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ABSTRACT 

Role of CD26/DPPIV in the Homing and Engraftment of Long-Term CD34-

Negative Hematopoietic Stem Cells 

 

Hanaa Allehaibi 

 

CD26/DPPIV is a dipeptidyl peptidase that cleaves and destroys a variety of substrates 

such as the chemokine SDF-1α, a chemokine expressed along bone marrow endothelium, 

which is essential for the recruitment of hematopoietic stem cells (HSCs) via binding with 

its receptor CXCR4 to the bone marrow. Thus, CD26 is thought to interfere with the second 

step, chemokine/chemokine receptor interactions, of the cellular migration paradigm. To 

further study the role of CD26 in the migration of HSCs, we screened several human 

leukemic cell lines to find a model cell line that expresses active CD26 and discovered that 

the pro-monocytic cell line, U937 was optimal for this purpose. U937 cells were used to 

optimize a variety of assays including an CD26 activity assay and transwell migration assay 

with and without the use of a CD26 inhibitor, Diprotin A. Then, we isolated short-term and 

long-term HSCs from the bone marrow of C57BL/6N mice using a combination of surface 

markers and a fluorescence-activated cell sorter. The expression levels of Step 2’s homing 

molecules were measured by FACS in both fractions of HSCs. Interestingly, we detected 

differences in the expression of CD26 between these two populations that may help explain 
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the inability of long-term HSCs to migrate to the bone marrow. Thus, through the use of a 

CD26 inhibitor the long-term HSCS migration to the bone marrow could be enhanced, 

leading to a prolonged and efficient stem cell engraftment activity. Such studies are could 

help develop protocols to improve stem cell engraftment for patients suffering from 

hematological diseases such as leukemia. 
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Chapter 1: Introduction 

1.1. Hematopoietic Stem Cell Transplantation (HSCT) 

Hematopoietic stem cell transplantation (HSCT) is an important treatment option for a 

wide variety of diseases including hematologic and autoimmune diseases. Hematopoietic 

stem cells (HSCs) used in this procedure are multipotent stem cells that give rise to all 

types of blood cells through a process called hematopoiesis. HSCs are usually derived from 

three main sources: the bone marrow, cord blood and mobilized peripheral blood. HSCs 

used in transplantation could be a donor’s (allogeneic HSCT), an identical twin’s 

(syngeneic HSCT) or the patient's (autologous HSCT) stem cells [1–4]. Due to the rarity 

of HSCs, the number of HSCs used in transplantation is insufficient, which increases the 

risk of delayed engraftment. Also, it may lead to other serious complications to the patients, 

such as infection and graft-versus-host disease [4,5]. The success of transplantation 

depends on the ability of HSCs to migrate into the target tissue. Thus, it is important to 

enhance the homing of these limited numbers donor cells during transplantation, which 

requires a deeper understanding of the factors regulating the homing/migration process of 

HSCs. 

1.2. The Multistep Paradigm of Cellular Migration 

Cell migration is a multistep process that guides the delivery of cells in the blood flow (e.g. 

hematopoietic stem cells) to their target tissue or organ (e.g. bone marrow). This process 

involves four main steps regulated by many adhesion molecules such as selectins (E, P and 

L), chemokines and integrins (Figure 1.1). Each step is a prerequisite for the one after. The 
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first step is called “tethering and rolling”, in which the selectins on the endothelium lining 

the blood vessels of the bone marrow interact with their ligands on HSCs to slow them 

down. The chemokines expressed on the endothelial cells are now in close proximity to 

their receptors on the HSCs in the flow. This interaction triggers activation/conformational 

change of integrins on HSCs (Step 2). The high affinity binding of the integrins, in their 

extended conformation, to their CAM (cellular adhesion molecules) ligands on the 

endothelium leads to firm adhesion (Step 3) and eventually transmigration of HSCs into 

the bone marrow (Step 4) [6]. 

 

Figure 1.1. The multistep paradigm of cell migration. Step 1, “tethering and rolling”, in which the selectins 
bind to their ligands to decrease cell’s velocity. Step 2, “integrin activation” is resulted from the interaction 
between the chemokines on the endothelial cells and their receptors on the surface of the cell in flow. Step 3 
“firm adhesion”, in which integrins bind to their CAM (cellular adhesion molecules) ligands on the 
endothelium. Step 4 is the transmigration of the cell in flow into the target tissue. Figure adapted from Micro-
and Nanoengineering of the Cell Surface- Chapter 9: Cell Surface Enzymatic Engineering-Based Approaches 
to Improve Cellular Therapies, pg. no. 177 [6]. 
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1.3.Hematopoietic Stem Cells (HSCs) Sub-types 

For decades, scientists believed that CD34 antigen is expressed on the surfaces of all HSCs 

in mammals (CD34+)[7]. However, a unique class of HSCs that expresses either low or 

undetectable levels of CD34 (CD34low/-) was later discovered [8–10]. Engraftment studies 

showed that CD34low/- cells self-renew extensively and support long-term multi-lineage 

reconstitution, in which they produce hematopoietic and blood cells for more than 12 

weeks in the recipient mouse [8,11,12]. Moreover, they showed a secondary repopulation 

potential; they maintain their ability of long-term multilineage repopulation in secondary 

transplantation, where the CD34- HSCs engrafted in the primary recipient mouse were 

subsequently engrafted into a secondary recipient mouse. On the other hand, CD34+ cells 

contribute to short-term hematopoietic cell reconstitution (8-12 weeks) with no secondary 

repopulating potential [8,12]. In addition, the CD34low/- populations can convert into the 

CD34+ phenotype and lineage-biased progenitors, which indicates that CD34- HSCs are 

more immature/primitive than CD34+ HSCs [11,13,14]. Thus, CD34- HSCs are defined as 

long-term (LT) HSCs and CD34+ as short-term (ST) HSCs.  

The current practice in HSCT is to use the CD34+ HSCs even though CD34- HSCs have 

the promising long-term repopulation potential. This is due to the fact that the CD34- HSCs 

has a reduced homing ability compared to CD34+ HSCs [15,16]. The homing and 

engraftment of CD34+ HSCs have been extensively studied. However, the causes of the 

homing deficiency of CD34- HSCs are still unknown. Our lab studied the difference 

between the two HSCs subtypes in human in regard to Step 1 of the migration paradigm. 



13 
 

 

 

Human CD34+ HSCs found to express functional E-selectin ligands, whereas CD34- HSCs 

do not. The E-selectin binding activity is essential for the migration and homing of HSCs, 

which could explain the homing deficiency of the CD34- cells [17]. 

1.4.CD26/DPPIV 

CD26 or dipeptidyl peptidase IV (DPPIV) is a homo-dimeric type II transmembrane 

glycoprotein expressed on a variety of cells, including HSCs and epithelial cells of different 

tissues [18–20]. It contains a short cytoplasmic domain, a transmembrane domain and an 

extracellular domain with peptidase activity. It releases dipeptides from the N-terminus 

from polypeptides with either X-Pro or X-Ala in position 2 [18,21]. It has the catalytic site, 

Gly-Trp-Ser-Tyr-Gly at positions 628-632, with Ser-630 as the catalytic residue. 

Therefore, it is considered part of the serine protease family, with the consensus sequence 

Gly-Xaa-Ser-Xaa-Gly at the catalytic site [22]. 

