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Abstract

This study aimed to investigate whether the antidiabetic drugs dipeptidyl peptidase 4 (DPP4) inhibitors such as evogliptin and
sitagliptin affect the membrane DPP4 (mDPP4) enzymatic activity and immune function of T helper1 (Th1) cells in terms of cyto-
kine expression and cell profiles. The mDPP4 enzymatic activity, cytokine expression, and cell profiles, including cell counts, cell
viability, DNA synthesis, and apoptosis, were measured in pokeweed mitogen (PWM)-activated CD4*CD26* H9 Th1 cells with or
without the DPP4 inhibitors, evogliptin and sitagliptin. PWM treatment alone strongly stimulated the expression of mDPP4 and
cytokines such as interleukin (IL)-2, IL-10, tumor necrosis factor-alpha, interferon-gamma, IL-13, and granulocyte-macrophage
colony stimulating factor in the CD4*CD26* H9 Th1 cells. Evogliptin or sitagliptin treatment potently inhibited mDPP4 activity in a
dose-dependent manner but did not affect either the cytokine profile or cell viability in PWM-activated CD4*CD26* H9 Th1 cells.
These results suggest that, following immune stimulation, Th1 cell signaling pathways for cytokine expression function normally
after treatment with evogliptin or sitagliptin, which efficiently inhibit mDPP4 enzymatic activity in Th1 cells.
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INTRODUCTION Therefore, sSDPP4 has become a critical therapeutic target in
the treatment of type 2 diabetes (Réhrborn et al., 2015; Zhong
Dipeptidyl peptidase 4 (DPP4, also known as CD26) is a et al., 2015). To date, many DPP4 inhibitors, including sita-
homodimer protein existing in the soluble form in the blood gliptin and evogliptin, have been developed (Cho et al., 2011;
or in the membrane form on the surface of various cell types, Kim et al., 2011; Aso et al., 2012; Kim et al., 2012; Chae et al.,
including T cells and endothelial cells (Ohnuma et al., 2011; 2015; Jung et al., 2015; Hong et al., 2017; Lee et al., 2017,
Klemann et al., 2016; Shao et al., 2020). DPP4 has multiple Park et al., 2017; Kim et al., 2018).
functions via either its enzymatic activity through which it DPP4/CD26 has also been reported to play important roles
can degrade substrate peptides or its non-enzymatic activ- in immune cells, including T helper 1 (Th1) cells (Ohnuma
ity through which it interacts with other signaling molecules et al., 2007, 2008a, 2008b; Ou et al., 2015). CD26 expres-
(Ohnuma et al., 2006; Mulvihill and Drucker, 2014; Mortier sion on the cell surface is higher in Th1 cells than in Th2 cells
et al., 2016). DPP4 catalytically cleaves dipeptides such as (Boonacker et al., 2002). The interaction of membrane DPP4

X-Pro/Ala at the N-terminus and subsequently regulates the (mDPP4) with adenosine deaminase facilitates T cell activa-
bioactivity of various substrates, including hormones, growth tion through the regulation of pericellular adenosine levels
factors, chemokines, cytokines, and incretins (Mulvihill and (Dong et al., 1997). The interaction of mDPP4 with caveolin-1
Drucker, 2014). In particular, soluble DPP4 (sDPP4), originat- of antigen-presenting cells stimulates the recruitment of cas-
ing from the cell surface, cleaves incretin peptides such as gas- pase recruitment domain-containing membrane-associated
tric inhibitory polypeptide and glucagon-like peptide-1, thereby guanylate kinase protein-1 (CARMA-1) to the cytosolic region
regulating insulin-mediated glucose metabolism (Ussher and of DPP4 and activates nuclear factor kappa B (NF-kB), lead-

Drucker, 2012; Sheikh, 2013; Mulvihill and Drucker, 2014). ing to interleukin-2 (IL-2) production and T cell proliferation
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(Ohnuma et al., 2007, 2008a, 2008b). Recent studies showed
that DPP4 catalytic activity leads to the cleavage of chemo-
tactic trafficking chemokines such as C-X-C motif chemokine
10, chemokine (C-C motif) ligand 5, and C-X-C motif chemo-
kine 12, which inhibit T cell migration to inflammatory sites,
whereas DPP4 inhibition enhances T cell chemotaxis in the
tumor parenchyma (Richter et al., 2014; Barreira da Silva et
al., 2015; Ou et al., 2015). As DPP4 plays multifunctional roles
in T cell immune responses, it can be a crucial therapeutic
target protein in DPP4-mediated T cell diseases as well as in
type 2 diabetes (Klemann et al., 2016; Shao et al., 2020). Nev-
ertheless, whether or how the enzymatic and non-enzymatic
activities of DPP4 contribute to immune functions in T cells is
not yet known.

