. With regard to LSC–niche interactions, CD26, also known as dipeptidyl-

peptidase IV (DPPIV), is of special interest because this enzyme degrades the CXC ligand 

12 (CXCL12), also known as stromal cell-derived factor 1 (SDF-1) and thus may be 

involved in the mobilization of CML LSCs in the BM niche [27]. Specifically, SDF-1 is 

thought to attract and fix normal HSCs into the BM niche and this interaction is disrupted by 

the SDF-1-degrading activity of DPPIV (CD26) [42–44]. Indeed, although CML LSCs 

express cell surface CXCR4, their response to SDF-1 is poor compared with HSCs 

[27,33,34].

Gliptins are DPPIV-targeting drugs used to treat patients with (otherwise drug-resistant) 

diabetes mellitus [45–49]. Interestingly, concomitant gliptin therapy in otherwise drug-

resistant CML patients was found to improve the molecular response to nilotinib [27]. 

However, these observations were made in a few individual patients and no controlled 
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clinical trial has examined the effects of combinations involving TKIs and gliptins in TKI-

resistant CML. In the current study, we examined the drug combinations vildagliptin + 

imatinib and vildagliptin + nilotinib in vitro in various bioassays and cell lines and in vivo in 

a xenotransplantation model using nonobese diabetic SCID-IL-2Rγ−/− (NSG) mice and 

primary CML SCs.

Methods

Monoclonal antibodies and other reagents

A characterization of monoclonal antibodies (mAbs) used in flow cytometry experiments is 

provided in Supplementary Table E1 (online only, available at www.exphem.org). A mAb 

against human CD45 for immunohistochemical studies was purchased from Dako (Glostrup, 

Denmark). Imatinib, nilotinib, and vildagliptin were kindly provided by Dr. E. Buchdunger 

and Dr. P.W. Manley (Novartis, Basel, Switzerland). For in vitro studies, vildagliptin was 

purchased from Toronto Research Chemicals (North York, Ontario, Canada) and sitagliptin 

from Selleck Chemicals (Houston, TX, USA). Stock solutions of drugs were prepared by 

dissolving in dimethyl sulfoxide (Merck, Darmstadt, Germany). RPMI 1640 medium and 

fetal calf serum (FCS) were purchased from PAA Laboratories (Pasching, Austria), 

penicillin/streptomycin from Lonza (Basel, Switzerland), 3H-thymidine from Amersham 

(Buckinghamshire, UK), DAPI from Sigma Aldrich (St. Louis, MO, USA), and TO-PRO3 

from Invitrogen (Carlsbad, CA, USA).

Primary patient-derived cells and cell lines

Primary CML cells were obtained from eight patients with CML (five females, three males). 

The median age was 47.3 years (range: 26–59). The patients’ characteristics are shown in 

Supplementary Table E2 (online only, available at www.exphem.org). Peripheral blood (PB) 

and/or BM cells were collected at diagnosis. All donors gave written informed consent. All 

studies were approved by the local ethics committee of the Medical University of Vienna. 

The following cell lines were used: the basophil-committed BCR/ABL1+ cell line KU812 

was provided by Dr. K. Kishi (Niigata University, Niigata, Japan). The CML cell line CML-

T1 was purchased from the German Collection of Microorganism and Cell Culture (DSMZ, 

Braunschweig, Germany). Both cell lines were maintained in RPMI 1640 medium 

antibiotics and 10% FCS. KU812 cells were lentivirally transduced with vectors encoding 

human CD26 (KU812 CD26+) or green fluorescence protein (GFP) as control (KU812 

GFP), as described in the Supplementary Methods (online only, available at 

www.exphem.org).

Isolation, phenotyping, and purification of CML cells

Mononuclear cells (MNCs) were isolated from PB or BM samples (n = 8 CML donors) 

using Ficoll and were either used as fresh cells or stored in liquid nitrogen until used. 