CD26 works as a regulator of many biological processes through the cleavage of several 

peptides, cytokines, and chemokines. Cleavage can impair their biological functions such 

as binding or signaling capacity [23–25]. CD26 cleaves CXCL12 or stromal cell-derived 

factor-1α (SDF-1α), which is a chemokine expressed on the surface of endothelial cells in 

the bone marrow. SDF-1α binds to its chemokine receptor CXCR4 on HSCs which results 

in integrin activation leading to firm adhesion and subsequent transmigration of those 

HSCs into the bone marrow. However, cleavage of SDF-1α can impair its binding capacity 

to CXCR4 and prevent HSCs homing [26,27]. Thus, CD26 can disturb Step 2 (integrin 

activation) of the cellular migration process. 
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1.4.1. CD26/DPPIV Role in Cellular Migration  

Recent studies have investigated the role of CD26 in migration using human and murine 

CD34+ HSCs. They found that inhibition of CD26 using the selective inhibitor, i.e. Diprotin 

A, can be used to enhance both the homing and engraftment of the limiting numbers of 

CD34+ HSCs regardless of the source (i.e. cord blood, bone marrow or mobilized 

peripheral blood cells) [26,28,29]. However, the role of CD26 in the migration of CD34- 

HSCs is not well understood despite the long-term reconstitution repopulation potential of 

CD34low/- cells that might provide prolonged engraftment. Diprotin A (Ile-Pro-Ile) is a tri-

peptide that was shown to specifically and reversibly inhibit the activity of CD26 within 

15 minutes by binding its active site [26,28,30].  

1.5. Objectives 

The aim of the present study was to first study the expression and activity of CD26/DPPIV 

on a model human leukemic cell line, and to optimize the Diprotin A inhibition conditions 

on these cells in order to improve their migration response to SDF-1α in an in vitro 

transwell assay. Then, we tried to characterize the homing molecules involved in Step 2 of 

the migration cascade using primary murine HSC sub-types in order to investigate whether 

the homing deficiency of long–term CD34- HSCs might be related to intrinsic CD26 

expression and activity. 
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Chapter 2: Materials and Methods 

2.1. Cell Culture 

The human leukemia cell lines U937, Jurkat. KG1a and HL-60 were cultured in RPMI-

1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% 

fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), and 1% penicillin-

streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37 °C in a humidified incubator of 

5% CO2. U937, Jurkat. KG1a were purchased from the American Type Culture Collection 

(ATCC; Manassas, VA, USA), and HL-60 from the European Collection of Authenticated 

Cell Cultures (ECACC). 

2.2.  Jurkat Activation 

1 ug/ml of anti-human CD3 OKT3 (eBiosciences) prepared in in Dulbecco’s Phosphate 

Buffered Saline (DPBS), distributed in a 24-well plate, incubated for 2hr at 37 °C in a 

humidified incubator of 5% CO2, and then washed twice with DPBS. Jurkat were re-

suspended in RPMI-1640 with 1ug/ml anti-human CD28 (BD) and 10ng/ml recombinant 

human IL-2 (Fitzgerald). The cells were incubated at 37 °C in a humidified incubator of 

5% CO2 and checked every 24 hr for 3 days. 

2.3.  Apoptosis Assay 

The assay was performed using the Annexin V Apoptosis Detection Kit I (BD Pharmingen) 

according to the manufacturer’s instructions. The cells were cultured in RPMI complete 

media (10% FBS and 1% penicillin-streptomycin). They were then washed twice with cold 
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PBS, resuspend in 1X Binding Buffer with 1ul Annexin V (AF488) and 7-AAD (PE-Cy5), 

incubated for 15 min at room temperature in the dark, centrifuged at 300x g for 5 min, 

resuspended in 1X Binding Buffer and read by flow cytometry. The controls used were 

unstained cells, cells stained with Annexin V only, and cells stained with 7-AAD only. 

2.4.  Immunoprecipitation 

Cells were collected, washed twice with DPBS and lysed with a NP40 lysis buffer 

composed of 8.8 NP40: 1 protease inhibitor: 0.1 PMSF: 0.1 phosphatase inhibitor. The 

cells were kept under continuous rotation of 20 RPM speed at 4°C for 1 hr and then 

centrifuged at 16000 RCF for 30 min. 50μL Dynabeads Protein G (Invitrogen) were 

washed with the lysis buffer. 3ug of mouse anti-human CD26 antibody (OTI11D7; Novus 

Biologicals), cell lysates and lysis buffer were added to the beads. The mixture was 

incubated overnight at 4°C with continuous rotation of 20 RPM, spanned down, washed 

three times with the lysis buffer, re-suspended in 2X LDS sample buffer (Invitrogen) and 

10% β-mecabtoethanol (Sigma-Aldrich), and heated to 95°C for 5 min. The samples were 

then spanned down, and the supernatants were collected to use in Western blot. 

2.5.  Western Blot 

The supernatants were run on 4-20% Criterion TGX stain-free SDS PAGE (Bio-Rad) for 

45-min at 120 V, followed by a transfer to a PVDF membrane at 0.39 A for 1 hr and 20 

min. The membrane was then blocked FBS overnight at 4°C, washed twice with Tris Buffer 

Saline Tween-20 (TBST), incubated with 1:500 dilution of mouse anti-human CD26 

(OTI11D7; Novus Biologicals) overnight at 4°C on rotator (20 RPM). The membrane was 
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then washed three times with TBST and incubated at room temperature for 45 min with a 

1:7000 dilution of horse radish peroxidase (HRP)- conjugated goat anti-mouse IgG/A/M 

HRP secondary antibody (AbD Serotec). The membrane was washed three times with 

TBST, incubated with for 1 min in the dark with Peroxide Solution and Luminol Enhancer 

Solution (Amersham) at 1:1 ratio, and imaged with the ChemiDoc MP Imaging System.  

2.6.  Real Time-Polymerase Chain Reaction (RT-PCR) 

Total RNA was isolated from U937 and Jurkat using the PrueLink RNA mini kit (Thermo 

Fisher Scientific) and from mice HSCs using the RNeasy kit (Qiagen) following their 

protocols. The quality of the RNA isolated was checked with the bioanalyzer according to 

Agilent RNA 6000 nano kit. We obtained RNA integrity numbers (RINs) from 9.8 to 10, 

which indicate high-quality intact RNA with no degradation. RNA was then transcribed to 

cDNA using the High capacity cDNA reverse transcription kit (Applied biosystems) 

according to the manufacturers’ protocols.  

RT-PCR was carried out on 50 ng/ul of cDNA using the Fast SYBR Green master mix 

(Applied biosystems) and QuantStudio 3. The amplification conditions were: 95°C for 20 

sec, 95°C for 3 sec and 60°C for 30 sec (40X). The primers used were (5’-

CAGAACCTCATTTTACCCTTGATGG-3’ and 5’- 

TGTGCAGTCTTTTTTATCTATTTGGA-3’) for human CD26, (5’- 

CTGGGCTACACTGAGCACC-3’ and 5’- AAGTGGTCGTTGAGGGCAATG-3’) for 

human GAPDH, (5’-GCAATTTGGGGCTGGTCATA-3’ and 5’- 

CCACAGCTATTCCGCACTTG-3’) for murine CD26, (5’- 
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TGACCTCAACTACATGGTCTACA-3’ and  5’- CTTCCCATTCTCGGCCTTG-3’) and 

for murine GAPDH. We used non-template controls (primers without cDNA) and cellular 

controls (cDNA) without primers) to monitor for contamination and primer dimerization. 

The RNA and DNA yields were measured by the Qubit Assay Kit (Thermo Fisher 

Scientific). 

