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Seminal Report

Diprotin A Infusion into Nonobese Diabetic/Severe Combined
Immunodeficiency Mice Markedly Enhances Engraftment of

Human Mobilized CD34� Peripheral Blood Cells

TOSHINAO KAWAI,1–3 UIMOOK CHOI,1 PO-CHING LIU,1
NARDA L. WHITING-THEOBALD,1 GILDA F. LINTON,1 and HARRY L. MALECH1

ABSTRACT

Hematopoietic stem cell (HSC) graft cell dose impacts significantly on allogeneic transplant. Similarly,
HSC gene therapy outcome is affected by loss of repopulating cells during culture required for ex vivo
retrovirus transduction. Stromal cell-derived factor-1 (SDF-1) and its receptor CXCR4 play a central
role in marrow trafficking of HSCs, and maneuvers that enhance CXCR4 activation might positively
impact outcome in settings of limiting graft dose. CD26/dipeptidyl peptidase IV (DPP-IV) is an ec-
toenzyme protease that cleaves SDF-1, thus reducing CXCR4 activation. We show that injection of ir-
radiated nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice with �2 �mol
Diprotin A (a tripeptide specific inhibitor of CD26 protease activity) at the time of transplant of hu-
man granulocyte colony-stimulating factor (G-CSF) mobilized CD34� peripheral blood cells (CD34�

PBCs) results in a �3.4-fold enhancement of engraftment of human cells. We also show that CD26 on
residual stromal cells in the irradiated recipient marrow milieu, and not any CD26 activity in the hu-
man CD34� PBC graft itself, plays the critical role in regulating receptivity of this environment for the
incoming graft. Human marrow stromal cells also express CD26, raising the possibility that Diprotin
A treatment could significantly enhance engraftment of HSCs in humans in settings of limiting graft
dose just as we observed in the NOD/SCID mouse human xenograft model.
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INTRODUCTION

TRANSPLANTATION OF ALLOGENEIC HEMATOPOIETIC

STEM CELLS (HSCs) has become a central treatment
for many hematological diseases that include cancers and
dysplasias (1–3), inherited metabolic diseases (4,5), and
inherited immunodeficiency diseases (6–8). Comple-
mentary to this approach have been the recent demon-
strations of efficacy of ex vivo autologous HSC gene 
therapy in treatment of X-linked severe combined im-

munodeficiency (X-SCID) (9–11), adenosine deaminase-
deficient SCID (12), and X-linked chronic granuloma-
tous disease (X-CGD) (13,14).

It has been shown that the dose of HSCs in the graft
can impact on rates of engraftment in the allogeneic set-
ting and on achieving adequate gene marking in the gene
therapy setting. In many clinical situations, there is little
control over the size of the graft available to the patient.
In such settings, knowledge of factors impacting on en-
graftment efficiency can make a critical difference in the
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clinical outcome. Marrow conditioning and immune sup-
pression regimens are major factors. However, it is likely
that other maneuvers are possible to increase engraftment
efficiency.

Stromal cell-derived factor-1 (SDF-1) and its receptor
CXCR4 play a central role in trafficking of HSCs in the
bone marrow (15–17). Gene transfer mediated overex-
pression of either wild-type CXCR4 or an enhanced-
function mutant CXCR4 in human HSCs significantly en-
hance engraftment in a nonobese diabetic (NOD)/SCID
mouse xenograft model (18–20). Preventing degradation
of SDF-1 can also enhance engraftment (21) and, con-
versely, enhancement of proteolysis of SDF-1 can release
HSCs to the peripheral blood from bone marrow (22,23).
A number of chemokines, including SDF-1, have a pro-
line second from the amino-terminus that appears to be
the target for cleavage by a specialized membrane-an-
chored ectoenzyme, dipeptidyl peptidase IV (CD26/DPP-
IV) (24) that cleaves chemokines containing this essen-
tial amino-terminal X-Pro-dipeptide motif (25).