Phenotyping of CD34+/CD45+/CD38═ SCs and CD34+/CD45+/CD38+ progenitor cells was 

performed by multicolor flow cytometry, as described previously [24,27]. Technical details 

are described in the Supplementary Methods (online only, available at www.exphem.org). In 

three patients with CP CML (patients #1, #2, and #3 in Supplementary Table E2, online 

only, available at www.exphem.org), CD34+ cells were purified from MNCs by magnetic 
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cell sorting according to the manufacturer’s protocol and were used in xenotransplantation 

experiments.

Xenotransplantation assay

Purified CD34+ CML cells were injected intravenously (i.v.) into the lateral tail vein of adult 

NSG mice (n = 5 mice per group; 0.5–3.0 × 106 cells per mouse). Mice were then treated 

with solvent control, vildagliptin (3 μmol/mouse/day), imatinib (10 mg/kg/day), nilotinib (10 

mg/kg/day), or combinations consisting of a TKI and vildagliptin. After 26 weeks, mice 

were sacrificed and their BM cells were analyzed for the engraftment of human CD33+ cells 

and human CD19+ cells by flow cytometry. In a separate set of (pilot) experiments, mice 

received only vildagliptin without a TKI. Engraftment of NSG mice with CML cells was 

confirmed by measuring BCR/ABL1 mRNA levels by quantitative polymerase chain 

reaction (qPCR). NSG mouse experiments are described in detail in the Supplementary 

Methods (online only, available at www.exphem.org). Animal studies, including the 

examination of LSCs and their growth in a xenotransplantation mouse model, were approved 

by the Austrian Federal Ministry for Science and Research and by the local ethics committee 

of the Medical University of Vienna and the University of Veterinary Medicine Vienna and 

were granted by the National Authority under license number BMWFW-68.205/0050-

WF/V/3b/2015.

In vitro co-culture experiments: SC mobilization assay

For analyzing the effects of vildagliptin on attachment and mobilization of CML LSCs a co-

culture assay with M2-10B4 mouse fibroblasts was used. In these experiments, 2.5 × 105 

M2-10B4 cells were seeded in a 24-well plate and incubated overnight to reach confluency. 

CML MNCs (1.5 × 106 cells/well) were plated on the feeder layer in control medium or in 

two concentrations of vildagliptin (5 or 10 μmol/L) at 37°C for 16 hours. Nonadherent cells 

were harvested and the absolute numbers of CD34+/CD38− cells were analyzed by flow 

cytometry using CountBright™ absolute counting beads (Invitrogen, Carlsbad, CA) 

essentially as described previously [50]. In a separate set of experiments, CML cells were 

incubated with various concentrations of vildagliptin (1, 5 or 10 μmol/L) at 37°C for 16 

hours. Thereafter, expression of CXCR4 on CD34+/CD45+/CD38− SCs was measured by 

multicolor flow cytometry.

Statistical analysis

The Student t test was used to define the significance level in differences obtained with drug-

exposed or control cells in various bioassays and differences in engraftment levels in mice 

treated with solvent control, TKI alone, or TKI in combination with vildagliptin. Results 

were considered significantly different at p < 0.05.

Results

CML LSCs express DPPIV (CD26)

As assessed by flow cytometry, CD34+/CD38− LSCs expressed CD26 in all CML patients 

tested (Fig. 1A). These data confirm previously published results [27,51]. CML-T1 cells and 

CD26-transfected KU812 cells (KU812 CD26+) were also found to express CD26 on their 
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cell surface (Fig. 1B). In contrast, surface expression of CD26 was not detectable in 

untransfected KU812 cells (not shown) or in GFP-transfected KU812 cells (KU812 GFP+ 

cells) (Fig. 1B). We were also able to show that highly enriched CD34+/CD38═ CML LSCs, 

CML-T cells, and KU812 CD26+ cells display enzymatic DPPIV (CD26) activity (Fig. 2A).