2.7.  Isolation of HSCs from Mice Bone Marrow 

C57BL/6N [CD45.2] mice used were purchased from Charles River and kept in an animal 

facility at King Abdullah University of Science and Technology (KAUST). The mouse 

marrow cells were harvested from femurs and tibias of 6- to 8-week-old mice. The bone 

marrow was flushed, and single-cell suspensions were made by filtration through a 70-μm 

nylon screen. Red blood cells were lysed with 1x Ammonium Chloride for 5 min, washed 

twice and filtered through a 100-μm cell strainer (BD Falcon). 

The mouse marrow cells were enriched for HSCs (lin−sca-1+c-kit+ cells, [LSK]). Lineage 

negative (Lin-) cells were depleted using the Lineage Cell Depletion Kit and the autoMACS 

Separator (Miltenyi Biotec). Briefly, cells incubated with 10 uL of lineage cocktail biotin 

(CD5, CD11b, CD45R, 7-4, Gr-1 (Ly6G/C), and Terr-119) for 10 min at 4°C, centrifuged 

and incubated with 20 uL anti-biotin microbeads for 15 min at 4°C. The Lin- cells were 

stained with C-Kit-PE, Sca-1-FITC, CD34-AF700 and FLK2-APC for 30 min at 4°C in 

the dark, washed with FACS buffer (5% FBS, 2 mM EDTA and HBSS). Lastly, 7-AAD-

PE-Cy5 antibody was added right before the sorting with the multicolor flow cytometry, 
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FACSAria Fusion. CD34+ and CD34- pooled samples were used for subsequent 

experiments. 

2.8.  Flow Cytometric Analysis 

CD26/DPPIV expression was measured by multivariate flow cytometry. Isolated mice 

CD34+ and CD34- cells were stained with monoclonal antibodies recognizing CXCR4, 

CD26, CD49e, CD49d and CD29 in accordance with the manufacturer’s specifications. 

The antibodies used were: CXCR4- PE-Cy7 (2B11) (Thermo Fisher Scientific), CD26- 

PE-Cy7 (H194-112), CD49e- PE-Cy7 (MFR5), CD49d- PE-Cy7 (R1-2) and CD29- PE-

Cy7 (HMβ1-1) (BioLegend). The human leukemia cell lines were stained with anti-CD26, 

PE (BA5b) (Thermo Fisher Scientific). Briefly, the cells were washed in DPBS, 

resuspended in 100 ul of FACS buffer containing the appropriate antibodies, and incubated 

at 4°C in the dark for 30 min. The cells were then washed twice for later flow cytometric 

analysis. The FACS buffer contains HBSS, 5% FBS (Gibco) and 2mM EDTA. Analysis 

was done with BD FACSDiva Software and FlowJo and presented as percent of positive 

cells as compared to the isotype control, as in leukemia cells, and to the fluorescence-

minus-one control (FMO), as in mouse cells. 

2.9.  CD26/DPPIV Activity Assay 

2.9.1. Human leukemia Cell lines 

A working stock concentration of Diprotin A (Peptides International) of 100mM was 

created using filtered distilled water. 5 x 104 cells were suspended in DPBS and either 
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treated with Diprotin A at a final concentration of 5 mM, 10mM or untreated (DPBS 

control) for 15 min at 37 °C.  

The cells were then centrifuged at 300 x g for 5 min and re-suspended in 0.1M Tris/HCl 

buffer pH 7.4. Cells were loaded on a 96-well microplate (5 x 104 cells/well) and incubated 

with 2mM Gly-Pro-p-nitoanilide (Gly-Pro-pNA, Sigma-Aldrich, St. Louis, MO, USA) and 

0, 5 or 10 mM Diprotin A in a rotary shaker at 37°C under 5% CO2 for 1 hr, final volume 

0.1 ml. 

CD26 peptidase activity was measured by monitoring the amount of p-nitroaniline (pNA) 

produced at 405nm. The absorbance was measured at 0, 30 and 60 min. In order to 

determine the concentration of p-nitroaniline released by DPPIV activity, a standard curve 

of pNA was prepared. Activity was expressed as picomoles pNA/minute per 50,000 cells. 

Data was normalized by subtracting 0.1M Tris/HCl buffer pH 7.4+Gly-Pro-pNA substrate 

control at each time point. Both the samples and the controls were performed in triplicates 

(n=3). 

2.9.2. Mouse cells 

2.9.2.1. Activity without inhibition 

3,400 of the sorted BM mice cells (CD34- and CD34+) were centrifuged at 300 x g for 5 

min and re-suspended in 0.1M Tris/HCl buffer pH 7.4. Cells were then loaded on a 96-well 

microplate (3,400 cells/well) and incubated with 2mM Gly-Pro-p-nitoanilide (Gly-Pro-

pNA; Sigma-Aldrich) in a rotary shaker at 37°C under 5% CO2 for 1 hr, final volume 0.1 

ml. Activity was expressed as picomoles pNA/minute per 3,400 cells. Data was normalized 
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by subtracting 0.1M Tris/HCl buffer pH 7.4+Gly-Pro-pNA substrate control at each time 

point. Both the samples and the controls were performed in triplicates (n=3). 

2.9.2.2. Activity after CD26 inhibition 

3,300 of the sorted BM mice cells (CD34- and CD34+) were suspended in DPBS and either 

treated with 10mM Diprotin A or untreated (DPBS control) for 15 min at 37 °C.  The cells 

were then centrifuged at 300 x g for 5 min, re-suspended in 0.1M Tris/HCl buffer pH 7.4, 

loaded on a 96-well microplate (3,300 cells/well) and incubated with 2mM Gly-Pro-p-

nitoanilide (Gly-Pro-pNA; Sigma-Aldrich) in a rotary shaker at 37°C under 5% CO2 for 1 

hr, final volume 0.1 ml. Activity was expressed as picomoles pNA/minute per 3,300 cells. 

Data was normalized by subtracting 0.1M Tris/HCl buffer pH 7.4+Gly-Pro-pNA substrate 

control at each time point. Both the samples and the controls were performed once (n=1). 

2.10.  Cell Migration Assay 

1 x 105 U937 cells were suspended in DPBS and either treated with 5 mM or 10mM 

Diprotin A or untreated (DPBS control) for 15 min at 37 °C. The cells were then 

centrifuged at 300 x g for 5 min, re-suspended in 0.1ml RPMI-1640 medium (Gibco-

Invitrogen) and loaded on a 24-well 5μm Transwell plate (Corning). Cells were exposed to 

400 ng/mL SDF-1α (PeproTech) in 0.65 mL of RPMI-1640 +10% FBS (Gibco-Invitrogen) 

with 0, 5 or 10mM Diprotin A for 4 hr at 37°C under 5% CO2. The transwell inserts were 

washed, stained with crystal violet (BD) and calculated according to Corning protocol for 

cell migration, chemotaxis and invasion assay using staining (CLS-AN-211). The number 

of cells in the lower chamber was counted with a hemocytometer [31]. Percent (%) 
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migration was then determined by dividing the total number of migrated cells (in the lower 

chamber and on the membrane) from the number of cells seeded at the beginning (1 x 105 

cells) multiplied by 100. Data was normalized by subtracting percent migration of 

untreated cells without SDF-1α. Each sample was performed in triplicates (n=3). 

2.11.  Bone Marrow Engraftment 

We used the wild-type C57BL/6N [CD45.2+] mice as donors, and the congenic C57BL/6-

Ly5.1 [CD45.1+] mice as recipients. Both were purchased from Charles River and kept in 

the animal facility of King Abdullah University of Science and Technology (KAUST). 