Mouse HSCs express CD26/DPP-IV (21,26), and it has
been reported that ex vivo treatment of mouse unfrac-
tionated bone marrow with Diprotin A (Ile-Pro-Ile), a
specific inhibitor of CD26/DPP-IV, enhances engraft-
ment (26). Human blood T cells, B cells, natural killer
(NK) cells, and many epithelial, endothelial, stromal, and
acinar cells (27–31), as well as a subpopulation of hu-
man cord blood CD34� cells (24) express CD26/DPP-
IV. In the current study, we show that ex vivo treatment
of human granulocyte colony-stimulating factor (G-CSF)-
mobilized CD34� peripheral blood cells (CD34� PBC)
with Diprotin A does not enhance engraftment in the ir-
radiated NOD.CB17-Prkdcscid/J mouse (NOD/SCID
mouse) xenograft model, but that in vivo treatment of the
mice by injection of Diprotin A at the time of transplant
markedly enhances engraftment of these cells, doing so
by inhibiting CD26/DPP-IV in the residual marrow
stroma. Because human bone marrow stroma also ex-
presses CD26/DPP-IV activity, it is possibly to speculate
that our results with Diprotin A could be applicable to
transplants in humans.

MATERIALS AND METHODS

Human G-CSF-mobilized CD34� peripheral
blood cells

Following informed consent (NIH Institutional Review
Board–approved Protocol 94-I-0073), human G-CSF-
mobilized CD34� peripheral blood cells (CD34� PBCs)
were collected by apheresis from healthy volunteers
given 5 days of G-CSF (10 �g/kg per day for 5 days).
After CD34 antigen-mediated selection with immuno-
magnetic beads (ISOLEX300i system, Baxter Health-

care, Deerfield, IL) (32), purified CD34� PBCs were pre-
served in liquid nitrogen until use.

Culture of human CD34� PBCs

CD34� PBCs were cultured in X-VIVO10 (BioWhit-
taker, Walkersville, MD) supplemented with 1% human
serum albumin (HSA), recombinant human stem cell fac-
tor (SCF), thrombopoietin (TPO), flt3-ligand, and inter-
leukin-3 (IL-3) at 50, 50, 50, 20 ng/ml, respectively (R&D
Systems, Minneapolis, MN) for 4 days after thawing.

Migration assay

CD34� PBCs, with or without prior Diprotin A treat-
ment, were suspended in 100 �l of X-VIVO 10 (1%
HSA) and loaded into upper chambers (5 � 105 cells per
well) of a 24-well transwell apparatus (Costar, NY; pore
size 5 �m) containing varied concentrations of SDF-1
(PeproTech Inc., Rocky Hill, NJ) in the lower chamber.
The number of cells migrating to the lower chamber over
2 h at 37°C was scored visually by light microscopy.

Colony-forming unit assay

Ex vivo-cultured naïve CD34� PBCs were sorted at
day 4 with phycoerythrin (PE)-conjugated anti-human
CD26 antibody using flow cytometry. After sorting, the
percent of CD26� cells and CD26� cells was 99.8% and
0.1%, respectively. Naïve, CD26 sorted, and retroviral
green fluorescent protein (GFP)-transduced CD34� PBCs
at 1 � 103 cells/ml were cultured in duplicate in 1%
methylcellulose and Iscove’s modified Dulbecco medium
(IMDM) supplemented with 30% fetal bovine serum
(FBS), 1% bovine serum albumin (BSA), 0.1 mM 2-mer-
captoethanol, 2 mM L-glutamine, 50 ng/ml recombinant
human (rh)SCF, 20 ng/ml rhGM-CSF, 20 ng/ml rhIL-3,
20 ng/ml rhIL-6, and 20 ng/ml rhG-CSF (StemCell Tech-
Inc., Vancouver, Canada). All colonies were of myeloid
phenotype and most were mixed monocytes/granulocytes
in type, but were not further distinguished when count-
ing colonies. For each experiment, at least 90 colonies
were scored, where the cultures were scored at 14 days
in a blinded manner by inverted fluorescence microscopy
as described previously (33).