Although diverse DPP4 inhibitors have been extensively
studied as synthetic therapeutic drugs to suppress DPP4 ac-
tivity in the treatment of type 2 diabetes, little is known about
their effects on other DPP4-related diseases including cardio-
vascular disorders, and autoimmune diseases such as type 1
diabetes, rheumatoid arthritis, Grave’s disease, allograft rejec-
tion, inflammatory bowel disease, multiple sclerosis (MS) and
experimental autoimmune encephalomyelitis (EAE) (Yazbeck
et al., 2009; White et al., 2010; Zhao et al., 2014; Waumans
et al., 2015; Zhong et al., 2016; Hu et al., 2017). Sitagliptin,
a representative antidiabetic drug, has been investigated for
other unknown therapeutic effects in DPP4-related T cell dis-
eases (Yazbeck et al., 2009; Zhao et al., 2014; Waumans et
al., 2015; Zhong et al., 2016). Some studies have shown that
sitagliptin does not affect CD4* T cell activation in patients with
type 2 diabetes, whereas recent reports indicate that it may
inhibit NF-kB activation and inflammatory cytokine expression
in rat insulinoma cells (White et al., 2010; Hu et al., 2017). Al-
though the manner in which sitagliptin may contribute to T cell
immune responses is not yet known, these studies indicate
the potential therapeutic effects of sitagliptin in DPP4-related
T cell immune diseases. Recent clinical studies revealed a
new antidiabetic drug, evogliptin; it is potent and safe for the
treatment of type 2 diabetes (Cho et al., 2011; Kim et al., 2011,
2012; Gu et al., 2014; Chae et al., 2015; Jung et al., 2015;
Hong et al., 2017; Lee et al., 2017; Park et al., 2017; Kim
et al., 2018). For newly developed DPP4 inhibitors, including
evogliptin, information regarding their putative effects on T
cells is insufficient. Further studies are warranted to carefully
determine the therapeutic and/or adverse effects of DPP4 in-
hibitors, including evogliptin and sitagliptin, on DPP4-related
immune diseases.

This study aimed to elucidate whether mDPP4 enzymatic
activity is essential for T cell signaling pathways for cytokine
expression and whether DPP4 inhibition by therapeutic drugs
affects the biologic profiles of T cells. We investigated the ef-
fects of the antidiabetic drugs evogliptin and sitagliptin in acti-
vated CD4*CD26* Th1 cells in terms of mDPP4 activity, cyto-
kine expression, cell profiles, and cell surface marker profiles.

MATERIALS AND METHODS

Cell cultures

The human Th1 cell lines CD4*CD26-Jurkat E6 and
CD4*CD26*H9 T cells were obtained from the Korean Type
Culture Collection (KTCC, Seoul, Korea). The cells were cul-
tured in RPMI 1640 medium (Cat. LM011-01; WELGENE Inc.,
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Gyeongsan, Korea) supplemented with 10% fetal bovine se-
rum (FBS; Ref. 26140-079, Gibco™, PA, USA) and 1% penicil-
lin—streptomycin (Ref. 15140-0122, Gibco™) at 37°C under a
5% CO, atmosphere.

Chemicals and reagents

The T lymphocytes were stimulated with various agents, in-
cluding pokeweed mitogen (PWM; Cat. L9379, Sigma-Aldrich
Co., MO, USA) as a primary activator, phorbol 12-myristate
13-acetate (PMA; Cat. P1585, Sigma-Aldrich Co.), and Dy-
nabeads human T-activator CD3/CD28 (Cat. 111.31D, Invitro-
gen, MA, USA) used as the positive control to activate the T
lymphocytes. Evogliptin (Suganon; Dong-A ST, Seoul, Korea)
and sitagliptin (Januvia; Merck & Co., Inc., NJ, USA) were
used as the synthetic therapeutic DPP-4 inhibitors. Diprotin A
(Cat. 416200, Calbiochem, MO, USA) as a peptidyl peptide in-
hibitor and berberine (Cat. 141433-60-5, Sigma-Aldrich Co.),
a natural compound extracted from Berberis vulgaris, were
used as DPP4 inhibitors. Recombinant human CD26/DPP4
protein (Cat. Ab79138, Abcam, Cambridge, UK) was used
as a positive control to analyze the DPP4 enzymatic activity.
Dulbecco’s phosphate-buffered saline (DPBS) and dimethyl
sulfoxide (DMSQ), the solutions used for dissolving the DPP4
inhibitors, were co-administered with PWM. DPBS did not in-
fluence mDPP4 enzymatic activity on the cell surface and Th1
cell-specific cytokine expression, whereas DMSO slightly af-
fected mDPP4 enzymatic activity and most Th1 cell-specific
cytokines (Supplementary Fig. 1). Negative matrix effects
were minimized by using DPBS at a volume of 1/100, and
DMSO was added to the culture at 1/250.

Cell counts and viability analysis

The cell pellets were washed and suspended in ice-cold
DPBS (Cat. 14190-144, Gibco™); subsequently, the cell count
and viability were immediately measured. The cells were
stained using an Accustain 4X kit (Cat. AD4K-200, NanoEn-
Tek Inc., Seoul, Korea) in a 1:1 ratio for counting total cells
and non-viable cells, and 20 uL of the sample mixture was
loaded onto the Accuchip. The cell number and viability were
measured using an Adam MC automatic cell counter (Nano-
EnTek Inc.).