These C57BL/6 mice share the same genetic background except for the CD45 gene. They 

express different alleles of CD45: CD45.1 and CD45.2. 6 to 10-week-old female recipient 

mice (CD45.1+) were irradiated with a lethal dose 9 Gy using (Xstrahl Cabinet Irradiator) 

a day before the transplantation. The sorted CD34+ and CD34- HSCs isolated from the bone 

marrow of the donor (CD45.2+), as mentioned above in 2.7 and 2.8, were either left 

untreated (n=5 mice) or treated with 5mM Diprotin A for 15 min at 37°C (n=5 mice). The 

cells were then transplanted by tail-vein injection into the recipient together with helper 

recipient unfractionated bone marrow cells. The bone marrow and blood were harvested 

from the recipient mice 10, 17 and 30 days after the transplantation to assess the 

engraftment efficiency using flow cytometry. The engraftment efficiency was recorded as 

a percentage of donor cells, the hematopoietic cells and their produced blood cells, present 

in the bone marrow and blood of the recipient. We were able to distinguish the donor from 
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the recipient cells by monoclonal antibodies for the two alleles of CD45: APC-CD45.1 

[A20] and PB-CD45.2 [104]. 
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Chapter 3: Results 

3.1. The Human Leukemic Model Cells 

3.1.1. The Expression of CD26/DPPIV 

The expression of CD26 on the surface of different leukemic cell types was quantified by 

flow cytometry. Naïve Jurkat cells (cell line isolated from acute T cell leukemia patient) 

were used as a negative control [21,32,33]. The CD26 expression on naïve Jurkat (acute T 

cell leukemia cell line) was only 1.56%, as compared to the isotype control (Figure 1A). It 

has been suggested that CD26 expression is increased on T-cells following their activation 

[34–36]. Thus, we decided to activate them with anti-CD3 (OKT3), CD28 and IL-2 and 

measure the surface expression at different time points. However, the activation did not 

induce CD26 expression after 24hrs. The expression peaked at 6.21% on the second day 

but went back to 1.4% on the third day of activation (Figure 3.1A). Here, we concluded 

that both naïve and activated Jurkat cells do not express CD26 on their surface. 

There was no significant difference between CD26 expression on KG1a (acute 

myelogenous leukemia cell line) and HL-60 (pro-myelocytic leukemia cell line) and the 

isotype control (Figure 3.1B), which indicates that both cell lines are negative for CD26. 

Only U937 cells (pro-monocytic human myeloid leukemia) were positive (90%) for CD26 

of all the leukemic cell lines tested by flow cytometry (Figure 3.2A). In addition, the 

expression of CD26 in U937 was confirmed by western blot as illustrated by a band for 

CD26 at 88 kDa (Figure 3.2B). To determine CD26 expression by RT-PCR using SYBR 

Green, the RNA was isolated from U937 and Jurkat and converted to cDNA. GAPDH was 
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used as an internal control. Surprisingly, Jurkat expressed 0.9-fold higher levels of CD26 

than U937 cells (Figure 3.2C). The results from the flow cytometry and Western blot 

suggest that only U937 cells express CD26/DPPIV. However, the results from the RT-PCR 

analysis show that Jurkat cells express it as well. Thus, we decided to use both cell lines in 

the subsequent experiments.  

 

 

 

Figure 3.1. CD26 expression on different human leukemic model cells. Flow cytometry was performed to 
measure the surface expression of CD26 on naïve Jurkat, activated Jurkat (by anti-CD3:OKT3, CD28 and IL-2) at 
different time points (A), KG1a and HL-60 (B) using anti-CD26, PE. Samples were run on the BD FACSCanto II 
and subsequent analysis was performed using FlowJo and presented as percent (%) positive cells as compared to 
the isotype control, PE- mouse anti human IgG. 
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Figure 3.2. CD26 expression on U937, a pro-monocytic human myeloid leukemia cell line. (A) Flow cytometry 
was performed to measure the surface expression of CD26 on U937 using anti-CD26-PE. Samples were run on the 
BD FACSCanto II and subsequent analysis was performed using FlowJo and presented as percent (%) positive cells 
as compared to the isotype control, PE-mouse anti human IgG (B) Immunoprecipitation for CD26 (mouse anti-human 
CD26: OTI11D7) was performed on U937 cell lysates followed by Western blot analysis for CD26 protein (Right) 
and secondary only control (Left). The blot was probed with mouse anti-human CD26 at dilution 1:500 followed by 
goat anti-mouse at dilution 1:7,000 to reveal the CD26 band at 88 kDa. (C) CD26 expression using RT-PCR. RNA 
was isolated from U937 and Jurkat. SYBR Green-based real-time RT-PCR was carried out on 50 ng/ul cDNA using 
primers for CD26 and GAPDH. Results from RT-PCR were obtained from three independent experiments (n=3), 
analyzed using the unpaired t-test (****P ≤ 0.0001) and presented as Mean ±SEM. 
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3.1.2. CD26 Inhibition with Diprotin A 

In order to determine the effect of the inhibitor of CD26 on cell expression and function, 

U937 cells were treated with 5, 10 or 20 mM Diprotin A for 15 minutes at 37 °C. Following 

treatment, CD26 surface expression was determined by flow cytometry (Figure 3.3A). 

Interestingly, there was a decrease in CD26 expression in cells treated with 5mM Diprotin 

A (54.7%) compared to untreated cells (90%). On the other hand, treatment with 10 and 20 

mM Diprotin A did not affect CD26 surface expression (90.4% and 90.1% positive CD26 

cells respectively) (Figure 3.3A). Since 10 and 20 mM Diprotin A showed no difference 

between them, we decided to use only 10mM along with 5mM Diprotin A in the subsequent 

inhibition experiments. 

Before proceeding with activity and migratory assays, we needed to ensure that the 

Diprotin A concentrations used do not stress the cells and induce apoptosis. Thus, U937 

cells were treated with Diprotin A and stained at different time points with 7-AAD and 

Annexin V markers (Figure 3.3B). Annexin V (or Annexin A5) binds to phosphatidylserine 

(PS), which is usually found on the intracellular side of the plasma membrane. During early 

apoptosis, the plasma membrane loses its asymmetry and PS translocates to the external 

side, where it becomes exposed for Annexin V to bind. Thus, Annexin V is used to identify 

pre-apoptotic cells. 7-AAD (7-amino-actinomycin D) on other hand is used to target dead 

cell as it binds to DNA [37,38]. Therefore, cells undergoing early apoptosis stain Annexin 

V and exclude 7-AAD as they still have an intact membrane that 7-AAD cannot penetrate. 
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Late apoptotic or dead cells stain with both dyes while healthy intact cells are negative for 

both markers [39]. 

After 4 hours of either 5mM or 10mM Diprotin A treatment, a slight increase in apoptotic 

cells was observed (5.3% and 10.1% of the cells, respectively) compared to untreated cells. 