Plasmid and retroviral vector production and
transduction of human CD34� PBCs

A previously described, a fusion protein sequence con-
sisting of GFP fused to P144K murine mutant homolog of
O6-methylguanine-DNA methyltransferase (mMGMT*)
was inserted into the NcoI–BamHI cloning site of pMFGS,
a Moloney murine leukemia virus replication–incompetent
vector (Cell Genesys, Foster City, CA) (13,33).
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FLYRD18-packaging cells (34) producing RD114 en-
velope pseudotyped (35–37) MFGS-GFPmMGMT*
retroviral vector (referred to hereafter just as GFP vec-
tor) were generated as previously described (32,38). Fil-
tered vector supernatant was collected from confluent
FLYRD18 producer cultures and concentrated by cen-
trifugation (18,600 � g, 3 h, 4°C).

CD34� PBCs were transduced with concentrated GFP
vector, with a multiplicity of infection (MOI) of 10
overnight three times (days 1, 2, and 3) in culture medium
containing 5 �g/ml protamine in six-well plates pre-
coated with RetroNectin (TaKaRa Bio-Inc., Otsu, Japan).
Naïve nontransduced CD34� PBCs were cultured simi-
larly and served as negative controls for GFP expression.

Flow cytometry

PE- or allophycocyanin (APC)-conjugated mouse
monoclonal antibodies (mAbs) were used to perform
three-color analysis that also included detection of GFP.
Conjugated mAbs were used that were specific for hu-
man CD34 antigen, human CD45 antigen, or human
CD26 antigen. Mouse nonspecific immunoglobulin G
(IgG) mAbs conjugated with PE and APC were used for
isotype controls. Data analysis was performed with Cell-
Quest software (Becton-Dickinson, San Jose, CA).

Transplantation of human CD34� PBCs into
NOD/SCID mice

Two days before transplantation, 8- to 12-week-old
NOD/SCID mice were irradiated with 300 cGy of total-
body radiation (139Cs gamma source). Because this
mouse strain may still retain some NK cells that can in-
terfere with human cell engraftment, all animals were in-
jected intraperitoneally prior to transplant with 1 mg of
TM-�1 (anti-murine IL2 receptor � chain) rat mAb, a
maneuver that eliminates NK cells during the peritrans-
plant period (39–41). For all experiments, the progeny of
1 � 106 human CD34� PBCs at the initiation of culture
(GFP transduced or naïve nontransduced 4 day-cultured)
were injected by tail vein into each mouse, where the av-
erage expansion was 3- to 4-fold by day 4 of culture. At
the time of transplant, simultaneously with injection of
the human CD34� PBCs, the mice were injected intra-
venously with 100 �l of phosphate-buffered saline (PBS)
containing 0, 0.5, 2, or 4 �mol Diprotin A (concentra-
tions of 0, 5, 20, or 40 mM, respectively).

Assessment of human cell engraftment in the
NOD/SCID mouse

Bone marrow (BM) cells were harvested from both fe-
murs of each mouse at 6 weeks after transplantation. Af-
ter red blood cell lysis, the analysis of human xenografted

cells in BM from each mouse was assessed by flow cy-
tometry (FACSort; BD Immunocytometry System, San
Jose, CA), using anti human-CD45 APC mAb.

CD26 histochemistry in mouse bone marrow and
CD26/DPP-IV activity in mouse serum and BM

For immunohistochemical analyses, the femurs iso-
lated from the NOD/SCID mice at day 2 after 300 cGy
of total-body irradiation (139Cs gamma source) were
treated with 4% paraformaldehyde for 16 h and then em-
bedded for sectioning. Dewaxed sections of these femurs
were stained with anti-mouse CD26 antibody (R&D sys-
tems, Minneapolis, MN).

