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Abstract

Dipeptidyl peptidase 4 (DPP4, CD26) is a serine protease detected on several immune cells and on epithelial cells of various
organs. Besides the membrane-bound enzyme, a catalytically active soluble form (sCD26/DPP4) is detected in several body
fluids. Both variants cleave off dipeptides from the N-termini of various chemokines, neuropeptides, and hormones. CD26/
DPP4 plays a fundamental role in the regulation of blood glucose levels by inactivating insulinotropic incretins and CD26/
DPP4 inhibitors are thus routinely used in diabetes mellitus type 2 therapy to improve glucose tolerance. Such inhibitors might
also prevent the CD26/DPP4-mediated inactivation of the T-cell chemoattractant CXCL10 released by certain tumors and
thus improve anti-tumor immunity and immunotherapy. Despite its implication in the regulation of many (patho-)physiologi-
cal processes and its consideration as a biomarker and therapeutic target, the cellular source of sSCD26/DPP4 remains highly
debated and mechanisms of its release are so far unknown. In line with recent reports that activated T lymphocytes could
be a major source of sCD26/DPP4, we now demonstrate that CD26/DPP4 is stored in secretory granules of several major
human cytotoxic lymphocyte populations and co-localizes with effector proteins such as granzymes, perforin, and granulysin.
Upon stimulation, vesicular CD26/DPP4 is rapidly translocated to the cell surface in a Ca**-dependent manner. Importantly,
activation-induced degranulation leads to a massive release of proteolytically active sCD26/DPP4. Since activated effector
lymphocytes serve as a major source of sCD26/DPP4, these results might explain the observed disease-associated alterations
of sCD26/DPP4 serum levels and also indicate a so far unknown role of CD26/DPP4 in lymphocyte-mediated cytotoxicity.
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Introduction in the modulation of T-cell activation and proliferation [2].

According to a current model, CD26/DPP4 on T cells inter-

CD26/Dipeptidylpeptidase 4 (DPP4) is a 110 kDa type 2
transmembrane glycoprotein that belongs to the S9 pro-
tease family of prolyl oligopeptidases (EC 3.4.14.5) [1]. As
a T-cell surface molecule, CD26/DPP4 has been implicated
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acts with caveolin-1 on antigen-presenting cells and thereby
induces an increase in CD86 expression to facilitate T-cell
co-stimulation [3]. Simultaneously, caveolin-1-mediated
CD26/DPP4-ligation induces T-cell proliferation and
NF-kB activation in a TCR/CD3-dependent manner. This is
associated with the recruitment of a complex consisting of
CD26/DPP4, CARMAL, Bcl10, and IxB kinase to lipid rafts
[4]. Consequently, the blockade of the Caveolin-1-CD26/
DPP4 interaction with a soluble caveolin-1-Ig fusion pro-
tein induces anergy in CD4* T cells [5]. Moreover, CD26/
DPP4-mediated co-stimulation of anti-CD3-activated CD8*
T cells enhances the cytotoxic potential compared to CD28-
stimulated T cells [6].

As a serine protease, CD26/DPP4 cleaves off N-terminal
dipeptides with penultimate prolines or alanines. Notably,
a catalytically active soluble form of CD26/DPP4 (sCD26/
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DPP4) lacking the intracellular and transmembrane domain
can be liberated from the plasma membrane [7] and sCD26/
DPP4 is detected in serum, saliva, cerebrospinal and seminal
fluid, and bile [8]. Importantly, enzymatic DPP4 activity
in serum has been mainly attributed to sCD26/DPP4 [7].
CD26/DPP4 substrates include a wide range of gastrointes-
tinal hormones, growth factors, chemokines, neuropeptides,
and regulatory peptides. Functional effects of CD26/DPP4-
mediated cleavage are quite diverse and include the modula-
tion of receptor specificities, the inactivation of substrates or
the generation of bioactive peptides. Described CD26/DPP4
substrates include NPY (neuropeptide Y), GIP (glucose
dependent insulinotropic polypeptide), GLP-1/2 (glucagon-
like peptide 1/2), CXCL12 (SDF1la, stromal cell-derived
factor 1a), Eotaxin, Erythropoietin, GM-CSF (granulocyte
macrophage colony-stimulating factor), CXCL10 and CCLS5,
and many others. This highlights the diversity of biologi-
cal processes that are modulated by CD26/DPP4 activity
(reviewed in [9]) and explains why alterations of sCD26/
DPP4 levels and/or activity in serum have been associated
with numerous diseases including autoimmunity and cancer
[8, 10].

