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Dipeptidyl peptidase IV (DPP IV), also identified as the glycoprotein CD26, is a transmembrane 110- to
120-kDa serine aminopeptidase involved in immune responses by influencing T-cell costimulation and by
cleaving cytokines. Additionally, CD26 is a nonintegrin receptor that contains a binding site for extracellular
matrix and other molecules. In order to further define the expression and functional activity of this membrane
exopeptidase in human T cells, we developed a nondisruptive, four-color cytofluorogenic assay that utilizes
three separate antibodies to cell-surface molecules (e.g., CD4/CD8/CD26 and CD19/CD56/CD26) along with a
rhodamine 110-conjugated dipeptide substrate that allows the measurement of DPP IV activity in phenotyp-
ically defined cells. We found normal human thymi to have notable differences in time-dependent DPP IV
activity among the thymocyte subsets defined by their CD4/CD8 phenotype, with CD42/CD82 thymocytes
containing less DPP IV activity than cells expressing CD4 and/or CD8 (i.e., maturing). CD26 positivity was
moderately intense in thymocytes and tended to identify cells with higher DPP IV activity. The four-color
technique was also used to examine mature peripheral blood lymphocytes, along with an assortment of
leukemias and transformed T-cell lines. These experiments revealed that while DPP IV was consistently evident
in normal T cells, neoplastic T cells could vary in their expression patterns. Furthermore, the presence (or
intensity) of surface CD26 in some abnormal T cells and certain normal peripheral blood mononuclear cells
was separable from the level of DPP IV measured intracellularly. Our results established that multicolor
cytofluorographic analysis can be a practical means to measure DPP IV activity in various human cell
populations. Furthermore, we found that DPP IV activity could vary in T cells according to their differentiation
status and that under certain circumstances surface CD26 expression can be disassociated from the level of
measured enzyme (i.e., DPP IV) activity.

The membrane-associated and cytoplasmic glycoprotein
CD26 is a 110- to 120-kDa molecule encoded on chromosome
2 (1) that possesses inherent enzymatic activity known as
dipeptidyl peptidase IV (DPP IV) (11, 27). DPP IV is a serine
aminopeptidase that bears the capacity of cleaving polypep-
tides at locations containing amino-terminal dipeptides that
have either L-alanine or L-proline in position 2 (30). In this
regard, CD26 serves as a prototypical member of a multifunc-
tional and heterogeneous group of molecules which possess
enzymatic activity and which concurrently participate in a va-
riety of cellular functions. For example, CD26 is a nonintegrin
receptor which has the capacity to bind to collagen (26), CD45
(28), and adenosine deaminase (17), raising the likelihood that
CD26 is involved in cellular trafficking throughout the inter-
stitial compartments (e.g., collagen) and that this molecule
participates in cellular transduction pathways (e.g., CD45 and
ADA).

CD26 has been detected in a variety of tissues (1) and cell
types, including cells involved in the immune system such as
lymphocytes of T (27), B (8), or NK (7) lineage. Moreover,
different T-cell subsets vary in their level of CD26 expression
(29), with an upregulation of this molecule as T cells undergo
cell activation (10). Commensurate with its phenotypic expres-
sion on immune cells, CD26 appears to be involved in a spec-

trum of immunological functions. For instance, CD26 has been
found to provide an adjunct “second signal” during T-cell
activation, thereby behaving as a costimulatory molecule which
regulates interleukin 2 (IL-2) production and IL-2 receptor
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FIG. 1. Kinetic study of total DPP IV activity in normal peripheral blood, as
determined by single-color flow cytometry analysis of lymphocytes, gated with
typical low-forward and side-scatter characteristics. Values are means of separate
determinations of lymphocytes from five subjects. Error bars indicate standard
deviations.
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expression (5, 9). CD26/DPP IV has also been shown to be a
modifier of cytokine activity (24) and antibody production (20).
Finally, we (23) and others (4) have reported that CD26 in the
thymus may play a role in T-lymphocyte ontogeny. It is not
surprising, therefore, that interference with the molecule’s ac-
tivity by using specific tripeptides or antibody has been re-
ported to have an immunosuppressive effect (18).