The cells started to recover after 24 hours and completely recovered after 48 hours of the 

treatment (Figure 3.3B). As a further analysis of cell viability, cells were counted following 

treatment with Diprotin A. The cells were stained with trypan blue at 1:1 ratio and counted 

under the microscope using hemocytometer. The microscopic analysis showed that >86.5% 

of the cells were viable after 1 hr and >88% after 7 hr of the inhibition. Cells recovered 

with >97% viability after 48 hrs. These results suggest that the two concentrations of 

Diprotin A used can induce apoptosis only in a small portion of cells, and this effect goes 

away after two days. Thus, both concentrations of Diprotin A can be used in the subsequent 

experiments. 
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Figure 3.3. The effect of CD26 inhibition by Diprotin A on CD26 surface expression and U937 cell 
viability. (A) CD26 surface expression was assessed by flow cytometry after CD26 inhibition with Diprotin 
A. Cells were treated with Diprotin A at different final concentrations for 15 minutes at 37 °C and stained with 
anti-CD26 PE. (B) Apoptosis assay was performed after CD26 inhibition. Cells were either treated with 
Diprotin A at a final concentration of 5 mM, 10mM or left untreated for 15 minutes at 37 °C. The cells were 
then re-suspended in RPMI complete media (10% FBS and 1% penicillin-streptomycin) and stained at different 
time points (4hr, 24hr and 48hr) with 7-AAD (dead cells) and Annexin A5 (pre-apoptotic cells) markers. 
Samples were run on the BD FACSCanto II and subsequent analysis was performed using FlowJo and 
presented as Mean Fluorescent Intensity (MFI). 
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3.1.3. Determination of the Enzymatic Activity of CD26 before and after Inhibition 

with Diprotin A 

U937 and Jurkat cells were assessed for CD26/DPPIV enzymatic activity. DPPIV activity 

was measured by the cleavage of Gly-Pro-paranitroanilide (Gly-Pro-pNA) substrate 

(Figure 3.4). Since DPPIV is a dipeptidyl peptidase, it cleaves the chromogenic substrate 

Gly-Pro-pNA into Gly-Pro and pNA. The released pNA produces a signal that can be 

detected at 405 nm by spectrophotometer. To determine the amount of pNA produced by 

DPPIV activity, a standard curve of pNA was prepared with concentrations from 5 to 80 

uM (Figure 3.4A). 

Briefly, the cells were either treated with Diprotin A at a final concentration of 5 or 10mM 

or left untreated for 15 minutes at 37 °C and then incubated with 2mM Gly-Pro-pNA for 1 

hr. CD26 activity was measured at 0, 30 and 60 min. The results showed that untreated 

U937 cells possessed significantly higher CD26 activity than Jurkat cells (P<0.01). 

Treatment with 5mM Diprotin A decreased the activity in U937 cells to 5.13 ±1.86 pmols 

pNA/min from 8.29±1.24 pmols pNA/min (untreated control cells) at 60 min. When treated 

with 10 mM Diprotin A, CD26 activity in U937 at 60 min dropped significantly to 

3.86±1.54 pmols pNA/min (P<0.05). There was no significant difference in CD26 activity 

between treated and untreated Jurkat (Figure 3.4B). 

CD26 inhibition was effective in U937 but not in Jurkat. Since Diprotin A is a specific 

inhibitor of CD26, this suggests that the pNA production seen in U937 is due to 
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CD26/DPPIV activity. However, the activity in Jurkat may not be associated with CD26 

since it was not affected by the CD26 inhibition. 
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Figure 3.4. CD26 enzymatic activity of U937 cells. (A) The optical density (OD) was measured by 
spectrophotometer at 405 nm for various p-nitoanilide (pNA) concentrations at 0, 30 and 60 minutes. The standard 
curves for each time point was plotted, and their slopes (mM/OD) were then multiplied by the OD value at each 
time point (OD/min) and by the total volume to calculate CD26 activity. (B) The CD26 activity was assessed in 
untreated or CD26 inhibitor (5 and 10 mM Diprotin A) treated U937 cells. U937 cells were either treated with 
Diprotin A at a final concentration of 5 or 10mM or left untreated (DPBS control) for 15 minutes at 37 °C. The 
cells were then centrifuged, re-suspended in 0.1M Tris/HCl buffer pH 7.4, and incubated with 2mM Gly-Pro-p-
nitoanilide and 0, 5 or 10 mM Diprotin A in a rotary shaker at 37°C under 5% CO2 for 1 hr. CD26 activity was 
displayed as pmol pNA/min per 5 x 104 cells. Data was analyzed using the two-way Anova test and presented as 
Mean ±SEM. *P≤0.05 and **P≤0.01 as compared to untreated cells (n=3). 
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3.1.4. The Effect of CD26 on Cell Migration 

To assess the effect of CD26 inhibition on U937 cell transmigration, a chemotaxis assay 

was used (Figure 3.5). U937 cells express the chemokine receptor CXCR4 and should 

migrate towards the chemokine SDF-1a [40]. During the optimization process, we used 

four different concentrations of the chemokine SDF-1α: 0, 100, 200 and 400 ng/mL. U937 

cells showed a dose-dependent migratory response to SDF-1α (Figure 3.5A). Thus, we 

decided to use the highest concentration, 400 ng/mL SDF-1α, to ensure optimal migration.  

Briefly, U937 cells were either untreated or treated with Diprotin A (5 and 10 mM) for 15 

minutes at 37 °C, re-suspended in serum-free RPMI medium and loaded on 5μm-transwell 

inserts on a 24-well plate. The untreated samples had 400 ng/mL SDF-1α only in 

RPMI+10% FBS at the bottom layer, whereas treated cells were exposed to 400 ng/mL 

SDF-1α and Diprotin A (5 or 10 mM) in RPMI +10% FBS for 4 hrs. The untreated cells 

showed 21.5% migration in response to 400 ng/mL SDF-1α. Treatment with 5mM and 

10mM Diprotin A resulted in a significant increase in migration, 1.6 and 1.9-fold increase 

respectively, compared with untreated U937 (Figure 3.5B). 

The standard manufacturers protocol and relevant literature suggest that the inhibitor is 

added along with the chemo-attractants to the lower layer of the trans-well chambers. To 

test whether Diprotin A added to the bottom layer attracts more cells to migrate, treated 

cells were exposed to either 400 ng/mL SDF-1α only or 400 ng/mL SDF-1α and 10mM 

Diprotin A together (Figure 3.5C). The overall migration percentages obtained from both 

samples were very close, and there was no significant difference between them, 1.7 vs. 1.8-
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fold increase compared to untreated cells. However, the percentage of the cells at the 

membrane was higher when cells were exposed to SDF-1α only, and more cells were 

observed on the bottom layer when exposed to SDF-1α and Diprotin A at the same time. 

Overall, inhibition of CD26 activity improved migration towards SDF-1a.  
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Figure 3.5. Migratory response of U937 cells. (A) U937 cells migrate in response to SDF-1α in a dose-dependent 
manner. (B) SDF-1a induced chemotaxis was assessed in untreated or CD26 inhibitor (5 and 10 mM Diprotin A) 
treated cells. 1 x 105 cells were either treated with 5 mM or 10mM Diprotin A or untreated (DPBS control) for 15 
minutes at 37°C. The cells were then centrifuged, re-suspended in RPMI-1640 medium and loaded on a 24-well 5μm 
Transwell plate. Treated cells were exposed to 400 ng/mL SDF-1α in RPMI-1640 +10% FBS with 5 or 10mM 
Diprotin A for 4 hours at 37°C under 5% CO2, whereas the untreated were exposed to 400 ng/mL SDF-1α in RPMI-
1640 +10% FBS only. (C) To test the effect of Diprotin A added to the bottom layer on migration, treated cells were 
exposed to 400 ng/mL SDF-1α in RPMI-1640 +10% FBS with either 0 or 10mM Diprotin A. Percent (%) migration 
was then determined by dividing the total number of migrated cells (in the lower chamber and on the membrane) 
from the number of cells seeded at the beginning (1 x 105 cells) multiplied by 100. Data was normalized by subtracting 
percent migration of untreated cells without SDF-1α, random migration, which was 3.6% in (B) and 1.9% in (C). 
Each sample was performed in triplicates. Data was analyzed using the one-way Anova test and presented as Mean 
± SEM. *P≤0.05 and **P≤0.01 as compared to untreated cells (n=3). Photos of migrated cells on the 5μm Transwell 
membrane and in the bottom layer were taken by an upright phase contrast microscope using 10X lens. 
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3.2. Determining the Effect of CD26 Inhibition on the Migration of Murine 