In vitro effects of vildagliptin on DPPIV activity and growth of CD26+ CML cell lines

We have shown previously that the CD26 activity of highly purified CML LSCs can be 

abrogated by addition of gliptins [27]. In the present study, the DPPIV-targeting drugs 

sitagliptin and vildagliptin were found to block the enzyme activity of DPPIV in KU812 

CD26+ cells (not shown) and in CML-T1 cells (Fig. 2A). We next examined the effects of 

vildagliptin on growth and survival of CD26+ or CD26═ CML cell lines. In 3H-thymidine 

uptake experiments, vildagliptin did not inhibit the proliferation of KU812 CD26+ cells, 

KU812 GFP+ cells, or CML-T1 cells (Fig. 2B). Furthermore, incubation with vildagliptin 

did not affect the viability of CML cells as determined by light microscopy (not shown) or 

caspase-3 staining and flow cytometry (Fig. 2C).

In vitro effects of vildagliptin in combination with BCR/ABL1-targeting TKI on proliferation 
of CD26+ CML cell lines

In a next step, we investigated whether vildagliptin could augment the antiproliferative 

effects of imatinib and nilotinib. Both BCR/ABL1-targeting TKIs were found to inhibit the 

proliferation of KU812 CD26+, KU812 GFP+ cells, and CML-T1 cells in a dose-dependent 

manner (Fig. 2D). However, vildagliptin was not able to augment these TKI effects on 

growth in the CML lines tested (Fig. 2D).

In vitro effects of vildagliptin alone or in combination with BCR/ABL1-targeting TKI on 
growth and survival of primary Ph+ CML cells

As shown in Fig. 3A, vildagliptin did not affect the proliferation of primary CML cells. We 

next investigated whether vildagliptin cooperates with the BCR/ABL1-targeting TKI 

nilotinib in inducing apoptosis in CML LSCs. In these experiments, incubation with 

nilotinib alone was found to augment spontaneous apoptosis in primary CD34+/CD38− CML 

LSCs (Fig. 3B). However, the drug combination applied (nilotinib + vildagliptin) did not 

increase the number of apoptotic cells substantially compared with nilotinib alone in these 

experiments (Fig. 3B).

Effects of vildagliptin on mobilization of CML LSCs in a co-culture model

In an attempt to mimic niche conditions, we investigated the CXCL12/CXCR4 axis using a 

feeder layer of mouse fibroblasts (M2-10B4 cells), which are known to display CXCL12 and 

to support long-term culture of human hematopoietic SCs [27,52]. Because CD26 degrades 

SDF-1 and supposedly triggers the mobilization of CML LSCs, we analyzed the effects of 

vildagliptin on “mobilization” of CML LSCs in this co-culture model. As shown in Fig. 2A, 

vildagliptin was able to block DPPIV activity in CD26+ CML cells, thereby protecting 

SDF-1 from inactivation. Consistent with this observation, vildagliptin was found to reduce 

the mobilization of CML LSCs from the fibroblast layer (Fig. 4). In particular, after 

exposure to vildagliptin, the numbers of measurable (mobilized) CD34+/CD38− SCs in the 
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supernatants decreased substantially in these co-cultures (Fig. 4). These results confirm our 

previous studies demonstrating that gliptins reduce the numbers of mobilized BCR/ABL1+ 

colony-forming cells in long-term culture-initiating cell cultures [27]. We were also able to 

confirm that CML LSCs express CXCR4 (CD184) in all donors examined (Supplementary 

Figure E1, online only, available at www.exphem.org). To define additional gliptin effects 

contributing to (modulating) LSC homing, we examined CXCR4 expression on CML LSCs 

after incubation with vildagliptin. However, vildagliptin did not regulate expression of 

CXCR4 on CD34+/CD38− CML LSCs (Fig. 4B).