Cytokine quantification using a fluorescent multiplex
bead assay

At the end of each incubation, the cell supernatant was
harvested and stored at —20°C until cytokine quantifica-
tion. The cell supernatant was analyzed for 18 cytokines,
including IL-1p (Cat. 171B5001M), IL-2 (Cat. 171B5003M),
IL-4 (Cat. 171B5004M), IL-5 (Cat. 171B5005M), IL-6 (Cat.
171B5006M), IL-7 (Cat. 171B5007M), IL-8 (Cat. 171B5008M),
IL-10 (Cat. 171B5010M), IL-12p70 (Cat. 171B5011M), IL-13
(Cat. 171B5012M), IL-15 (Cat. 171B5013M), and IL-17 (Cat.
171B5014M); granulocyte-macrophage colony-stimulating
factor (GM-CSF; Cat. 171B5018M); interferon-gamma (IFN-y;
Cat. 171B5019M); tumor necrosis factor-alpha (TNF-ao; Cat.
171B5026M); basic fibroblast growth factor (bFGF; Cat.
171B5016M); vascular endothelial growth factor (VEGF; Cat.
171B5027M); and platelet-derived growth factor (PDGF-BB;
Cat. 171B5024M) using a Bio-Plex Pro assay (BIO-RAD
Laboratories, Inc., CA, USA), and for 6 matrix metalloprotein-
ases (MMPs), including MMP-1 (Cat. LMP901B), MMP-2 (Cat.
LMP902C), MMP-3 (Cat. LMP513B), MMP-8 (Cat. LMP908B),
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MMP-9 (Cat. LMP911B), and MMP-12 (Cat. LMP919B) us-
ing a Luminex® performance assay (R&D Systems, Inc., MN,
USA). The Luminex® performance assay is a multiplex immu-
noassay based on xMAP technology developed by Luminex™
that uses analyte-specific capture antibodies coupled to differ-
ent magnetic microspheres with a distinct color code. After a
series of reactions, the microspheres react with the biotinyl-
ated detection antibody and streptavidin—phycoerythrin as a
fluorescent reporter. The microspheres were read using the
flow-based dual laser system (635 and 532 nm) of the Bio-
Plex 200 system (BIO-RAD Laboratories, Inc.) to determine
the fluorescence intensity (FI) of each cytokine. Standard
curves were fitted to determine the concentration of each cyto-
kine in every batch. The measurement was performed in three
different batches to confirm that the results were reproducible
and the coefficient of variation (CV) was under 25%.

DPP4 enzyme kinetics

After the cell pellets were washed with DPBS, the DPP4
enzymatic activity of the cells was measured kinetically using
substrate buffers containing 100 mM 4-(2-hydroxyethyl)piper-
azine-1-ethanesulfonic acid, N-(2-hydroxyethyl) piperazine-
N'-(2-ethanesulfonic acid) (HEPES; Cat. 11344-041, Gibco™)
pH 7.6; 20 uM H-Gly-Pro-7-amino-4-methyl coumarin (AMC)
substrate (Cat. 1-1225, Bachem); and 100 pg/mL BSA (Cat.
0332, Amresco, OH, USA) in the dark at 25°C for 5 min. After
the enzymatic reaction by mDPP4 on the surface of the cells,
the FI of the released AMC was measured using a spectrofluo-
rometer (SpectraMax M5; Molecular Devices. Co., CA, USA)
at Ex 360 nm/Em 465 nm. The DPP4 enzymatic activity (mU/
minx10° cells) is shown as the initial velocity (Vo) of the reac-
tion during which AMC (uM) is generated in 500,000 cultured
cells for 5 min. The ICs values of these drugs were deter-
mined using a series of dose-response curve fits for mDPP4
enzymatic activity using SoftMax4.1 software (Molecular De-
vices, Co.). All samples were analyzed in triplicate with a CV
under 20% for Fl and an R-value over 0.99 for V;; the analysis
was repeated at least three times.

Cell surface markers and cell cycle analysis via flow
cytometry

The cell surface markers were analyzed by harvesting a
million cultured cells and washing with phosphate-buffered sa-
line (PBS). The washed cells were resuspended with 100 pL
of DPBS and stained with 5 ulL of fluorescently labeled mono-
clonal antibodies in the dark for 20 min at room temperature.
The antibodies used were mouse anti-human CD3-eFluor
450 (Cat. 48-0037-41, clone OKT3, eBioscience™, CA, USA),
mouse anti-human CD4-PerCP-Cyanine5.5 (Cat. 45-0049-
41, clone RPA-T4, eBioscience™), mouse anti-human CD8-
FITC 5 (Cat. 11-0087-41, clone SK1, eBioscience™), mouse
anti-human CD26-PE (Cat. 12-0269-41, clone 2A6, eBiosci-
ence™), and mouse anti-human CD28-APC (Cat. 17-0289-41,
clone CD28.2, eBioscience™). The labeled cells were washed
twice with DPBS and suspended in 200 pL of DPBS. CD3 was
analyzed at Ex 405 nm/Em 445 nm; CD4, Ex 488 nm/Em 695
nm; CD8a, Ex 488 nm/Em 520 nm; CD26, Ex 488 nm/Em 578
nm; and CD28, Ex 633 nm/Em 660 nm using the BD FACS-
Canto™ system (BD Biosciences, CA, USA) and FACSDiva
software (BD Biosciences).