Hematopoietic Stem Cells 

3.2.1. Sorting and Characterization of Bone Marrow-derived Murine ST- and LT- 

HSCs  

Whole bone marrow was isolated from the femur and tibia bones of C57BL/6 [CD45.2] 

mice. The mononuclear bone marrow cell suspension was then pre-enriched for stem cell 

by removal of lineage positive populations (including T cells, B cells, 

monocytes/macrophages, granulocytes and erythrocytes) of cells using biotinylinated 

lineage antibodies (CD5, CD11b, CD45R, 7-4, Gr-1 (Ly6G/C), and Terr-119) in order to 

separate them out using Auto-MACS (Miltenyi). The pre-enriched Lineage neg (Lin-) 

fraction of cells were then sorted based on the expression of 7-AAD (gate out live cells that 

are 7-AAD negative), and stem cell markers (Sca-1, c-kit, CD34 and FLK) using the 

multicolor flow cytometry, FACSAria Fusion. As shown in Figure 3.6A, ST- HSCs were 

defined as Lin-, Sca-1+, c-kit+, FLK- and CD34+, while LT- HSCs were defined as Lin-, 

Sca-1+, c-kit+, FLK- and CD34-  [41]. 

The expression levels of the homing molecules of Step 2 in sorted CD34+ and CD34− HSCs 

were assessed by flow cytometry (Figure 3.6B). CD49d, CD49e and CD29 are part of the 

integrin family that act as cell adhesion receptors involved in cell-cell and cell-extracellular 

matrix interactions [42]. CXCR4 is the chemokine receptor for SDF-1α that facilitates 

homing of HSCs to the bone marrow [26]. There were no significant differences between 

CD34+ and CD34− cells in the expressions of CD49d, CD49e and CD29. However, higher 
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CXCR4 expression levels was measured on the surface of CD34+ HSCs compared to 

CD34- HSCs (Figure 3.6B).  
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Figure 3.6. Sorting and characterization of bone marrow-derived murine CD34+ and CD34- HSCs. (A) The 
expression of 7-AAD, Sca-1, c-kit, CD34 and Flk2 were quantified in Lin- cells. The mononuclear cells were isolated from 
the bone marrow of C57BL/6 mice, followed by lineage depletion using Miltenyi AutoMacs to enrich for stem cells. The 
cells were then stained for Sca-1, c-kit, Flk2 and CD34 and analyzed by flow cytometry. The Lin- Sca-1+ c-kit+ (LSK) cells 
were checked for the expression of CD34 and Flk2 to isolate CD34+ HSCs (purple), CD34- HSCs (green) and progenitors 
(orange). (B) The expression of homing-related molecules on the surface of murine CD34+ and CD34- HSCs. Samples 
were run on the BD FACSAria Fusion in (A) and BD FACSCanto II in (B) and analyzed by FlowJo to determine the 
percent (%) positive cells ±SEM as compared to FMO (fluorescence minus one) control. The statistical analysis was 
performed with the unpaired t-test (**P ≤ 0.01). 
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3.2.2. The Expression and Activity of CD26 in Bone Marrow-derived Murine ST- and 

LT- HSCs 

The expression of CD26 on the surface of murine CD34+ and CD34− HSCs was examined 

by flow cytometry (Figure 3.7A). The flow cytometric analysis showed that CD34− HSCs 

expressed CD26 on their surface more significantly than CD34+ HSCs. The RT-PCR 

results supported this as CD34- HSCs expressed 4-fold higher levels of CD26 than CD34+ 

HSCs (Figure 3.7B). This is interesting as it suggests that a possible reason that CD34-

HSCs has more issues with migration could be related to CXCR4 and SDF-1α.  

CD34+ and CD34− HSCs were assessed for CD26/DPPIV enzymatic activity (Figure 3.7C). 

The cells were incubated with 2mM Gly-Pro-pNA at 37 °C for 1 hr. CD26 activity was 

measured at 0, 30 and 60 min by spectrophotometer. There was no significant difference 

in activity between the two populations at any time point tested. The cells were treated with 

10mM Diprotin A for 15 minutes at 37 °C, and the activity was measured. There was a 

decrease in CD26 activity in the CD34+ population. However, no difference was observed 

in the activity of the treated CD34- HSCs compared to untreated CD34- HSCs. From the 

above, we concluded that murine CD34+ and CD34− HSCs has difference in expression but 

we were not able to observe a difference in activity of CD26/DPPIV. In addition, CD26 

inhibition with 10mM Diprotin A seems to affect CD26 activity in CD34+ cells only. 
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Figure 3.7. The expression and activity of CD26 on CD34+ and CD34- HSCs. (A) CD26 expression on the sorted CD34+ 

and CD34- HSCs derived from the bone marrow of C57BL/6 mice by flow cytometry using CD26-PE-Cy7 (H194-112) 
antibody. Samples were read on BD FACSCanto II, and analysis was done with FlowJo. Data is presented as percent (%) 
positive cells ±SEM as compared to FMO (fluorescence minus one) control . The statistical analysis was performed with the 
unpaired t-test (**P ≤ 0.01). (B) CD26 expression on the sorted CD34+ and CD34- HSCs using RT-PCR. RNA was isolated 
from CD34+ and CD34- HSCs. SYBR Green-based real-time RT-PCR was carried out on 50 ng/ul cDNA using primers for 
CD26 and GAPDH. Results from RT-PCR were obtained from three independent experiments (n=3), analyzed using the 
unpaired t-test (*P ≤ 0.05) and presented as Mean ±SEM. The activity of CD26 on CD34+ and CD34- HSCs before (C) and 
after CD26 inhibition (D). The cells were re-suspended in 0.1M Tris/HCl buffer pH 7.4 and incubated with 2mM Gly-Pro-
p-nitoanilide in a rotary shaker at 37°C under 5% CO2 for 1 hr. Activity was expressed as picomoles pNA/minute per 3,400 
cell in (C) and per 3,300 cells in (D). Data was normalized by subtracting 0.1M Tris/HCl buffer pH 7.4+Gly-Pro-pNA 
substrate control at each time point. Both the samples and the controls were performed in triplicates (n=3) in (C) and once 
(n=1) in (D). Data was analyzed using the two-way Anova test and presented as Mean ±SEM. P > 0.05 as non-significant, 
ns. 
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3.2.3. Determining if Inhibiting CD26 on Bone Marrow-derived Murine ST- and LT- 

HSCs Improves their Migration and Engraftment in vivo 

To study the migration and engraftment potential of the bone marrow-derived murine 

CD34+ and CD34- HSCs after CD26 inhibition, we ran a pilot experiment with a small 

number of mice (n<3) (Figure 3.8). Two congenic strains of the C57BL/6 mice were used 

that differed in one amino acid in the CD45 molecule (CD45.1 and CD45.2), a marker on 

all blood cells and can be used to distinguish one strain from another. The bone marrow 

was isolated from the donor mouse (CD45.2+), and CD34+ and CD34- HSCs were sorted 

as described above in 3.2.1. The cells were then treated with 5mM Diprotin A prior to the 

injection into the recipient mouse (CD45.1+) intravenously by tail-vein injection. The 

recipient mouse (CD45.1+) was irradiated at day-1 before the transplant in order to make 

room and prepare the bone marrow to receive the transplanted cells. The hematopoietic 

and blood cells were collected from the bone marrow and blood of the recipient mouse on 

day 10, 17 and 30 after the transplant and analyzed by flow cytometry using antibodies that 

recognize the differences between CD45.1 and CD45.2 protein on the surface of the blood 

cells. The engraftment was evaluated by the presence of donor cells expressing CD45.2 in 

the recipient’s tissues. 