We recently developed a flow cytometry-based assay that
utilizes a unique fluorogenic dipeptide (glycine-proline) that is
specific for DPP IV and which upon cleavage emits a fluores-
cence signal (via rhodamine 110) in the fluorescein isothiocya-
nate (FITC) wavelength range. We felt that it would be useful,
particularly with thymocytes, to be able to determine intracel-
lular DPP IV activity in cells that were distinctly characterized
by simultaneous surface expression of three molecules, espe-
cially CD4, CD8, and CD26. To address this issue, we devel-
oped a four-color flow cytometry assay for the measurement of
DPP IV that also utilized concurrent staining for several sur-
face molecules (including the aforementioned markers) and
employed this technique to examine human thymocytes as well
as other normal and atypical human T-cell populations.

MATERIALS AND METHODS

Reagents. Rhodamine 110-conjugated glycine-proline (Gly-Pro) and rhoda-
mine 110-conjugated alanine-alanine (Ala-Ala) dipeptides (3, 19) were synthe-
sized (Cell Probe) and generously provided by Coulter Corporation (Miami,
Fla.). These two dipeptide compounds serve as substrates for DPP IV and
parallel each other in terms of detection of enzyme activity. All of the results
presented were obtained with Gly-Pro but were often substantiated with Ala-Ala,
and our data demonstrating the specificity of these substrates have been previ-
ously reported (23). Four-color cytofluorographic analysis was performed in
conjunction with antibodies directly conjugated to spectrally nonoverlapping
fluorochromes; the antibody-fluorochrome combinations were CD4 (T4)-ECD,
CD26-phycoerythrin (PE), and PE-Cy5 (PE5)-conjugated CD8 (T8) (the first
four-color combination) and CD56-PE5, CD19-ECD, and CD26-PE (Immuno-
tech, Marseilles, France).

Cell preparation. Human thymus tissue was aseptically obtained during sur-
gical procedures involving the mediastinal region. All of the donors (n 5 8) were
pediatric aged patients and did not have any systemic illness or thymic disorder,
thereby ensuring that the thymic tissue being utilized was normal in composition
and function. The thymic tissue was pushed through a wire mesh screen (50-mm
mesh; Tekco, Inc., Lancaster, N.Y.) to disaggregate it, and thereafter, the cells
were washed twice with serum-free RPMI 1640 (Media Facility, University of
Miami) supplemented with 500 U of penicillin-streptomycin (Media Facility)/ml,
counted, and used as described below. In several experiments, thymocytes were
incubated in vitro in the presence of RPMI 1640 medium supplemented with
10% complement-inactivated AB human serum (North American Biologicals,
Inc., Miami, Fla.) plus penicillin-streptomycin, 0.02 M HEPES buffer, and 10 ng

FIG. 2. Four-color flow cytometry analysis of human thymus cells for the simultaneous determination of DPP IV activity and expression of other surface molecules,
as described in Materials and Methods. Shown are two-parameter histograms with DPP IV activity in CD41, CD81, and CD261 cells at 1 (top) and at 10 (middle)
min of incubation. The predominant pattern of CD4 and CD8 coexpression is demonstrated in the bottom histogram.
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of recombinant human IL-2 (R&D, Minneapolis, Minn.)/ml for 18 or 72 h at
37°C, 5% CO2; the cells were then harvested, counted, and used in the assay
described below. Peripheral blood from normal volunteers and from patients
with lymphoproliferative disorders was obtained aseptically by venipuncture and
collected into EDTA-containing sterile Vacutainer tubes. The blood was then
used unseparated in the flow cytometry assays outlined below. The cytoenzymatic
studies were approved by the University of Miami Institutional Review Board.