Cell cycle progression, including DNA synthesis, was de-
tected by harvesting the cultured cells and washing them
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twice with PBS. The cells were fixed with ice-cold 70% ethanol
at —20°C for 2 h. After the cells were washed with PBS, they
were stained with a DNA-staining solution containing propid-
ium iodide (PI; Cat. P4170, Sigma-Aldrich Co.), RNase (Cat.
R6513, Sigma-Aldrich Co.), and triton X-100 (Cat. 108603,
Merck & Co., Inc.) in the dark for 20 min at room tempera-
ture. Cell cycle progression was analyzed at an Ex 488 nm/
Em 585 nm using the BD FACSCalibur™ system (BD Biosci-
ences) and Cell Quest Pro program; next, DNA synthesis (S
phase) was determined using the ModFit LT 3.0 DNA analysis
program (Verity Software House, ME, USA). For the apopto-
sis analysis, a commercially available Annexin V Apoptosis
Detection Kit FITC (Cat. 88-8005, eBioscience™) was used,
which contains recombinant annexin V conjugated to fluores-
cein (FITC annexin V) and a solution of the red-fluorescent PI,
a nucleic acid-binding dye. The cultured cells were washed
once with cold PBS and then with annexin-binding buffer. The
cells were resuspended in 100 uL of annexin-binding buffer,
following which 5 pL of annexin V-FITC was added; then, the
mixture was incubated for 10 min in the dark at room temper-
ature. After incubation, the cells were washed with annexin-
binding buffer, and 200 pL of the same buffer and 5 uL of PI
staining solution were added. Apoptosis was measured at Ex
530 nm/Em 695 nm using the BD FACSCanto™ system (BD
Biosciences) and FACSDiva software (BD Biosciences). All
analyses were performed in triplicate.

Statistical analysis

Statistical analyses were performed using IBM SPSS ver-
sion 21 (NY, USA) and Prism 5 (GraphPad Software, CA,
USA). A paired sample t-test was used to compare each group
with a control group, either an activator- or inhibitor-treated
group. The differences in the t-test results were considered
significant at p<0.05, p<0.005, or p<0.001.

RESULTS

PWM is a potent stimulator that induces Th1 cell-specific
cytokine expression in human CD26* Th1 cells

The expression of CD26 on the cell surface of Th1 cells,
as shown in previous studies (Dong et al., 1997; Boonack-
er et al., 2002; Ohnuma et al., 2007, 2008) was determined
using human Th1 cell lines, including Jurkat E6 and H9 Th1
cells, and the mDPP4 enzymatic activity in Th1 cells was
measured using a fluorescent enzymatic kinetic assay (Fan
et al., 2004; Villhauer et al., 2003; Kirino et al., 2009; Lee et
al., 2009; Asakura et al., 2015). CD4*CD26* H9 Th1 cells, but
not CD4*CD26- Jurkat E6, exhibited the high level of basal
mDPP4 enzymatic activity (Fig. 1A, 1B). After H9 Th1 cells
were treated for 3 h with various stimulators, including the T-
activator CD3/CD28 as an activation control or PWM (10 ng/
mL) and PMA (10 ng/mL) as representative T cell activators,
the concentrations of expressed cytokines were quantified in
the cell culture supernatants using fluorescent multiplex bead
assays containing 18 different cytokines (Fig. 1C). Th1 cell-
specific cytokines such as IL-2, IL-10, IL-13, GM-CSF, IFN-y,
and TNF-a were highly induced in the stimulated H9 Th1 cells,
whereas angiogenetic factors VEGF and MMP9 were consis-
tently expressed regardless of the treatment. Moreover, PWM
was as potent as T-activator CD3/CD28 and more potent than
PMA in inducing Th1 cell-specific cytokine expression. PWM
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Fig. 1. Characterization of CD26 expression, mDPP4 enzymatic activity, and cytokine expression in T helper cell lines. (A, B) Jurkat E6 and
H9 Th1 cells were harvested and analyzed for the expression of T cell-specific surface markers, including CD3, CD4, and CD26 (A), and for
their mDPP4 enzymatic activity (B). (C) H9 Th1 cells were treated with various T cell activators, including T-Activator CD3/CD28, PWM (10
ng/mL), and PMA (10 pg/mL) for 3 h. The expressions of 18 cytokines and 6 MMPs were measured in the culture supernatants of treated
cells using two different panels of fluorescent multiplex bead assays. Activated T helper cell-specific cytokines, including IL-2, IL-10, IL-13,
GM-CSF, IFN-y, and TNF-a, are shown. VEGF and MMP 9 are also included as detected high in all the samples. (D-F) H9 Th1 cells were
treated with 10 pg/mL PWM for 12 h and subjected to mDPP4 enzymatic assays (D), FACS analysis for T helper cell-specific surface mark-
ers such as CD3, CD4, CD26, and CD28 (E), and analysis for apoptosis using an annexin V kit and flow cytometry (F). All analyses were
repeated in three independent batches, and the data are shown as the means and standard deviation. **p<0.005; ***p<0.001 (paired t-test).