In addition, CD26/DPP4 plays a fundamental role in
the systemic regulation of blood glucose levels, since it
cleaves and inactivates the insulinotropic incretins GIP and
GLP-1. These incretins are released upon glucose intake
and enhance insulin secretion. However, their half-life is
limited to only a few minutes by the proteolytic activity of
CD26/DPP4. Inhibition of CD26/DPP4 prolongs the incre-
tin effect and improves glucose tolerance. Thus, long-term
inhibition of CD26/DPP4 has been established as an accom-
panying therapy in the treatment of diabetes mellitus type
2 (T2DM) and currently 9 DPP4 inhibitors are commercially
available that usually reduce DPP4 activity to about 70-90%
of baseline level [11]. Despite an overall favorable adverse
side-effect profile, concerns of a long-lasting DPP4 inhi-
bition have been put forward after 25 years of treatment,
especially with respect to cardiovascular events [12], an
increase of infections [13], pancreatitis [14] and even an
increased risk for site-specific cancer [15]. These long-term
treatment-associated events highlight that a deeper insight
into CD26/DPP4 functions in- and outside the immune sys-
tem is urgently needed.

Surprisingly, despite the suggested prognostic value of
sCD26/DPP4 as a serum marker in multiple diseases, its
fundamental role in blood glucose level regulation and as
a major drug target in diabetes type 2 therapy, the cellular
source of SCD26/DPP4 remains highly debated. CD26/DPP4
is rather ubiquitously expressed on blood cells, fibroblasts,
mesothelial, epithelial, and endothelial cells and is detected
in several organs including placenta, kidney, intestine,
prostate, gall bladder, pancreas, and liver [16—18]. In the
immune system, CD26/DPP4 is expressed on dendritic cells,
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activated B cells, NK cells, T cells, and CD34" progenitor
cells (reviewed in [1]). Here, CD26/DPP4 surface expression
was suggested as a marker to evaluate the effector/memory
state of CD8* T cells [6], the suitability of CD4" T cells
for cancer immunotherapy [19], and the haematopoietic
recovery and lymphocyte reconstitution after autologous
hematopoietic stem-cell transplantation in multiple myeloma
patients [20]. With respect to the cellular source of sCD26/
DPP4, recent in vivo studies in mice suggested that both
endothelial and bone-marrow-derived cells contribute to
sCD26/DPP4 serum levels and activity [21]. Based on the
notion that SCID patients and mice display reduced plasma
levels of sSCD26/DPP4, Casrouge and colleagues provided
further correlative experimental evidence that sCD26/DPP4
plasma concentrations and activity depend on the abundance
and activation state of T lymphocytes [22].

We had previously noted that CD26/DPP4 is stored in
different secretory granules of in vitro expanded T-cell blasts
[23, 24]. With a focus on cytotoxic lymphocytes, we now
demonstrate that upon stimulation or target cell encounter,
CD26/DPP4 is rapidly translocated to the cell surface in
a Ca2+-dependent manner. Moreover, activation-induced
degranulation leads to a massive release of proteolytically
active sCD26/DPP4. Thus, we propose that indeed, acti-
vated cytotoxic lymphocytes (CL) serve as a major source
of sCD26/DPP4 and that degranulation mechanistically gov-
erns sCD26/DPP4 release.