Cytoenzymatic analysis of DPP IV activity. Thymocytes that were freshly
isolated, as well as other cell populations (e.g., peripheral blood), were evaluated
for DPP IV activity by using flow cytometry based upon a modification of a
method we have previously reported upon (23). Essentially, thymocyte and other
cell populations were resuspended in 50 ml of supplemented RPMI 1640 medium
and incubated with 5 ml of a 3 3 1024 M solution of rhodamine 110-conjugated
dipeptides (Gly-Pro or Ala-Ala) for 1 and 10 min at 37°C; these time periods
were established in previous studies and confirmed in the present study (Fig. 1)
to be useful incubation times to show early and optimal DPP IV activities,
respectively, with these substrates. No significant differences between the sub-
strates insofar as activity levels could be detected. At the end of the incubation
period, enzymatic activity was stopped by placing the tubes in an ice bath. The
control for the enzyme reaction was the addition of substrate with a maintenance
of the tube at 4°C in order to determine background fluorescence. In the majority
of experiments, four-color staining was utilized to evaluate concomitant antigen
expression of other markers along with the DPP IV activity: the first four-color
combination with DPP IV was CD4-ECD, CD26-PE, and PE-Cy5-conjugated
CD8, and the second four-color combination was CD56-PE-Cy5, CD19-ECD,
and CD26-PE. Cells were designated positive based upon a comparison of values
(fluorescence intensity) with those for cells stained with a mixture of irrelevant
isotype controls conjugated to the same fluorochromes. The antibodies were
added to the cells after the dipeptide incubation and washing steps, and the
combinations were incubated at 4°C for 30 min and then washed twice. For
peripheral blood samples, after a brief incubation, erythrocytes were lysed with
Optilyse C (Coulter) and washed once with phosphate-buffered saline. The cells
were then washed twice with phosphate-buffered saline containing 0.1% sodium
azide at 4°C (5,000 rpm, 5 min) and then fixed with 2% paraformaldehyde.
Samples were analyzed in less than 2 h after being stained on an XL flow
cytometer (Coulter). The instrument was calibrated before experiments for elec-
tronic stability and fluorescence compensation with the Cyto-Comp Reagent kit

(Coulter), which consists of four two-color fluorescent reagents composed of two
monoclonal antibodies each. The antibodies were labeled with specific combi-
nations of the fluorochromes FITC, PE, ECD, and PE5. The cells used for
compensation were from the Cyto-Comp Cell kit (Coulter). A backgated scat-
tergram of propidium iodide-stained cells (in a separate tube from the antibody-
labeled cells) was sometimes used to determine which region of the gate con-
tained dead cells (propidium iodide-positive cells), which were excluded from
subsequent analysis. The values shown are for the populations that have the
scatter characteristics of small lymphocytes. Fluorescence emission from a
488-nm 15-mW argon ion air-cooled laser was detected at 525-nm bandpaths
(FL-1 for FITC and rhodamine), 575-nm bandpaths (FL-2 for PE), 620-nm
bandpaths (FL-3 for ECD), and 675-nm bandpaths (FL-4 for PE5). Listmode
data on 10,000 gated cells were collected with 1,024 channel resolution and later
analyzed by using System II, version 1.0, software (Coulter). For the dipeptides,
fluorescence intensity was calculated as the arithmetic mean channel fluores-
cence of log-amplified data measured on 10,000 cells. Backgating of listmode
files was utilized.

Statistical analysis. Student’s t test was utilized to determine whether there
were statistical differences between various groups.

RESULTS

Cytoenzymatic analysis of DPP IV activity in normal human
lymphocyte populations. In this set of experiments we utilized
our four-color cytofluorographic assay to measure intracellular
DPP IV activity in normal human thymocytes and in peripheral
blood; the cells were also characterized simultaneously by their
expression patterns for CD4, CD8, or CD26 in the first com-
bination with the DPP IV substrate and by their phenotypic
profile for CD56, CD19, and CD26 (i.e., the second four-color
combination with DPP IV). Figure 2 shows representative flow

FIG. 3. DPP IV activity in human thymocyte subsets distinguished by their
CD4 and CD8 expression patterns. Values are means of eight separate deter-
minations of DPP IV activity (top) and CD26 expression (bottom) in unstimu-
lated, freshly isolated human thymus lymphocytic cells. p, P # 0.05 compared to
other subsets within either the 1- or the 10-min group. Error bars indicate
standard deviations.