induced Th1 cell-specific cytokine expression in H9 Th1 cells
in a dose-dependent manner (0-100 ug/mL), and the 10 pg/
mL concentration was sufficient to induce the maximal expres-
sion of these cytokines (Supplementary Fig. 1). PWM (10 pg/
mL) treatment only marginally increased the mDPP4 activity
of H9 Th1 cells as well as CD28 surface expression, as shown
in the analysis of the CD3"CD4*/CD26*CD28" subsets of H9
Th1 cells (Fig. 1D, 1E, Supplementary Fig. 2A-2C). The an-
nexin V-staining results showed that early apoptotic cells were
slightly increased in the PWM-activated H9 Th1 cells (Fig. 1F,
Supplementary Fig. 2D, 3D).

Evogliptin and sitagliptin efficiently inhibit mDPP4
enzymatic activity, but do not affect Th1 cell-specific
cytokine expression in activated H9 Th1 cells

Next, we tested the inhibitory effects of the antidiabetic
drugs evogliptin and sitagliptin on the mDPP4 enzymatic ac-
tivity of CD26 in the PWM-activated Th1 cells. Evogliptin and
sitagliptin are antihyperglycemic agents that bind directly at a
DPP4 catalytic region and are used to treat type 2 diabetes
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(Fig. 2A; White et al., 2010; Chae et al., 2015; Hong et al.,
2017;Huetal.,2017; Lee et al., 2017; Park et al., 2017; Kim et
al., 2018). H9 Th1 cells stimulated with PWM (10 pg/mL) were
treated with various doses of evogliptin (0-1 pg/mL) or sita-
gliptin (0-100 pug/mL) for 12 h and assayed for mDPP4 activity
(Fig. 2B). First, a series of dose-response curve fits of mDPP4
enzymatic activity with each drug was used to calculate the
ICso and ICg—ICs=1.56 nM (603 pg/mL) and 1Cg=4.76 nM
(1.91 ng/mL) for evogliptin; IC5=358.45 nM (146 ng/mL) and
1Cs=3.67 M (1.494 ng/mL) for sitagliptin—indicating that evo-
gliptin was a stronger DPP4 inhibitor than sitagliptin in these
cells. Based on the results, we determined the doses of evo-
gliptin (2 ng/mL) and sitagliptin (2 pg/mL) that inhibit 80% or
higher mDPP4 enzymatic activity. Second, whether mDPP4
inhibition by evogliptin and sitagliptin influences the cell pro-
files of H9 Th1 cells was investigated by measuring the cell
count and viability using cells from the same batch used for
the analysis (Fig. 2C). Although evogliptin and sitagliptin inhib-
ited mDPP4 enzymatic activity, they did not alter the pattern
of cell viability in the PWM-activated H9 Th1 cells (Supple-
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Fig. 2. Effects of antidiabetic drugs on mDPP4 enzymatic activity, cell profiles, and Th1-specific cytokine expression in H9 Th1 cells. (A)
The chemical structures of antidiabetic drugs, evogliptin and sitagliptin, are shown. (B-D) Cell pellets and culture supernatants were har-
vested 12 h after treatment of H9 Th1 cells with evogliptin (dose range, 0-1 ng/mL) or sitagliptin (dose range, 0-100 png/mL) in the presence
of 10 ug/mL PWM. The mDPP4 enzymatic activity of the cell pellets was measured using a spectrofluorometer, and the IC;, values of these
drugs were determined using a series of dose-response curve fits for mDPP4 enzymatic activity (B). The cell profiles, including cell number
and viability, of the PWM-treated cells with or without antidiabetic drugs were assessed using an automatic cell counter (C). The values of
Th1-specific cytokines, including IL-2, IL-10, IL-13, IFN-y, TNF-a,, and GM-CSF, and VEGEF in the culture supernatants were quantified us-
ing a fluorescent multiplex bead assay (D). These analyses were performed in over three independent batches, and the data are shown as

means and standard deviation.

mentary Fig. 2A, Fig. 2C). Furthermore, to assess whether
mDPP4 inhibition by the antidiabetic drugs affects cytokine
expression in H9 Th1 cells, we analyzed the expression of Th1
cell-specific cytokines in supernatant obtained from the batch
mentioned above (Fig. 2B). Co-treatment with the antidiabetic
drugs did not alter the expression patterns of most Th1 cell-
specific cytokines in the PWM-activated H9 Th1 cells (Fig.
2D). Although PWM slightly decreased the CD3*CD4* sub-
sets, but increased the CD26*CD28" subsets, of the activated
H9 Th1 cells, the co-treatment did not affect the expression
of Th1 cell-specific cytokines (Supplementary Fig. 2B, 2C).
Taken together, the results indicate that evogliptin inhibited
the mDPP4 activity more potently than sitagliptin; moreover,
mDPP4 inhibition by these antidiabetic drugs did not affect the
cell profiles and Th1 cell-specific cytokine expression in the
PWM-activated H9 Th1 cells.
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Diprotin A and berberine do not inhibit mDPP4 enzymatic
activity in activated H9 Th1 cells