Blood and BM cells were harvested 2 days after irra-
diation of NOD/SCID mice as per preparation for trans-
plantation with or without treatment intravenously with
Diprotin A just before harvest of the blood or BM. The
analysis of the DPP-IV activity was performed by DP-
PIV-Glo Protease assay (Promega, Madison, WI) on the
BM cells and on blood serum. Measurements were de-
tected in 96-well microtiter chemiluminescence plates
(using 5 � 105 cells/well for marrow cells and using a
10% dilution of the serum with PBS) at 37°C using a Lu-
minoskan Ascent (Thermo Fisher Scientific, Inc.,
Waltham, MA). The data for enzymatic activity were
shown as the peak of Relative Light Units over 30 min.

Statistics

Results of experimental points are reported as mean �
standard deviation (SD). Significance levels were deter-
mined by Student’s t-test for differences in means.

RESULTS

Effect of culture of human CD34� PBCs on
expression of CD34 and CD26 antigen

Mouse HSCs express CD26/DPP-IV (21,26), but
freshly isolated human mobilized CD34� PBC do not ex-
press detectable CD26 (Fig. 1A,B at time 0). When these
human CD34� PBCs are cultured, CD34 expression de-
creased only slightly during the first 4 days of culture,
but rapidly decreased beyond day 5 (Fig. 1A). As noted,
the percent of CD34� cells that expressed CD26 at ini-
tiation of culture was essential zero, but increased slowly
for the first 3 days, reaching almost 10% by day 4, and
then more rapidly beyond day 4 (Fig. 1B). In companion
cultures where the human CD34� PBCs were transduced
with GFP vector overnight daily from culture days 1–4,
the loss of CD34 antigen and gain of CD26 antigen was
equivalent to that seen in the nontransduced (naïve) cul-
tures (not shown). The percent of GFP� cells at day 4
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(at the day of transplantation of the human cultured and/or
transduced CD34� PBCs into NOD/SCID mice) was
80 � 1.3 %. Although the detailed dot plots for each daily
analysis are not shown, it should be noted that at each
time point after 4 days the loss of CD34 antigen was
strongly correlated with gain of expression of CD26 anti-
gen.

Effect of Diprotin A on in vitro migration of
CD34� PBCs

Human CD34� PBCs express CXCR4 and retain ex-
pression of CXCR4 during ex vivo culture (38). Because
culture of human CD34� PBCs induces expression of
CD26 in almost 10% of cells by day 4, it was reasonable
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FIG. 1. Ex vivo culture of human CD34� PBCs decreases
CD34 expression and increases CD26 expression. (A) Change
in CD34 expression over time in culture for human mobilized
CD34� PBCs. (B) Change in CD26 expression over time in the
same cultures of human mobilized CD34� PBCs. These puri-
fied cells are �98% CD34� at the start of culture without de-
tectable CD26.

to ask if this might affect migration responses of the cul-
tured cells to SDF-1. The SDF-1–mediated migration as-
say was performed using 4-day cultured CD34� PBCs
with or without pretreatment of the cultured human
CD34� PBCs with Diprotin A before placement in the
migration assay. With 10 nM SDF-1 as the stimulus in
the lower chamber, we observed that of the 5.0 � 105

cultured cells loaded onto the upper chamber, the percent
of cells migrating into the lower chamber were 21.6 �
3.6% and 26.1 � 5.0%, respectively, for CD34� PBCs
treated with PBS or 20 mM Diprotin A, but this differ-
ence was not statistically significant (n � 6). A series of
experiments were also performed with lower concentra-
tions of SDF-1 stimulus (0.5, 1, and 5 nM) and higher
concentrations of 40 mM Diprotein A pretreatment of
CD34� PBCs (n � 6 for all experiments) showing no sta-
tistically significant effect of the Diprotin A treatment on
migration of the human cultured CD34� PBCs. We con-
clude that ex vivo Diprotin A treatment of cultured hu-
man CD34� PBCs had no subsequent effect on migra-
tion response to SDF-1.