FIG. 4. DPP IV activity in human thymocyte subsets distinguished by their
CD4 and CD8 expression patterns. Values are means of eight separate deter-
minations of DPP IV activity (top) and CD26 expression (bottom) in unstimu-
lated, freshly isolated human thymus cells and thymus cells cultured with IL-2 as
indicated (see Materials and Methods). p, P # 0.05 compared with the control
group (medium [med] alone). Error bars indicate standard deviations.
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cytometry multiparameter histograms of freshly isolated hu-
man thymocytes that demonstrate a gradual increase in the
amount of DPP IV activity over the time course studied, with
the highest level evident at 10 min. As expected, the largest
population of cells present were the thymocytes positive for
both CD4 and CD8, followed by lesser percentages of the
single-positive (SP) and dual-negative (DN) populations.
Overall, surface CD26 expression was at a moderate level in
the human thymi evaluated. Although two-parameter histo-
grams are shown in Fig. 2, the use of this technique allowed
backgating analysis in order to determine the amount of DPP
IV activity in the various subpopulations in the thymus as
defined by their expression of CD4 and CD8, as well as CD26.
Figure 3 depicts the mean values of DPP IV activity at 1 and 10
min in all of the thymi (n 5 8) evaluated. We found that the
immature thymocyte populations, based upon dual negativity
for CD4 and CD8, had the least amount of DPP IV activity
(Fig. 3) at 10 min. Thymocytes that were either dual positive
(DP) for CD4 and CD8 or SP for either CD4 or CD8 had
higher DPP IV activities at 10 min, and the levels of activity
among these three groups were comparable. Our data also
suggested that subsets differed in their kinetics of enzyme uti-
lization such that the SP and DN thymocytes had higher ac-
tivities at 1 min of incubation compared to that of the DP cells.
Backgating was also performed based on the CD261 cells, and
as shown in Fig. 3, there were differences in the amounts of
CD26 expressed on the thymocyte subsets. Our results re-
vealed that SP CD41 cells had the largest percentage of
CD261 cells, followed by SP CD81 cells. Interestingly, DP
cells had the least amount of CD261 cells, being slightly sur-
passed by DN cells (Fig. 3). This latter finding implied that
there could be a discordance between the amount of surface
CD26 expressed and the level of DPP IV activity measured
within the cell.

Culturing of thymocytes was also performed in an effort to
increase CD26 expression and to measure whether there was
any association between the level of expression and the
amount of DPP IV activity. As shown in Fig. 4, CD26 expres-
sion increased in thymocytes incubated with IL-2, most dra-
matically in the mature SP CD8 and SP CD4 cells. There were
alterations in the amount of DPP IV following incubation with
IL-2, with the greatest changes evident in the SP CD8 and the
DN cells (Fig. 4). SP CD4 and DP cells did not show any
significant changes in the amount of DPP IV, and generally,
the DPP IV pattern was not directly associable with the surface
CD26 changes that were seen.

Normal human peripheral blood lymphocytes were also
evaluated for DPP IV activity in conjunction with the surface
phenotype by utilizing the four-color flow cytometry technique.
Figure 5 shows a representative set of histograms that demon-
strate CD26 expression and a significant amount of DPP IV
activity in CD41 and CD81 cells after 10 min of incubation. An
evaluation of multiple peripheral blood samples (n 5 10)
showed this overall pattern of DPP IV activity (Table 1) and
similar levels and percentages of CD26 staining on these cells.
CD41, CD81, and CD561 cells had similar patterns and levels
of DPP IV activity with a gradual increase in activity until
almost all of the cells were positive at 10 min (Table 1), while
B cells had lower DPP IV activity at 10 min compared to that
of other lymphocyte subpopulations. Interestingly, the amount
of CD26 expression on the surface of these cells was not
predictive of the associated enzyme activity such that CD561

NK cells, while having high levels of DPP IV activity, had
minimal levels of surface CD26 expression.