In addition to these antidiabetic DPP4 inhibitors, we also
tested other known DPP4 inhibitors with antihyperglycemic ef-
fects, such as diprotin Aand berberine (Fig. 3A). Diprotin A (lle-
Pro-lle) is a peptidyl DPP IV inhibitor that binds to the DPP4
enzyme as a substrate. Berberine is a natural compound that
inhibits the DPP4 enzyme, albeit its mechanism of action is
still unclear (Lee et al., 2009; Asakura et al., 2015; Krupina
and Khlebnikova, 2016). Although diprotin A and berberine are
known to be active in recombinant DPP4 in vitro assays with
ICs0 values of 3.5 uM and 25 uM, respectively (Barzegar et
al., 2015; Mohanty et al., 2017), they did not reduce mDPP4
enzyme activity in the PWM-activated H9 Th1 cells even at
a concentration of 20 ng/mL (approximately 60 uM; Fig. 3B).
While diprotin A did not affect the cell count and viability and
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Fig. 3. Effects of diprotin A and berberine on mDPP4 enzymatic activity, cell profiles, and T helper-specific cytokine expression in H9 Th1
cells. (A) The chemical structures of diprotin A and berberine, representative DPP4 inhibitors, but not antidiabetic drugs, are shown. (B-D)
Cell pellets and culture supernatants were harvested 12 h after treatment of H9 Th1 cells with diprotin A and berberine (dose range, 0-20
png/mL) in the presence of 10 ug/mL PWM. The mDPP4 enzymatic activity of the cell pellets was determined (B). The cell profiles, including
cell counts and viability, of the PWM-treated cells with or without DPP4 inhibitors were determined (C). The values of Th1-specific cytokines,
including IL-2, IL-10, IL-13, GM-CSF, IFN-y, and TNF-a, and VEGF in the culture supernatants were measured simultaneously (D). All anal-

yses were the same as those described in Fig. 2.

Th1 cell-specific cytokine expression at the tested doses in
the PWM-activated H9 Th1 cells, berberine inhibited IL-10,
IL-13, and GM-CSF among the Th1 cell-specific cytokines
the highest dose of 20 ug/mL, albeit statistically insignificant
(paired t-test) (Fig. 3C, 3D). Like the results with evogliptin and
sitagliptin, diprotin A treatment did not alter the population of
the CD3*CD4* or CD26*CD28" subset in the PWM-activated
H9 Th1 cells (Supplementary Fig. 3B, 3C). The effect of ber-
berine could not be determined because of the interference of
berberine with the fluorescent dye during cell surface marker
staining.

Time-course effect of DPP4 inhibitors on Th1 cell-specific
cytokine expression and the cell profiles of PWM-
activated H9 Th1 cells

To further determine the time-course effects of the antidia-
betic drugs, we treated the PWM-stimulated H9 cells with evo-
gliptin and sitagliptin for 3, 6, 12, and 24 h at concentrations of
2 ng/mL and 2 pug/mL, respectively, and analyzed the mDPP4

activity and Th1 cell-specific cytokines. Although mDPP4 en-
zymatic activity was the highest at 12 h after PWM treatment,
the increase in mDPP4 activity induced by PWM was inde-
pendent of co-treatment with the antidiabetic drugs (Fig. 4A).
Evogliptin and sitagliptin efficiently inhibited mDPP4 activity in
the PWM-treated and untreated H9 Th1 cells at all time points.
The expression of Th1 cell-specific cytokines, including IL-2,
IL-10, IL-13, GM-CSF, IFN-y, and TNF-a, gradually increased
over time in the PWM-activated cells, whereas VEGF excep-
tionally decreased at 24 h after treatment with PWM (Fig. 4B).
However, the expression levels of the cytokines were not af-
fected by co-treatment with the antidiabetic drugs in H9 Th1
cells. When we further investigated the cell profiles, includ-
ing cell count, cell viability, DNA synthesis, and apoptosis, in
cultured cells prepared from the same batches, the results of
which are shown in Fig. 4, evogliptin and sitagliptin did not
change any of the cell profiles (Supplementary Fig. 4). In sum-
mary, our results indicate that evogliptin and sitagliptin are
specific inhibitors that control the mDPP4 enzymatic activity
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Fig. 4. Time-course effects of evogliptin and sitagliptin on mDPP4 enzymatic activity and Th1-specific cytokine expression in H9 Th1 cells.
The cells were stimulated with various combinations of DPBS and PWM (10 pug/mL) and a high dose of the antidiabetic drugs, evogliptin (2
ng/mL) or sitagliptin (2 pg/mL). Cell pellets and culture supernatant were harvested at the indicated time points. The mDPP4 enzyme activ-
ity of the collected cells was immediately measured at each time point (A). The values of Th1-specific cytokines, including IL-2, IL-10, IL-13,
IFN-y, TNF-o,, and GM-CSF, and VEGF in the culture supernatants were quantified simultaneously using a fluorescent multiplex bead assay
(B). All analyses were repeated in three independent batches, and the data are presented as means and standard deviation.

of CD26 on the surface of Th1 cells but do not influence the
expression of Th1 cell-specific cytokines and cell profiles, in-
cluding cell count, viability, DNA synthesis, and apoptosis, in
the PWM-activated H9 Th1 cells.