Effect of Diprotin A on colony formation 
and the relationship of CD26 expression to
colony-forming potential

Colony-forming unit (CFU) assays were performed at
day 4 of culture with naïve or GFP-transduced CD34�

PBCs, where each group was treated with PBS or
Diprotin A. At 14 days after ex vivo culturing in semi-
solid medium, there were no differences in the total num-
ber of colonies per 1 � 103 cells plated for the naïve
CD34� PBC group: 102 � 8, 103 � 9, 104 � 9, 103 �
10, and 101 � 11 colonies following treatment with 0, 5,
10, 20, and 40 mM Diprotin A, respectively (four ex-
periments). There also were no differences in the total
number of colonies per 1 � 103 cells plated for the GFP-
transduced CD34� PBC group: 101 � 11 and 103 � 12
total colonies (36.2 � 3.9% and 34.7 � 4.4% GFP�

colonies) following treatment with 0 or 20 mM Diprotin
A, respectively (four experiments). This confirms both
that transduction did not affect total colony number, and
that ex vivo treatment with Diprotin A affects neither to-
tal colony number nor number of GFP� colonies. As an-
other aspect of these experiments, we sorted day-4 cul-
tured CD34� PBCs for CD26 expression before plating.
CD26� and CD26� CD34� PBCs gave rise to 2 � 0.5
and 101 � 9.8 colonies per 1 � 103 plated, respectively,
indicating that acquisition of CD26 expression was
strongly associated with loss of colony-forming poten-
tial. This result is consistent with our flow cytometry data,
already noted above, which showed a strong correlation
between expression of CD26 antigen and loss of CD34
antigen.



Effect of in vivo versus ex vivo treatment with
Diprotin A on human CD34� PBC engraftment
in the NOD/SCID xenograft model

Because ex vivo treatment with Diprotin A had no ef-
fect on cultured or cultured/transduced human CD34�

PBCs with respect to colony formation or migration re-
sponse to SDF-1, we performed transplant experiments
in which NOD/SCID mice were injected with Diprotin
A at the time of transplant to determine if that affected
engraftment. When 1 � 106 4-day-cultured human
CD34� PBCs were transplanted together with injection
of 0, 0.5, 2, and 4 �mol of Diprotin A in a 100-�l vol-

ume of PBS (corresponding to concentrations of 0, 5, 20,
and 40 mM Diprotin A) into NOD/SCID mice, there was
a profound enhancement of engraftment. Specifically, the
percent of human cells in the BM of these mice at 6 weeks
after transplant was 17.4 � 7.4%, 22.5 � 5.2%, 62.0 �
12.5%, and 60.4 � 8.4%, respectively (Fig. 2A; p �
0.001 when comparing the 2 and 4 �mol Diprotin
A/mouse groups versus the PBS-only/mouse group).

In a similar experiment, the human CD34� PBCs were
incubated ex vivo in either 5 or 20 mM Diprotin A for
30 min, washed twice by centrifugation to remove
Diprotin A, and immediately transplanted into NOD/
SCID mice. The result as shown in Fig. 2B (left bar ver-
sus middle bar) indicates that there is no effect on en-
graftment from ex vivo exposure of cultured human
CD34� PBCs to Diprotin A. However, there was still a
profound enhancement of engraftment mediated by in
vivo administration of Diprotin A when the cells exposed
to ex vivo Diprotin A were transplanted (middle bar ver-
sus right bar in Fig. 2B; p � 0.01). These experiments
confirm that only the Diprotin A actually injected into
the mice significantly enhanced the outcome of the hu-
man CD34� PBC xenograft and that ex vivo exposure of
the cells to the Diprotin A before transplant did not af-
fect the outcome.