Cytoenzymatic analysis of DPP IV activity in abnormal T-
cell populations. In addition to normal T-cell populations, we
also used our cytoenzymatic technique to evaluate surface an-
tigen (e.g., CD26) expression and DPP IV activity in several

FIG. 5. Four-color flow cytometry analysis of human peripheral blood mononuclear cells for the simultaneous determination of DPP IV activity and expression of
other surface molecules, as described in Materials and Methods. Shown are two-parameter histograms with DPP IV activity (10-min incubation) and CD26 expression
in CD41 and CD81 cells.

TABLE 1. DPP IV levels and CD26 expression in normal peripheral blood mononuclear cellsa

Backgated
populationb

% Cells positive for enzyme or protein at indicated time of incubation

DPP IV CD26

0 min 1 min 10 min 0 min 1 min 10 min

CD4 1.46 6 0.24 9.06 6 1.76 91.63 6 2.46 65.23 6 1.67 69.43 6 2.22 68.43 6 2.04
CD8 2.91 6 0.46 8.83 6 1.20 90.04 6 3.31 20.87 6 0.76 19.49 6 0.78 19.30 6 0.74
CD19 2.14 6 0.85 2.72 6 1.06 51.07 6 4.00 0.32 6 0.12 0.52 6 0.12 0.66 6 0.22
CD56 5.11 6 1.13 15.26 6 4.94 93.46 6 1.21 2.00 6 0.21 2.14 6 0.28 2.08 6 0.32
CD26 2.80 6 0.66 5.95 6 2.02 93.07 6 0.93

a DPP IV measurements were made by using a four-color flow cytometry assay as described in Materials and Methods. Values are means 6 standard deviations (n 5
10).

b Backgating analysis of the listmode files was performed on the indicated populations. See Materials and Methods for description.
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FIG. 6. Four-color flow cytometry analysis of human leukemias for the simultaneous determination of DPP IV activity and expression of other surface molecules,
as described in Materials and Methods. Gating was performed on populations almost exclusively comprised of tumor cells. Shown are two-parameter histograms with
DPP IV activity (after 10 min of incubation) (right) or CD26 expression (left) in either CD41, CD81, or CD191 cells. (A to D) Four separate T-cell acute lymphoblastic
leukemias; (E) B-cell acute lymphoblastic leukemia.
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hematopoietic cell malignancies. Figure 6 demonstrates the
phenotypic profiles of several T-cell tumors and a B-cell tumor.
The T-cell tumors displayed heterogeneous patterns of CD26
expression and DPP IV activity, with the other positive surface
markers on these cells correlating with the phenotype sepa-
rately obtained by flow cytometric analysis of leukemias and/or
lymphomas (data not shown). For example, several of the
acute T-cell leukemias expressed CD26 (three examples are
shown in Fig. 6) with no correlation seen with the CD4 or CD8
phenotype. One tumor (Fig. 6C) showed a clear bimodal pat-
tern of DPP IV activity despite a unimodal pattern of CD26
expression, while another T-cell tumor (Fig. 6D) had no sur-
face CD26 expression but did have significant DPP IV activity.
As demonstrated in Fig. 6, the B-cell tumor was devoid of any
significant CD26 expression and contained minimal DPP IV
activity.

DISCUSSION

DPP IV activity associated with CD26 is representative of a
broadly distributed group of membrane-associated and intra-
cellular proteolytic enzymes that are displayed in numerous
cell types. The functions ascribed to DPP IV and to many of
these other enzymes are diverse, including cleavage of inactive
forms of proteins to active ones (e.g., cytokines) (14, 24),
regulation of cellular activation pathways (2), acting as ligands
for a variety of dynamic cell membrane activities (e.g., exocy-
tosis and fusion) (22), and cellular differentiation (12). CD26/
DPP IV has several roles in the immune system, including
being an integral costimulatory molecule in antigen-specific
activation (5, 9), a modifier of cytokine activity (15), and a
cofactor in the generation of antibodies (21), and appears to
play a role in T-lymphocyte ontogeny (4, 23). Moreover, DPP
IV can serve as a binding site for connective tissue elements,
thereby facilitating how immune cells traffic and remain in the
extracellular matrix of organs (e.g., interstitium). The prefer-
ential substrate affinity DPP IV has for proline or alanine in
the penultimate position of a polypeptide (30) is the likely
means that this enzyme utilizes to activate or deactivate other
molecules.