Time-course effect of diprotin A and berberine on Th1
cell-specific cytokine expression and the cell profiles of
PWM-activated H9 Th1 cells

Since diprotin A and berberine did not inhibit the mDPP4
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activity of H9 Th1 cells after 12-h treatment, we analyzed their
effects at various time points at a high concentration of 20 pg/
mL. Despite the change in the incubation time from 3 to 24 h,
the high dose of diprotin A and berberine did not reduce the
mDPP4 activity in H9 Th1 cells (Fig. 5A). In addition, diprotin
A did not influence cytokine expression at any time point (Fig.
5B). In contrast, from 6 to 24 h, berberine treatment signifi-
cantly inhibited the expression of Th1 cell-specific cytokines
except VEGF in the PWM-activated H9 Th1 cells. Diprotin A
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Fig. 5. Time-course effects of diprotin A and berberine on mDPP4 activity and Th1-specific cytokine expression in H9 Th1 cells. The cells
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ng/mL). The mDPP4 enzyme activity of the harvested cells was measured at the indicated time points (A). The values of Th1-specific cyto-
kines, including IL-2, IL-10, IL-13, IFN-y, TNF-a,, and GM-CSF, and VEGF in the culture supernatants were quantified (B). All the analyses

were performed in the same manner as that described in Fig. 4.

did not affect the overall cell profiles of the PWM-activated
H9 cells, but berberine decreased the cell count, viability, and
DNA synthesis at 24 h (Supplementary Fig. 5). These results
suggest that diprotin A inhibits neither mDPP4 enzymatic
activity nor Th1 cell-specific cytokine expression despite the
different incubation time and that berberine may exhibit cyto-
toxic effects even without mDPP4 inhibitory activity, leading
to decreased cytokine expression and cellular growth in H9
Th1 cells.

161

Comparison of the inhibitory effects of DPP4 inhibitors on
recombinant DPP4 and mDPP4 activities

Our results showing the lack of inhibitory effects of diprotin A
and berberine on the mDPP4 activity of H9 Th1 cells are con-
tradictory to those of previous studies showing their activities
as DPP4 inhibitors, which could be attributed to the different
assay systems used: previous DPP4 enzymatic assays were
performed using the recombinant DPP4 protein (rDPP4; (Bar-
zegar et al., 2015; Jao et al., 2015; Krupina and Khlebnikova,
2016; Mohanty et al., 2017). We conducted a kinetic analysis
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inhibitory activities of evogliptin, sitagliptin, diprotin A, and berberine were measured using recombinant DPP4 (rDPP4) protein or cell pel-
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*p<0.05; **p<0.005; and ***p<0.001 (paired t-test).

of in vitro DPP4 assays using rDPP4 for the DPP4 inhibitors
used in this study (Fig. 6A-6D). Evogliptin and sitagliptin were
highly efficient in inhibiting rDPP4 activity at concentrations of
2 ng/mL and 2 pg/mL at as early as 30 min until 24 h, albeit
evogliptin was more potent than sitagliptin at a concentration
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of 2 ng/mL (Fig. 6A, 6B). Diprotin A could reduce the rDPP4
activity at concentrations of 20 and 50 ng/mL in a dose-depen-
dent manner after 30 min and 1 h incubation, but its inhibitory
effects decreased over time starting from 3 h incubation (Fig.
6C). In contrast, berberine had little or no inhibitory effect even



on rDPP4 activity at any time point (Fig. 6D).

The highly transient inhibition of DPP4 enzymatic activity
by diprotin A could be the reason we did not observe any in-
hibition of mDPP4 activity in the PWM-activated H9 Th1 cells
co-treated with diprotin A. Next, we evaluated the DPP4 in-
hibitory effects of these inhibitors in H9 Th1 cells for less than
3 h (Fig. 6E-6H). Consistent with the results obtained using
rDPP4, evogliptin and sitagliptin were highly potent in inhibit-
ing the mDPP4 activity of H9 Th1 cells even after 30 min incu-
bation (Fig. 6E, 6F). Diprotin A also exhibited dose-dependent
inhibition of mMDPP4 activity in H9 Th1 cells after 30 min and 1
h incubation, but not after 3 h incubation, whereas berberine
had no effect (Fig. 6G, 6H).