In another series of experiments, we transduced human
CD34� PBCs with the GFP retrovirus vector to �80%
transduction ex vivo over 4 days and transplanted these
cells into the 300-cGy-conditioned NOD/SCID mice
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FIG. 2. In vivo injection treatment of the NOD/SCID mice
but not ex vivo treatment of the human CD34� PBC graft with
Diprotin A improves the engraftment of human cells in the
NOD/SCID mouse xenograft. (A) Measurement of the percent
of human CD45� cells in the NOD/SCID BM xenograft at 6
weeks after transplant, following in vivo injection treatment of
the mice at the time of transplant with the amounts of Diprotin
A shown on the horizontal axis. There is significant enhance-
ment of engraftment by Diprotin A and statistics are provided
in the text (three separate experiments; n � 6–9 mice in each
dose group for the graph in A). (B) Measurement of the per-
cent of human CD45� cells in the NOD/SCID BM xenograft
at 6 weeks after transplant, following either ex vivo treatment
alone (middle bar) or together with in vivo injection treatment
(right bar) of the mice at the time of transplant with the amounts
of Diprotin A shown. Only if in vivo treatment is given is there
an enhancement of engraftment. B shows the results of exper-
iments separate from those shown in A (two separate experi-
ments; n � 5–7 mice for each treatment shown in B). (C) Per-
cent of GFP� cells relative to the whole-mouse BM cell count
following transplant of GFP retrovirus-transduced human
CD34� PBCs into NOD/SCID mice without (left bar) or with
(right bar) injection of 2 �mol Diprotin A. (C) Results of ex-
periments separate from those shown in A or B (two separate
experiments; n � 5–7 mice for each treatment shown in C).



without or with infusion of 2 �mol Diprotin A. The
xenograft of human CD45� cells in the BM of the
NOD/SCID mice comprised 12.9 � 6.0% and 33.5 �
7.3% for the mice without Diprotin A or with Diprotin
A injection, respectively (not shown graphically; two ex-
periments of 5–7 mice per group, n � 7, comparing PBS
to Diprotin A, p � 0.01). As expected, the percent of the
human cells in the xenograft that were GFP� were the
same at 12.6 � 1.7% and 14.6 � 2.2%, respectively.
However, as shown in Fig. 2C, because there were sig-
nificantly more human cells in the Diprotin A-treated
mice, this resulted in a higher percent of GFP-marked
cells overall in that group (1.8 � 0.6% GFP� for PBS
versus 4.2 � 0.8% GFP� for Diprotin A; p � 0.01). This
demonstrates that transduction does not disadvantage
NOD/SCID repopulating cells from participating in the
enhancement in engraftment induced by Diprotin A, but
neither are the percent of transduced cells enhanced in
engraftment relative to the nontransduced fraction of the
incoming human xenograft.

DPP-IV activity measured in the graft before
transplant and in mouse serum and marrow over
24 h after injection with Diprotin A

DPP-IV activity of 4-day cultured human CD34�

PBCs was measured without or with a 30-min incubation
in 20 mM Diprotin A. Cells were washed by centrifuga-
tion and 0.5 � 106 cells per well loaded in a 96-well
chemiluminescence assay plate demonstrated 81 � 4.7
and 12.4 � 2.2 activity units for the untreated and ex vivo
Diprotin A-treated cells (n � 4; p � 0.01). This demon-
strates the presence of Diprotin A-inhibitable CD26/DPP-
IV protease activity in the human CD34� PBC 4-day cul-
tured cells. Thus, the lack of demonstrable Diprotin A
effect on human CD34� PBC migration in response to
SDF-1 or on engraftment was not because the Diprotin
A treatment of the cultured cells ex vivo failed to reduce
DPP-IV activity significantly.