A principal component of the interrelationship of CD26/
DPP IV with the immune system is the differential distribution
of this molecule among T cells with mature (16) and memory
(CD45RO1) (29) T lymphocytes containing higher levels of
CD26 expression. CD26 is moderately displayed in the thymus,
and Bauvois was among the first to suggest that DPP IV par-
ticipates in the differentiation and selection processes of T cells
that occur in this organ (4). We expanded on these latter
studies by using a temperature- and time-dependent flow cy-
tometry-based assay that utilizes a unique fluorogenic dipep-
tide that is specific for DPP IV; with this assay we can measure
DPP IV activity in thymocyte cell populations simultaneously
with the measurement of surface cellular molecules by employ-
ing antibodies conjugated to fluorochromes that are nonover-
lapping in their emission spectra. For example, we have found
that DPP IV activity patterns among murine thymus subpopu-
lations (determined by CD4 and CD8 expression patterns)
differ between adult and neonatal animals (23).

In the present study, we have modified the flow cytometry
procedure to a four-color based method that allows DPP IV
measurement within human thymocytes and other T-cell pop-
ulations concurrently with three surface molecules. Our find-
ings revealed that DPP IV was differentially expressed among
human thymocytes, which were cytofluorographically identi-
fied on the basis of their CD4 and CD8 phenotype. For exam-
ple, we found that similar to murine thymocytes, CD42/CD82

cells contained the least amount of DPP IV activity compared
to that of all the other thymus subpopulations. As the human
thymocytes acquired a more mature phenotype, there was an
increased expression of DPP IV among the DP and SP thymo-
cyte populations; there was no significant difference between
the latter populations concerning the degree of activity. Thy-
mocytes cultured in vitro in the presence of IL-2 contained a
higher level of enzyme activity among the SP CD81 cells com-
pared to that of freshly isolated thymocytes, and there were
also increases in CD26 expression with the activation of the T
cells. However, no statistically significant association could be
made between the level of surface CD26 expression and the
amount of internal DPP IV activity. These latter results imply
that thymocytes are capable of having their DPP IV activity
moderated in vivo via activation processes.

Peripheral blood lymphocytes and T-cell tumors were also
examined with our four-color technique. Peripheral blood T
cells tended to have high levels of CD26 and DPP IV while B
cells had reduced levels of CD26 and DPP IV, as well as slower
enzyme kinetics compared to that of T cells. Certain cell types
were again found where the level of CD26 expression on the
surface could not be correlated with the absence or presence of
DPP IV activity. For example, we found that NK cells had low
CD26 expression on the surface but had a moderate level of
intracellular enzyme activity. One T-cell tumor which was neg-
ative for CD26 had significant DPP IV activity. We have also
found that certain alloreactive T cells and human immunode-
ficiency virus-positive cells contain high levels of CD26 but no
significant amounts of DPP IV (unpublished results). Relat-
edly, other investigators have demonstrated a lack of correla-
tion between CD26 surface expression and DPP IV activity (9).
Since we and others have shown that these Gly-Pro substrates
are specific for DPP IV (6, 23), one potential explanation for
these latter findings is that intracellular CD26 levels are a more
accurate correlate with the enzyme activity measured by this
method. Another possibility is that alternate forms of CD26
(known to exist [13]) are present with DPP IV activity but that
these isoforms are not measurable with the antibody reagents
available due to different antigenic epitopes. In summary, we
have described a reliable, accurate, and nondisruptive flow cy-
tometry-based method which has revealed differing levels of
DPP IV in T lymphocytes and other cell types, which were
characterized on the basis of their expression of a variety of
surface antigens. Our data demonstrate that intracellular DPP
IV activity is inducible and is influenced by other factors be-
sides the density of membrane-associated CD26. An under-
standing of the regulatory pathways of DPP IV activity will
help determine how the CD26 molecule influences normal
T-cell function and ontogeny as well as pathological processes.
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