Thus, we observed that evogliptin and sitagliptin were
potent inhibitors of both the rDPP4 protein and mDPP4 in
CD4*CD26* H9 Th1 cells after incubation for as little as 30
min until 24 h. Conversely, diprotin A transiently inhibited both
the rDPP4 protein and mDPP4 in H9 Th1 cells, but this was
not noted for more than 1 h. Berberine did not actively inhibit
DPP4 activity regardless of the assay systems used. There-
fore, these results suggest that evogliptin and sitagliptin are
more effective mDPP4 inhibitors without any adverse effects
on Th1 cells than the peptidyl DPP4 inhibitor, diprotin A.

DISCUSSION

In this study, we investigated the effects of evogliptin and si-
tagliptin, which are antidiabetic drugs and DPP4 inhibitors, on
the mDPP4 enzymatic activity of CD26 and Th1 cell-specific
cytokine expression in PWM-activated CD4*CD26* H9 Th1
cells. PWM treatment stimulated the substantial expression of
Th1 cell-specific cytokines such as IL-2, IL-10, TNF-a, IFN-y,
IL-13, and GM-CSF in the H9 Th1 cells (Fig. 1C). These re-
sults were consistent with those of previous studies showing
that CD26 expression was closely related to T cell signaling
pathways for Th1 cell-specific cytokine expression in PWM-
activated Th1 cells (Yan et al., 2003). However, it is also noted
that PWM treatment only enhanced CD26 expression and
mDPP4 activity to limited levels in H9 Th1 cells (Fig. 1D, 1E,
Supplementary Fig. 2A). Given that the basal levels of CD26
expression and mDPP4 activity were already high in H9 Th1
cells, these results suggest that there may be little correlation
between Th1-specific cytokine induction and mDPP4 activity
in PWM-activated CD4*CD26* H9 Th1 cells.

Evogliptin and sitagliptin efficiently inhibited mDPP4 activity
in a dose-dependent manner but did not alter cytokine expres-
sion in PWM-treated H9 Th1 cells. According to the ICs, val-
ues of the drugs, evogliptin was more potent than sitagliptin in
inhibiting mMDPP4 enzymatic activity in the PWM-activated H9
cells as well as rDPP4 activity in vitro at all incubation times
tested from 30 min up to 24 h. In contrast, we found that di-
protin A, a synthetic peptidyl inhibitor, only transiently inhibited
the enzymatic activities of mDPP4 and rDPP4 after less than
30 min incubation with no effect on Th1-specific cytokine ex-
pression. Berberine, a natural DPP4 inhibitor, showed minimal
effects on the enzymatic activities of mDPP4 and rDPP4 but
decreased the expression of cytokines, possibly because of
its cytotoxicity.

While the non-enzymatic activities of CD26 are essential for
T cell signaling pathways, whether mDPP4 enzymatic activity
is also critical for the immune responses of T cells is not yet
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known. Sitagliptin treatment of patients with type 2 diabetes
did not affect CD4* T cell activation (White et al., 2010). Treat-
ment with both sitagliptin and a matching placebo in human
immunodeficiency virus (HIV)-positive men did not alter the
CD4* T cell number, plasma HIV viremia, or immune activa-
tion for 24 weeks (Goodwin et al., 2013). In contrast, sitagliptin
was reported to affect the subsets of circulating CD4* T cells,
especially Th17 and Treg cells, in vitro as well as in patients
with type 2 diabetes, when patients with sitagliptin or a control
drug were followed up for 12 weeks (Aso et al., 2015; Pinheiro
etal., 2017).

Our results showed that the treatment of PWM-activated
H9 Th1 cells with DPP4 inhibitors did not change the cell
profiles such as cell viability and CD3*CD4* or CD26*CD28*
subset populations (Supplementary Fig. 2, 3). In addition, po-
tent DPP4 inhibitors had no or little effect on Th1 cell-specific
cytokine expression in the PWM-activated Th1 cells, although
they directly inhibited DPP4 enzymatic activity in these cells.
Despite our limitation using a Th1 cell line rather than primary
cells, these results suggest that mDPP4 enzymatic activity
may not be required for Th1 cell-specific cytokine expression.
Thus, patients with type 2 diabetes treated with evogliptin or
sitagliptin may not exhibit adverse effects on T cell immune re-
sponses, though the effects of long-term treatment with these
drugs should be evaluated in vitro as well as in vivo. A recent
study reported that sitagliptin therapy for 12 months reduces
DPP4 activity yet does not increase markers of inflammation
or levels of sDPP4 in the patients with type 2 diabetes (Baggio
et al., 2020). Since sDPP4 are mainly derived from lympho-
cytes (Casrouge et al., 2018), these results support our hy-
pothesis that prolonged treatment of DPP4 inhibitors may not
alter the degree of inflammation or the levels of lymphocytes-
associated DPP4 in humans.

Our study investigated Th1 cell immune responses in
PWNM-activated H9 cells, after treatment with clinical DPP4 in-
hibitors such as evogliptin and sitagliptin. Our results suggest
that the non-enzymatic activity of CD26 is more important than
its enzymatic activity for the regulation of Th1 cell immune re-
sponses for the treatment of patients with type 2 diabetes.
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