Effects of vildagliptin alone or in combination with BCR/ABL1-targeting TKI on 
engraftment of CD34+ CML cells in NSG mice

In pilot experiments, irradiated NSG mice were injected with CD34+ CP CML cells and 

were then treated with vidagliptin (without TKI). However, although engraftment of CD33+ 

CML cells was confirmed by qPCR (Supplementary Figures E2A, online only, available at 

www.exphem.org), no effect of vildagliptin on engraftment was seen (Supplementary 

Figures E2A and E2B, online only, available at www.exphem.org). In a second step, 

irradiated NSG mice were injected with CD34+ CP CML cells (three patients) and were then 

treated with imatinib or nilotinib alone or in combination with vildagliptin. One mouse 

group received solvent control. Treatment with imatinib showed little or no effect on 

engraftment of CML cells. Nilotinib was found to inhibit engraftment of CML cells 

compared with vehicle control, but in two of three experiments, these effects were not 

significant (Fig. 5). We also found that treatment with vildagliptin in combination with 

imatinib was unable to counteract the engraftment of CML cells (Fig. 5). In one experiment, 

vildagliptin was found to promote the inhibitory effect of nilotinib on the engraftment of 

CML cells (Fig. 5A). However, overall, (when calculating engraftment levels in all three 

experiments) no significant effect of the drug combination vildagliptin + nilotinib was seen 

(Fig. 5B). In all experiments and all mice examined (n = 81), pure granulocytic engraftment 

with CD33+ cells was detected, whereas no substantial engraftment with CD19+ cells was 

found (Supplementary Figure E3, online only, available at www.exphem.org). 

Immunohistochemistry of BM sections of NSG mice was performed in one experiment 

(patient #2). However, no substantial effects of nilotinib or the combination vildagliptin + 

nilotinib on engraftment of CML cells (percentage of CD45+ cells) in NSG mice were 

detected (Fig. 5B).

Discussion

The concept of LSCs has been developed with the idea of explaining functional hierarchies 

and subclone evolution in various leukemias and to establish SC-directed (curative) 

treatment approaches [16–21,25–29]. In patients with CP CML, LSCs reside in a CD34+/

CD38═ compartment of the malignant clone [15–18,24–28]. It has also been reported that 

CML LSCs are “mobilized cells” and display an aberrant phenotype, including the SDF-1-

degrading surface enzyme DPPIV (CD26) [27,28,51]. In addition, coadministration of 

CD26-targeting drugs (gliptins) was found to increase drug efficacy in two nilotinib-treated 

pilot patients with imatinib-resistant CML [27]. Based on these observations, we examined 

the effects of vildagliptin on CML LSCs in more detail in the current study. In our in vitro 
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experiments, vildagliptin was found to counteract the mobilization of CML LSCs from 

stromal cells in a co-culture assay. However, no growth-inhibitory effect of vildagliptin on 

CML LSCs or CML cell lines could be documented. In our in vivo experiments, we studied 

the effects of vildagliptin alone and in combination with imatinib or nilotinib on engraftment 

of CML LSCs in NSG mice. However, although a major cooperative drug effect was seen in 

one experiment (in one donor), no such effect was seen in two other experiments using 

different donor cells and, overall, gliptin treatment did not augment TKI effects on the 

engraftment of CML LSCs.

For a long time, the phenotype of CML LSCs remained unknown. Over the years, it turned 

out that, like normal HSCs, CML LSCs reside within a small fraction of CD34+/CD38− cells 

[17,22,23]. More recently, several aberrant surface markers have been identified on CD34+/

CD38− CML LSCs. One of these antigens is CD26 [27,28,51]. In the present study, we were 

able to confirm that CD34+/CD38− LSCs obtained from patients with CML display CD26 

on their surface. In addition, we found that the CML cell line CML-T1 expresses CD26. The 

CD26-transfected KU812 subclone KU812 CD26+ also expressed CD26. Finally, we 

showed that primary CML LSCs and the CD26+ cell lines tested display DPPIV enzyme 

activity and that DPPIV activity can be blocked by the DPPIV-targeting drugs sitagliptin and 

vildagliptin. These data confirm that CML LSCs express functional DPPIV [27].

So far, little is known about the pathogenetic and functional role of DPPIV expressed in 

CML LSCs. In the current study, we investigated whether the DPPIV-targeting drug 

vildagliptin would influence growth or survival of CD26+ CML cells. However, vildagliptin 

was not able to inhibit proliferation or survival of CD26+ and CD26− KU812 cells or CD26+ 

CML-T1 cells, which confirms our previous data obtained with primary CML LSCs [27]. 