Two recipient mice were injected with CD34+ HSCs. The treatment with 5mM Diprotin A 

enhanced the engraftment in one of the two recipient mice. On the other hand, CD26 

inhibition did not seem to enhance the engraftment of CD34- HSCs compared to untreated 

CD34- HSCs (Figure 3.8). This was a very small-scale study and further analysis is still 

A 
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needed but we can conclude that there wasn’t a negative effect on the ability of Diprotin A 

treated CD34- HSCs to migrate and engraft in the bone marrow. Furthermore, there may be 

an enhancement in Diprotin A treated CD34+ cells to migrate and engraft but this needs 

more studies to confirm.  
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Figure 3.8. The engraftment of BM-derived murine CD34+ and CD34- HSCs in mice. CD34+ and CD34- HSCs 
were isolated from the bone marrow of donor mice (CD45.2+), treated with 5mM Diprotin A for 15 minutes at 37°C 
and injected intravenously into recipient mice (CD45.1+), which were irradiated with myeloablative doses of 
radiation 24 hours prior to injection. 10, 17 and 30 days after the transplantation, cells from the bone marrow and 
blood of the recipient mice were collected and analyzed by flow cytometry to measure the percent of donor cells 
(expressing CD45.2) found in recipient’s tissues (i.e. the % of engraftment). Data presented were from two recipient 
mice (n=2) that were injected with donor’s CD34+ HSCs and three mice (n=3) with CD34- HSCs. 
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Chapter 4: Discussion  

HSCT remains one of the most important treatment options for different cancers, such as 

leukemia [4]. Leukemia is a type of cancer that affects the blood and bone marrow; it arises 

from the transformation of either a mature hematopoietic cell in the blood or a 

hematopoietic precursor in the bone marrow. It is classified as one of the most common 

hematopoietic malignancies, affecting both the lymphoid and myeloid lineages [43]. Acute 

lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), chronic lymphocytic 

leukemia (CLL) and chronic myeloid leukemia (CML) are the main classes of leukemia. 

Many human leukemia cell lines have been established to study the different types of 

leukemia, such as U937 cells for AML and Jurkat for T-ALL [43,44]. 

CD26 is a dipeptidase that cleaves a variety of substrates, such as neuropeptides and 

chemokines. Thus, it plays a role in different cellular processes from T cell activation to 

immune regulations and many more [24]. In several malignancies, CD26 expression is 

involved in tumor progression and metastasis, which is regulated by the chemokine-

chemokine receptor interactions between the target tissues and cancer cells [45,46]. As a 

result, we screened several leukemia cell lines to find a suitable model to study the role of 

CD26 expression and activity in cellular migration. 

4.1. CD26 Expression and Activity in U937 

We found that only U937 cells express CD26 on their surface from all the leukemia cells 

tested. Also, CD26/DPPIV proteolytic activity was detected in U937 cells when using Gly-

pro-pNA as a substrate. U937 is a pro-monocytic cell line isolated from the histiocytic 
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lymphoma of a 37-year-old male. U937 cells are usually used to study the differentiation 

and attachment of monocytes and macrophages. They are also known as the model cells 

for human myeloid leukemia [47].  

In order to ensure the specificity of the activity measured to DPPIV, we used Diprotin A, 

which is a competitive inhibitor that binds the active site of DPPIV and is slowly cleaved 

(reversible) [48,49]. We used 5mM and 10mM of the inhibitor. More cells were inhibited 

with 10mM than 5mM, which was in agreement with another study that used 0-10mM 

Diprotin A and detected maximal inhibition with 10mM [50]. Even though both 

concentrations worked, the inhibition did not occur completely. It is probable that some 

molecules that bind to or cleave the inhibitor were present since we used intact cells rather 

than cell lysates. Another possibility is that the dose of Diprotin A used was not sufficient 

to ensure complete inhibition. However, we need to check the safety prior to using higher 

concentrations of Diprotin A in the future. Previous studies detected CD26 surface 

expression and activity in U937 that can be suppressed by Diprotin A, which supports our 

findings [51–53]. 

U937 cells migrated in response to SDF-1α despite CD26 expression and activity. A study 

investigated the role of SDF-1α and its receptor, CXCR4, in the migration of monocytes 

and macrophages, using U937 cells as a model. They found high expression of CXCR4, 

which induced a dose-dependent migratory response to SDF-1α [40]. Since CD26 cleaves 

SDF-1α, we hypothesized that CD26 inhibition will allow the free SDF-1α to interact more 

frequently with CXCR4 and to facilitate the migration more than in presence of CD26. Our 



43 
 

 

 

results proved this hypothesis right as both 5mM and 10mM Diprotin A resulted in a 

significant increase in migration compared with the untreated U937. 

CD26 is usually expressed on the membrane, but there is also a soluble form released in 

the extracellular environment [54]. This explains why we added Diprotin A to the bottom 

layer in migration assay to mimic the natural environment. The cells’ pre-treatment with 

Diprotin A for 15 min was to inhibit the membrane-bound CD26, and the Diprotin A in the 

bottom layer was to inhibit the soluble/extracellular CD26. The pre-treatment with Diprotin 

A was enough to induce migration, suggesting that the membrane-bound CD26 possesses 

most of the enzymatic activity. However, adding Diprotin A to the bottom layer enhances 

the cells settled at the membrane to fully migrate to the lower layer. 

4.2. CD26 Expression and Activity in Jurkat 

CD26 was not detected on the surface of Jurkat cells by flow cytometry. Jurkat cells are an 

immortalized line of T lymphocyte cells. In the late 1970s, the cell line was obtained from 

the peripheral blood of a 14-year old male with T cell leukemia by Schneider et al. They 

have been extensively used to study T-cell signaling and activation [55]. Western blotting 

and flow cytometry analysis done by Havre et al. confirmed our results that Jurkat cells do 

not express CD26 [56]. However, our RT-PCR analysis showed measurable levels of CD26 

in Jurkat. CD26 activity was very low and not affected by CD26 inhibition. Since Diprotin 

A is a specific inhibitor of CD26/DPPIV, the proteolytic activity seen in Jurkat may not be 

attributed to CD26, but to related enzymes, such as DPP8 and 9. DPP8 and 9 belong to the 
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same family of serine proteases as DPPIV and share similar substrate specificity and 

enzymatic activity [57–59]. 

Even though RT-PCR showed levels of CD26 in Jurkat, this does not necessarily mean that 

all of the CD26 amounts expressed are enzymatically active all the time. Steeg et al. 

transfected Jurkat cells with either wild type CD26 or mutant CD26 lacking activity. They 

found that both samples expressed CD26 similarly on their surfaces regardless of the 

activity [60]. CD26, in some cases, can manifest biological pathways through its associated 

proteins independently of its enzymatic activity [24,61]. 

An analysis of DPPIV enzyme kinetics using Gly-pro-pNA as a substrate showed that the 

enzyme affinity to the substrate was different depending on the cell type/source. They 

reasoned that the substrate is artificial and may not be representative of natural substrates. 