Results

Performing proteomic profiling of lysosome-related effector
vesicles of human T cells, we identified CD26/DPP4 as a
cargo protein of T-cell granules [23, 24]. To analyze the sub-
cellular localization of CD26/DPP4 in more detail, freshly
isolated peripheral blood mononuclear cells (PBMC) were
permeabilized, stained with fluorophore-conjugated anti-
CD4 or anti-CD8 and anti-CD26/DPP4 antibodies, and ana-
lyzed via imaging flow cytometry (Fig. 1/Sup. Fig. 1). The
CD8* compartment segregated into cells with high or low
expression of CD8 referred to as CD8"€" and CD8!*Y cells,
respectively (Sup. Fig. 1E). In permeabilized lymphocytes,
CD26/DPP4 is located in intracellular granules in both CD4*
and CD8™ cells (Fig. 1a). This phenotype is characterized
by a high bright detail intensity (BDI) of the CD26/DPP4
staining. The BDI feature computes the intensity of localized
bright spots within the masked area in a given image while
removing the local background surrounding the spots before
intensity calculation. Thus, plotting of the fluorescence
intensity (FI) against the BDI of the CD26/DPP4 staining
allows for the identification of cells with granular localiza-
tion of CD26/DPP4 (termed CD26/DPP4™™ cells in the fol-
lowing, Fig. 1b). Although the fluorescence intensity already
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Fig. 1 Subcellular localization of CD26/DPP4 in CD4* and CD8"
lymphocytes. Freshly isolated PBMC derived from five healthy
blood donors were stained with a LIVE/DEAD™ Fixable Far Red
Dead Cell Stain, fixed, permeabilized and stained with Brilliant Vio-
let 421-conjugated anti-CD4 (clone OKT4) or anti-CD8 mab (clone
RPA-T8) and FITC-conjugated anti-CD26/DPP4 mab (clone BASb)
or an appropriate isotype control. 10.000 cells were acquired with an
ImageStream Mark II imaging cytometer. Only focused, single, viable
CD4" or CD8" cells were considered for further analyses. a Repre-
sentative images of CD4* (upper panel), CD8"#" (middle panel) and
CDS8"" (lower panel) lymphocytes (BF, brightfield). Scale bars rep-
resent 7 um. b Dot plot analysis of the fluorescence intensity (FI) and

revealed a difference in CD26/DPP4 expression between
CD4* and CD8"°¥ cells as well as between CD8"2" and
CDS8"" cells (Fig. 1c), those differences become statistically
significant when calculating the BDI (Fig. 1d). Applying
both features to assess the frequency of CD26/DPP4"™ cells
revealed that 7% of CD4% lymphocytes store CD26/DPP4 in
intracellular granules, whereas 16% of the freshly isolated
CDg"ih cells showed an intracellular/granular expression of
CD26/DPP4, although the observed difference did not show
significance among the five included donors. However, 59%
of CD8'°Y cells exhibited intracellular/granular CD26/DPP4
expression and this increased frequency of CD26/DPP4"r2
cells is significant when compared to CD4* or CD8"¢" cells
of the same cohort of donors (Fig. 1e). Since NK cells have
been shown to frequently express CD8 at low levels, we
assessed the frequency of CD56 within the CD8"&" and
CD8"" populations (Sup. Fig. 2A). These analyses revealed
that only few CD8"" cells, but 74% of CD8'¥ cells express
CD56 indicating that this population might comprise NK

the bright detail intensity (BDI) of the CD26/DPP4 staining (black
dots) displaying the percentage of CD4*, CD8"&" and CD8™¥ lym-
phocytes with a high CD26/DPP4 FI and BDI (CD26/DPP4"", red
dots). Cells stained with isotype control antibodies are displayed as
grey dots. ¢ Fluorescence intensity of the CD26/DPP4 staining. d
Bright detail intensity of the CD26/DPP4 staining. e Frequency of
CD26/DPP4™? cells among CD4*, CD8"e" and CD8"*™ cells. Data
are displayed as mean values of experiments with cells derived from
five independent healthy blood donors+SEM. Statistical signifi-
cance between different subpopulations is displayed as ** for p <0.01
(Mann—Whitney U test); ns not significant

cells, although also NKT and some CD8" T cells express
CD56 [25].