Next, we investigated whether vildagliptin could suppress the mobilization of CML LSCs 

from SDF-1+ stromal cells. This hypothesis was based on the observations that SDF-1 is a 

mediator of SC migration and homing in the BM niche and that, in normal SCs, cytokine-

induced DPPIV (CD26) degrades SDF-1 into inactive fragments [27,42–44]. To mimic niche 

conditions, we used a co-culture assay with SDF-1+ M2-10B4 fibroblasts known to support 

long-term growth of hematopoietic progenitors [52]. In these experiments, M2-10B4 cells 

were co-cultured with CML LSCs and vildagliptin was found to decrease the numbers of 

CML LSCs measurable in the culture supernatants. This effect is best explained by the 

ability of vildagliptin to suppress the mobilization of LSCs into the culture supernatants by 

degrading DPPIV. An alternative explanation would be that vildagliptin exerts direct effects 

on LSC migration or homing. To test this hypothesis, we examined the expression of 

CXCR4 on CML LSCs after incubation with control medium or vildagliptin. However, 

vildagliptin did not regulate the expression of CXCR4 in CML LSCs. A direct effect of 

vildagliptin on growth or survival of CML LSCs was also excluded. In particular, no direct 

gliptin effects on growth or survival of LSCs were seen in our in vitro results.

A number of previous and more recent studies suggest that CML LSCs are only weakly 

reactive against or are resistant against TKIs [15–21,53]. We investigated whether 

vildagliptin could augment the antiproliferative effect of nilotinib on CML cells. In the 

CD26+ and CD26− cell lines examined, both BCR/ABL1-targeting TKIs (imatinib and 

nilotinib) were found to suppress proliferation in a dose-dependent manner. However, only 
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the second-generation TKI nilotinib induced some apoptosis in primary CD34+/CD38− 

CML LSCs. These results are consistent with recent publications and data suggesting that 

CML LSCs exhibit multiple mechanisms of resistance against BCR/ABL1 TKI and other 

drugs [15–21]. In the current study, we explored whether vildagliptin exerts cooperative or 

even synergistic effects on growth and survival of CD26+ CML cells when combined with 

imatinib or nilotinib. However, vildagliptin was not able to augment the effects of TKIs on 

the growth of the CML cell lines tested. In addition, the drug combination vildagliptin + 

nilotinib did not augment apoptosis substantially in primary CD34+/CD38− CML LSCs 

compared with nilotinib alone.

Recent data suggest that DPPIV-targeting gliptins can augment nilotinib effects on CML 

cells in vivo in individual pilot patients [27]. However, no clinical trials using gliptins and 

TKIs in combination have been conducted so far. In the present study, we examined the 

effects of vildagliptin in combination with imatinib or nilotinib on the engraftment of 

primary CML LSCs in NSG mice. In these experiments, only nilotinib, not imatinib, showed 

a slight inhibitory effect on LSC engraftment. In one of these experiments, vildagliptin 

augmented the effect of nilotinib on LSC engraftment. However, this result was not 

reproducible and, overall, no statistically significant effect of coadministered vildagliptin on 

LSC engraftment could be documented. One explanation for the failure of vildagliptin to 

suppress LSC expansion in our experiments could be that the gliptin doses applied were too 

low to induce a major effect. Another possibility could be that responses are not seen in all 

individuals (all mouse experiments) and that additional cofactors define the responsiveness 

of LSC to gliptins. Finally, apart from CD26, many other (additional) factors and 

mechanisms may contribute to the abnormal behavior and distribution of LSCs in CML and 

all of these factors, including CD26, may act together to trigger disease evolution and 

disease expansion.

Another important point to consider is that LSC–niche interactions in NSG mice may differ 

from LSC–niche interactions in human BM. Whether gliptins and TKIs would exert stronger 

effects on CML LSCs engrafting in mice exhibiting a humanized BM niche or niche-

relevant human cytokines [54] remains unknown.