We next evaluated the DPP-IV activity of serum and
BM cells from NOD/SCID mice irradiated 2 days previ-
ously, in the standard way as if for transplant, to assess
the effect of intravenous in vivo treatment with different
amounts of Diprotin A. At 5 min after injection of 0, 0.5,
2, and 4 �mol Diprotin A (consisting of 100 �l of PBS
containing a concentration of 0, 5, 20, and 40 mM
Diprotin A, respectively), the mice were sacrificed and
blood and BM collected for assays performed as quickly
as possible after harvest. The DPP-IV activity for 10%
mouse serum diluted in PBS was 552 � 47, 550 � 49,
555 � 46, and 546 � 43 activity units, respectively (n �
4), indicating no effect on this type of protease activity
in mouse serum. However, in the same mice sacrificed
at the time of blood sampling, the DPP-IV activity of
marrow cells harvested and assayed as quickly as possi-

ble (about an hour after sacrifice) was 76 � 8.8, 79 �
8.6, 43 � 7.8, and 43 � 9.5 activity units for the same
groups, respectively, indicating a significant early inhi-
bition of BM DPP-IV activity for the two highest doses
of Diprotin A compared to the PBS control (p � 0.001,
Fig. 3). However, 24 h after injection of either 2 or 4
�mol of Diprotin A, the DPP-IV activity appeared fully
restored (n � 4, 79 � 10.3, 80 � 11.7, and 78 � 9.9 ac-
tivity units for treatment with PBS, 2 �mol, and 4 �mol
Diprotin A, respectively; Fig. 3).

Pattern of CD26 expression in pre- and 
post-irradiated NOD/SCID bone marrow

Bone marrow of NOD/SCID mouse femur from un-
treated or 2-day post 300-cGy-irradiated mice was fixed
for histochemical and immunohistochemical staining to
detect mouse CD26 expression in paraffin sections. The
upper panels in Fig. 4 compare the normal cellularity of
nonirradiated animals (left) to the hypocellular pattern
seen on the right in the irradiated animals where the re-
maining stromal cells predominate. In the bottom panels,
shown as increased magnification compared to the top
panels, it is possible to note the wide distribution of the
immunoperoxidase-positive brown precipitate in many
cell types on the lower left, but it is possible in the post-
irradiation marrow on the right lower panel to see stel-
late cells that are presumably stromal are staining pos-
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FIG. 3. In vivo treatment of Diprotin A reduced the
CD26/DDP-IV activity of irradiated NOD/SCID mouse BM.
The graph shows CD26/DDP-IV protease activity measured in
a chemiluminescence assay and expressed in relative light units
in the marrow cells of irradiated NOD/SCID mice treated with
PBS, 0.5, 2, and 4 �mol Diprotin A. For the filled bars, the mice
are sacrificed at 5 min after intravenous injection, but it took
about an hour to harvest and measure marrow activity. For the
open bars, the mice are sacrificed at 24 h after intravenous in-
jection. The inhibition of CD26/DDP-IV at 5 min after treatment
with 2 and 4 �mol Diprotin A compared to the PBS control group
is highly significant (n � 4, p � 0.01). However, this early inhi-
bition of CD26/DDP-IV by treatment with Diprotin A seen at 5
min (filled bars) is no longer evident at 24 h (open bars).



itive. In a separate experiment not shown, we confirmed
previous reports that human marrow stromal cells express
high levels of CD26, suggesting the possibility that our
findings in NOD/SCID mice with human CD34� PBC
xenografts presumably would be translatable to clinical
human transplantation.

DISCUSSION

There are a number of clinical transplant settings where
the size of the HSC graft may be limiting and where it
would be useful to enhance engraftment without in-
creasing intensity of conditioning. There is much inter-
est in the mechanisms by which the chemokine receptor
CXCR4 and its ligand, SDF-1 (CXCL12) regulate traf-
ficking of HSCs (15–17). Activity of SDF-1 may be reg-
ulated by the DPP-IV proline dipeptide protease activity
associated with CD26 (24,42) and Diprotin A, a specific
tripeptide inhibitor of the CD26 protease, can signifi-
cantly enhance engraftment of mouse bone marrow
(21,26,43). Many human cells express CD26, which is
associated with the same DPP-IV activity in human cells.
Mouse HSCs have been reported to express CD26, as do
a subset of human cord blood CD34� cells (24).