In addition, they concluded that CD26 affinity to Gly-pro-pNA is modulated by its 

environment, including membrane composition, associated molecules/targeted pathways, 

localization and post-translational modifications [62]. However, these factors are different 

from cell to cell, so to understand the expression-activity relationship we should study each 

cell type individually. Some CD26-associated proteins do not require activity for binding, 

such as adenosine deaminase [62]. Pereira et al. found that the membrane-associated CD26 

located in microdomains called lipid rafts possesses higher substrate affinity than both the 

soluble form and the CD26 located in other domains in the membrane [62]. DPPIV is a 

highly sialylated glycoprotein, and any disruption of its glycosylation pattern can affect the 
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activity [63,64]. These are examples of how post-translational modifications of CD26 

affect its activity.  

4.3. CD26 Expression and Activity in Murine HSCs 

The rare hematopoietic stem cells derived from murine bone marrow can be isolated by the 

use of flow cytometry and a combination of cell surface markers. Hematopoietic stem cells 

are characterized by their lack of expression of lineage markers (Lin-), and expression of 

surface markers such as stem-cell antigen (Sca-1+) and c-kit (c-kit +). Thus, they are known 

as LSK cells (Lin- Sca-1+ and c-kit+) [8]. We evaluated the expression of several homing-

related molecules on the surface of murine CD34+ and CD34− cells isolated from the bone 

marrow. We found no significant differences in the expressions of the integrins CD49d, 

CD49e and CD29 between the two fractions. However, we observed higher CXCR4 

chemokine receptor expression on CD34+ HSCs while CD26 expression was higher on 

CD34− HSCs. The same expression pattern in regard to CD49d, CD49e and CD26 was 

detected in a recent study that used human 18Lin- CD34+ and 18Lin- CD34- cells derived 

from cord blood. However, they reported similar expression levels of CXCR4 in the CD34+ 

and CD34- populations, which contradicts our finding [16]. An older paper from the same 

research group reported lower levels of CXCR4 in 13Lin- CD34- HSCs than 13Lin- CD34+ 

HSCs [15]. They attributed the difference between both reports to using different numbers 

of lineage depletion markers (13Lin- vs. 18Lin-). They believed that 13Lin- CD34- HSCs 

were less purified and could include a “contaminated” cell, such as CD34+ HSCs or 

lymphoid cells [16]. Thus, future experiments should sort the cells with more markers or 



46 
 

 

 

increase the gap in gating between the two populations to eliminate such contaminating 

cells. 

Herrera et al. stated that CD26 associates and colocalizes with CXCR4 on T- and B-cell 

lines [65]. However, when others studied the CXCR4 expression on multiple T-cell lines 

with different CD26 expression levels, they found that CXCR4 and CD26 levels were 

independent [56]. Thereby, the high expression of CD26 along with low expression of 

CXCR4 in murine CD34- HSCs could be a unique pattern that distinguishes them from 

human CD34- HSCs. However, we need to study the correlation between CXCR4 and 

CD26 expression in murine HSCs before we rush to make such conclusions. 

Both murine HSCs subtypes produced similar levels of CD26/DPPIV activity despite the 

differences in the CD26 expression measured. Previous studies showed differential 

CD26/DPPIV activities regardless of the equal expression of CD26 [62], and differential 

CD26 expression regardless the similarity in CD26/DPPIV activities measured [31]. De-

Andrade et al. and Ruiz et al. analyzed the correlation between CD26 expression and 

activity. Andrade et al. used leukemia and non-leukemia cells, and Ruiz et al. used 

neoplastic human T-lymphocytes. Both papers found no correlation between the 

expression and activity. They concluded that the activity, as we mentioned earlier, depends 

on enzyme affinity to substrate which depends on the microenvironment, cell source 

(tissue-specific) and experimental conditions (intact vs. lysis, form of CD26 tested or 

substrate used). The CD26 expression, on the other hand, is affected by the maturity and 

activation of the cells [50,66]. 
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Based on preliminary experiments (n=1), CD26 inhibition with 10mM Diprotin A was able 

to reduce CD26 activity in the CD34+ cells. However, this didn’t seem to be the case for 

CD34- cells where the activity was maintained even after inhibition. Further studies need 

to be performed to confirm these results and verify their validity and accuracy. 

Furthermore, we could increase the concentration of Diprotin A as it seems that 10mM 

Diprotin A was not enough to affect CD26 activity in the CD34- population. 

4.4. Bone Marrow Engraftment of Murine HSCs following CD26 Inhibition 

From the pilot study conducted on a small number of mice, CD26 inhibition with 5mM 

Diprotin A seems to possibly increase the engraftment of murine CD34+ HSCs. However, 

this dose was not enough to induce the engraftment of murine CD34- HSCs. To confirm 

these results, the engraftment should be repeated on a larger scale where more mice are 

analyzed. In addition, a higher dose of Diprotin A (>10 mM) could be used since both the 

engraftment and CD26 activity of CD34- HSCs were not affected by the concentrations 

used here (5 and 10 mM). Here, we pretreated the donor cells with Diprotin A and did not 

take recipient cells into account. Previous studies found that in vivo treatment of recipient 

mice with Diprotin A along with the pretreatment of donor HSCs ex vivo with Diprotin A 

resulted in enhanced engraftment in different murine models [29,67]. Broxmeyer et al.  

found that the in vivo recipient treatment with Diprotin A prior to engraftment enhanced 

the engraftment of donor HSCs. Recipient C57BL/6-Ly5.1 (CD45.1+) mice were 

pretreated with Diprotin A in PBS two days before the transplant as well as on the day of 

the transplant (hours before the injection) [67]. However, Kawai et al. injected Diprotin A 
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along with the donor cells during the transplantation [29]. Future experiments will test 

these changes to our current protocol. 

4.5. Conclusions  

In conclusion, we detected CD26 expression and activity in U937 cells, in which CD26 

inhibition induced a higher migratory response to SDF-1α than in the presence of CD26. 

Thus, U937 can be used as a model for CD26 studies. In addition, we measured the 

expression levels of the adhesion molecules, involved in Step 2 of the HSCs migration, in 

the bone marrow-derived murine CD34+ and CD34- HSCs. We detected the same levels of 

integrins and CD26 activity in both fractions, and higher levels of CXCR4 and CD26 in 

CD34+ and CD34- cells, respectively. In addition, CD26 inhibition with Diprotin A might 

decrease CD26 activity and increase the engraftment of murine CD34+ HSCs. 

4.6. Next Steps 

The identification of expression profiles of the homing molecules of Step 2 on CD34- 

HSCs along with the specific targeting of CD26/DPPIV activity in these cells might have 

an important clinical potential regarding HSCT and leukemia therapy. We believe that 

CD26 inhibition could play an important role in LT-HSC engraftment efficiency, resulting 

in a higher engraftment efficiency and longer repopulation. Thus, our next step is to 

investigate the engraftment potentials of murine CD34- and CD34+ HSCs after CD26 

inhibition to decide whether it helps CD34- cells overcome their reduced ability to homing 

to the bone marrow. To do so, more mice and higher doses of Diprotin A (>10 mM) need 

to be considered. To increase the efficiency of the engraftment, intravenous injection of 
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Diprotin A simultaneously with the donor HSCs could also be tested. For example, we 

could treat the donor HSCs with 20mM Diprotin A for 15 minutes at 37 °C, wash and 

resuspended them in DPBS with 20mM Diprotin A, and inject this into the recipient mouse. 

In addition, we could perform transwell assays with these two populations and observe 

whether there is difference in their migration to SDF-1α, and whether CD26 inhibition 

promotes migration of LT-HSCs. 
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