In conclusion, our data suggest that gliptins are unable to promote the anti-CML effects of 

nilotinib in mice. Whether gliptins can promote the antileukemic effects of nilotinib in 

patients with CML remains unknown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of DPPIV (CD26) on the surface of CML cells.
(A) CD34+/CD38− LSCs from three patients with CML (patients #1, #2, and #3 in 

Supplementary Table E2, online only, available at www.exphem.org) were examined for 

expression of CD26 (red histograms) by multicolor flow cytometry. The staining reaction 

obtained with an isotype-matched control antibody is also shown (open black histograms). 

(B) Expression of CD26 on KU812 cells transduced with a control construct (KU812 GFP+) 

or human CD26 (KU812 CD26+) and on the CD26+ CML-T1 cell line. Expression of CD26 

was assessed by flow cytometry, as described in the text. Blue histograms represent 

expression of CD26 and the black open histograms indicate staining reactions obtained with 

an isotype-matched control antibody.
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Figure 2. Effects of gliptins on DPPIV activity and growth/survival in CML cells.
(A) DPPIV activity was measured in lysates of KU812 GFP+ cells, KU812 CD26+ cells, 

highly purified CD34+/CD38−/CD26+ CML SCs, and CD34+/CD38−/CD26− (normal) BM 

SCs (left subpanel). DPPIV activity was expressed as relative luminescence units (RLUs) 

per 25 × 103 cells. Results represent the mean ± SD of triplicates. In the middle and right 

subpanels of (A), the effects of sitagliptin and vildagliptin on DPPIV enzyme activity in 

CML-T1 cells were tested. Cell lysates of CML-T1 were preincubated with various 

concentrations of sitagliptin or vildagliptin (1–1,000 nmol/L) at 37°C for 30 minutes and 
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then DPPIV/CD26 activity was measured. Results (in RLUs) represent the mean ± SD of 

three experiments. (B) KU812 GFP+ cells (negative control; left panel), KU812 CD26+ cells 

(middle panel), and CML-T1 cells (right panel) were incubated in control medium (Co) or in 

various concentrations of vildagliptin (10–10,000 nmol/L) at 37°C for 48 hours and then 3H-

thymidine uptake was measured. Results are expressed as a percentage of control and 

represent the mean ± SD from three experiments. (C) KU812 GFP+ cells (left panel), 

KU812 CD26+ cells (middle panel), and CML-T1 cells (right panel) were incubated in 

control medium (Co) or in various concentrations of vildagliptin (10–10,000 nmol/L) at 

37°C for 48 hours. After incubation, apoptosis was determined by flow cytometry using an 

antibody against active caspase-3. Results are expressed as the percentage of active 

caspase-3-positive cells and represent the mean ± SD from three independent experiments. 

The dimethyl sulfoxide (DMSO) control is also shown. (D) KU812 GFP+ (left panels), 

KU812 CD26+ (middle panels), and CML-T1 cells (right panels) were incubated in control 

medium (0) or in various concentrations of nilotinib (2–12 nmol/L, upper panels) or imatinib 

(50–225 nmol/L, lower panels) alone or in combination with vildagliptin (10 μmol/L) at 

37°C for 48 hours and then 3H-thymidine uptake was measured. Results are expressed as a 

percentage of control and represent the mean ± SD from three independent experiments (*p 
< 0.05).
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Figure 3. In vitro effects of vildagliptin alone or in combination with imatinib or nilotinib on 
growth and survival of primary CML SCs (LSCs).
(A) Primary CML MNCs were incubated in control medium (Co) or in various 

concentrations of vildagliptin (10–10,000 nmol/L) at 37°C for 48 hours and then 3H-

thymidine uptake was measured. Results are expressed as a percentage of control and 

represent the mean ± SD from triplicates. The dimethyl sulfoxide (DMSO) control is also 

shown. Patient numbers (#) refer to Supplementary Table E2 (online only, available at 

www.exphem.org). (B) CML MNCs were incubated in control medium (0) or in nilotinib 