We find in our current study that human mobilized
CD34� PBCs do not express detectable CD26, although
CD26 expression did appear during ex vivo culture. How-

ever, acquisition of expression of CD26 in cultured hu-
man CD34� PBCs correlated strongly with both loss of
CD34 antigen expression and loss of colony formation
potential. Thus, we confirm that most or all colony-form-
ing human CD34� PBCs do not express CD26 and that
this may be the basis for the failure of ex vivo treatment
with Diprotin A to have a significant effect on human
CD34� PBC engraftment as it clearly does with mouse
HSCs. We did not study BM-derived CD34� cells, and
it remains possible that there is a subpopulation of en-
graftable BM-derived adult human HSCs that express
CD26 that would be affected by ex vivo treatment with
Diprotin A. Our studies with human CD34� PBCs em-
phasize the importance of delineating both source-spe-
cific and species-specific differences of hematopoietic
progenitors and stem cells in biological processes.

Following our inability to enhance engraftment of hu-
man CD34� PBCs by pretreatment ex vivo with Diprotin
A, we tried injecting the NOD/SCID mice with Diprotin
A simultaneous with injection of the cells and in our ini-
tial experiments found a profound enhancement of en-
graftment of human CD34� PBCs. Both because of our
interest in the potential of enhancing engraftment of gene-
marked human CD34� PBCs, and because short-term
culture clearly enhanced expression of CD26 in the non-
colony-forming portion of the cultured graft, we focused
our attention on this type of graft in our subsequent stud-
ies. Despite expression of CD26 by a portion of the cul-
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FIG. 4. CD26 expression in the marrow of naïve and 2 days post 300-cGy-irradiated NOD/SCID mice. Low magnification of
Hematoxylin & Eosin (H&E)-stained sections of BM from NOD/SCID mice before (left upper panel) or 2 days after 300 cGy
of irradiation (right upper panel). With radiation, there is significant loss of cellularity with retention of mostly stellate cells likely
representing stroma. (Lower panels) Higher magnification of immunohistochemical brown peroxidase staining of CD26� cells.
Before radiation, there are significant numbers of cells of various types that express CD26 (lower left panel), but 2 days after ir-
radiation the positive cells are mostly the remaining stellate cells that may be stroma.



tured human CD34� PBC graft, inhibition of that DPP-
IV activity by ex vivo exposure to Diprotin A still had
no effect on engraftment. However, injecting the
NOD/SCID mice with Diprotin A simultaneously with
injection of the graft of cultured or cultured/gene trans-
duced human CD34� PBCs reliably resulted in en-
hancement of both the nontransduced and transduced hu-
man CD34� PBCs in the NOD/SCID xenograft.

The mechanism by which this occurs likely involves
inhibition of the NOD/SCID host marrow cells. Our stud-
ies of CD26 in nonablative irradiated (300 cGy)
NOD/SCID marrow demonstrates that at the time of en-
graftment most of the remaining cellular component in
the marrow appears to be stroma and this marrow stroma
expresses high levels of CD26 by histochemical staining.
We also confirm the presence of DPP-IV enzymatic ac-
tivity in marrow harvested from irradiated NOD/SCID
mice, also demonstrating that injection of Diprotin A
greatly inhibits the DPP-IV activity in irradiated
NOD/SCID mouse BM.

Short of performing Diprotin A injection studies in hu-
man subjects, we still lack direct evidence that our
xenograft studies of human CD34� PBCs in Diprotin A-
treated NOD/SCID mice would be reproduced in trans-
planted humans. However, we and others do find that hu-
man marrow stroma and human stroma cell lines highly
express CD26 (44), strongly suggesting, but not yet prov-
ing, that Diprotin A injection in human subjects would
enhance engraftment of human CD34� PBCs.

In summary we demonstrate for the first time that
Diprotin A can greatly enhance the engraftment of hu-
man CD34� PBCs into the NOD/SCID mouse xenograft,
but that this effect requires injection of Diprotin A into
the mouse and likely acts on the mouse marrow stroma
rather than directly acting on the incoming human CD34�

PBC graft.
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