As mentioned, we identified CD26/DPP4 as a cargo pro-
tein of lysosome-related effector vesicles (LREV) that were
also characterized by a high abundance of cytotoxic effector
proteins. It is well established that soluble cytotoxic effec-
tor molecules are safely stored in LREV of CLs to allow
for their instant release upon appropriate stimulation [26].
Using freshly isolated PBMC from healthy donors, we thus
analyzed the co-localization of intracellular CD26/DPP4
with the cytotoxic effector proteins granzyme (Grz) A,
GrzB, perforin (Prf), and granulysin (Gnly) in lymphocytes
associated with cytotoxic effector potential including CD8"/
TCR of*, CD3*/TCR 8%, and CD37/CD56" cells. These
analyses revealed that intracellular/granular CD26/DPP4 co-
localizes with GrzA (Fig. 2a), GrzB (Fig. 2b), Prf (Fig. 2¢)
and Gnly (Fig. 2d). Again, the frequency of CD26/DPP4intr
cells was most pronounced in CD37/CD56% cells, but
also 20-30% of CD8*/TCR ap* and CD3*/TCR v5™ cells
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showed intracellular storage of CD26/DPP4 although with
notable donor-dependent variability (Fig. 2e). As expected,
CD37/CD56" cells showed the highest frequency of GrzA*,
GrzB™, Prft, and Gnly™" cells that were again identified
on the basis of both the FI and the BDI of the respective
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staining. Expression of cytotoxic effector molecules was
less pronounced in CD8*/TCR af* and CD3*/TCR v&*
cells and declines in the order GrzA > GrzB > Prf > Gnly
(Fig. 2f). Again, we observed considerable donor-dependent
variations especially in T cells. We quantified the degree of
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«Fig. 2 Co-localization of intracellular CD26/DPP4 with the cytotoxic
effector proteins granzyme A, granzyme B, perforin and granulysin
in freshly isolated PBMC. Freshly isolated PBMC were stained with
either Brilliant Violet 421-conjugated anti-CD8 mab (clone RPA-TS)
and APC-conjugated anti-TCR aff mab (clone IP26), Brilliant Violet
421-conjugated anti-CD3 mab (clone UCHT1) and APC-conjugated
anti-TCR y8 mab (clone B1) or Brilliant Violet 421-conjugated anti-
CD3 mab (clone UCHT1) and APC-conjugated anti-CD56 mab
(clone 5.1H11). Following permeabilization, cells were stained with
FITC-conjugated anti-CD26/DPP4 mab (clone BA5b) and PE-conju-
gated anti-GrzA mab (clone CB9) or PE-conjugated anti-GrzB mab
(clone GB11), PE-conjugated anti-perforin mab (clone dG9) or PE-
conjugated anti-GNLY mab (clone DH2). 10.000 cells were acquired
with an ImageStream Mark II imaging cytometer. Only focused, sin-
gle, CD8*/TCR af*, CD3*/TCR y&* and CD37/CD56" or cells were
considered for further analyses. a—d Representative images of CD8/
TCR of* (upper panel), CD3*/TCR y&" (middle panel) and CD37/
CD56" (lower panel) lymphocytes stained for a GrzA, b GrzB, ¢
Prf and d Gnly. Scale bars represent 7 um. e Percentage of CD8%/
TCR off*, CD3*/TCR y8* and CD37/CD56" cells with intracellular
expression of CD26/DPP4 or f GrzA, GrzB, Prf and Gnly. g Geo-
metric mean of the bright detail similarity score of the GrzA/CD26/
DPP4, GrzB/CD26/DPP4, Prf/CD26/DPP4 and Gnly/CD26/DPP4
staining of CD8*/TCR af*, CD3*/TCR y5* and CD37/CD56™ cells.
h Percentage of CD8*/TCR apt, CD3*/TCR y&* and CD37/CD56%
cells displaying a BDS score>2 of the GrzA/CD26/DPP4, GrzB/
CD26/DPP4, Prf/CD26/DPP4 and Gnly/CD26/DPP4 stainings. Data
are displayed as mean values of cells derived from three healthy
blood donors+SEM. Statistical significance between different sub-
populations is displayed as * for p<0.1 (Mann—Whitney U test; ns
not significant)