(100–1,000 nmol/L) or vildagliptin (10 μmol/L) alone or in a combination at 37°C for 48 

hours. After incubation, cells were stained with antibodies against CD34, CD45, CD38, and 

Annexin V to determine apoptosis in CML LSCs. DAPI was used as a viability marker to 

exclude nonviable cells. White bars represent medium control (0) or dimethyl sulfoxide 

(DMSO) control; the lined bar in grey represents cells incubated with vildagliptin alone; 

black bars represent cells incubated with nilotinib alone; and grey bars represent apoptosis 

induction after incubation with both drugs. Results are expressed as a percentage of 

Annexin-positive CD34+/CD38− cells and represent the mean ± SD from three independent 

experiments (patients #6, #7, and #8).
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Figure 4. Effects of vildagliptin on mobilization of CML LSCs and CXCR4 expression in a co-
culture model.
(A) CML MNCs were cultured on a confluent feeder layer of M2-10B4 cells (murine BM 

fibroblasts) in control medium (Co) or in two concentrations of vildagliptin (5 or 10 μmol/L) 

at 37°C for 16 hours. Thereafter, culture flasks were gently shaken and the cell-containing 

supernatants of the cocultures were harvested. The number of nonadherent CD34+/CD38− 

CML LSCs was analyzed using CountBright™ absolute counting beads and flow cytometry. 

Results are expressed as numbers of mobilized CD34+/CD38− supernatant cells (percentage 

Willmann et al. Page 16

Exp Hematol. Author manuscript; available in PMC 2020 July 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of control) and represent the mean ± SD from four independent experiments performed with 

cells from patients #3, #6, #7, and #8 (Supplementary Table E2, online only, available at 

www.exphem.org). The dimethyl sulfoxide (DMSO) control is also shown. (B) CML MNCs 

were cultured on a layer of murine M2-10B4 cells in control medium, solvent control 

(DMSO), or various concentrations of vildagliptin (1, 5, or 10 μmol/L) for 16 hours. Then, 

cells were resuspended and the CD34+/CD45+/CD38− cell fraction was analyzed for 

expression of CXCR4 by multicolor flow cytometry. Results show the percentage of 

CXCR4-positive SCs (CD34+/CD45+/CD38− cells) and are expressed as mean ± SD from 

three experiments (three CML donors).

Willmann et al. Page 17

Exp Hematol. Author manuscript; available in PMC 2020 July 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://www.exphem.org/


Figure 5. Effects of vildagliptin alone or in combination with imatinib or nilotinib on 
engraftment of CD34+ CML cells in NSG mice.
(A,B) Purified CD34+ cells obtained from the BM of three CML patients (patients #1, #2, 

and #3) were injected intravenously into irradiated NSG mice (n = 4–5 mice per group). 

Mice were treated with solvent control, vildagliptin alone, imatinib alone, or a combination 

of imatinib and vildagliptin (left panels) or solvent control, vildagliptin alone, nilotinib 

alone, or a combination of vildagliptin and nilotinib (right panels). After 26 weeks, mice 

were sacrificed and BM cells were analyzed for the presence of engrafted viable (TO-PRO3-
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negative) CD45+/CD33+ CML cells by flow cytometry. In (A), results are expressed as a 

percentage of CD45+/CD33+ human cells (of all viable BM cells) and represent the mean ± 

SD of all mice per group. In (B), results from all mice in all corresponding groups relative to 

control (all three independent experiments) are shown. (C) Formalin-fixed and paraffin-

embedded BM sections obtained from NSG mice (pelvic samples from NSG experiment 

with patient #2) receiving vildagliptin, imatinib, or vildagliptin + imatinib (left panel) or 

vildagliptin, nilotinib, or vildagliptin + nilotinib (right panel) were stained with a human 

CD45 antibody. Human CD45+ cells were counted under an inverted microscope (Olympus, 

Tokyo, Japan). Results show the percentage of human engrafted CD45+ cells (of all BM 

cells) counted by microscopy and represent the mean ± SD from all mice per group.
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