co-localization employing the bright detail similarity (BDS)
feature, which represents the log-transformed Pearson cor-
relation of respective images on a pixel-by-pixel and cell-by-
cell basis [27] (Fig. 2g). In CD8*/TCR af™ cells, the mean
overall BDS score ranged from 1.7 for the co-localization
of intracellular CD26/DPP4 with GrzA and Gnly to 2.0 for
Prf and 2.1 for GrzB. In CD3*/TCR 8™ cells the mean BDS
score for the co-localization of intracellular CD26/DPP4
with GrzA was 1.6, with GrzB 1.7 and with Prf and Gnly
2.0. Again, we observed notable donor-dependent variations.
Those variations were less pronounced in CD37/CD56"
cells that also showed the highest degree of co-localization
of intracellular CD26/DPP4 with GrzA (BDS 2.4), GrzB
(BDS 2.6), Prf (BDS 2.0) and Gnly (BDS 2.3). Of note,
it is well established that Prf is stored in CD107* storage
granules and the co-localization of Prf with the lysosomal
marker protein CD107a results in an overall BDS score of
2.0 in our experimental system [28]. We also calculated the
frequency of cells that displayed a BDS score > 2 for the
co-localization of cytotoxic effector proteins with granular
CD26/DPP4 (Fig. 2h). Among CD8*/TCR aff* cells, 32%
of CD26/DPP4™™/GrzA™ cells, 66% of CD26/DPP4"™/
GrzB™ cells, 61% of CD26/DPP4™™/Prf cells and 50% of
CD26/DPP4i""%/Gnly* cells display a BDS score> 2 and
among CD3*/TCR y&™ cells, 32% of CD26/DPP4""/GrzA*
cells, 39% of CD26/DPP4™%/GrzB* cells, 52% of CD26/

DPP4"/Prft cells and 53% of CD26/DPP4™"%/Gnly™ cells
display a BDS score > 2. Again, results for T cells proved to
be quite heterogeneous between cells isolated from different
blood donors. Among the CD37/CD56" NK cells, 74% of
CD26/DPP4™%/GrzA* cells, 87% of CD26/DPP4"*/GrzB*
cells, 56% CD26/DPP4""3/prit cells and 78% of CD26/
DPP4""%/Gnly* cells display a BDS score > 2. We thus
observe a clear although partial co-localization of granular
CD26/DPP4 with cytotoxic effector proteins in CLs. How-
ever, the degree of co-localization differs between subpopu-
lations and even within a given subpopulation. Especially
in the case of T cells, we observed high donor-dependent
variability indicating that also the activation state might
influence co-localization.

Of note, also CD3*/TCRy8™ T cells store considerable
amounts of CD26/DPP4 and these cells can be easily acti-
vated and expanded by cultivation in the presence of amino-
bisphosphonates such as zoledronic acid [29]. We thus iso-
lated PBMC from healthy blood donors and expanded y& T
cells with zoledronic acid in the presence of IL-2. Respec-
tive cell cultures usually contained ~90% 8 T cells after
10-14 days of expansion. In a first step, we analyzed the
expression and subcellular localization of CD26/DPP4 and
cytotoxic effector molecules as we did before in freshly iso-
lated cells. After activation and expansion, 68% of CD3%/
TCR 8% expressed GrzA, 50% GrzB, 35% Prf, 39% Gnly,
and 78% intracellular CD26/DPP4 (Fig. 3a). As evident from
the overall BDS score (Fig. 3b) and the frequency of cells
displaying a BDS score > 2 (Fig. 3c), we again observed a
high degree of co-localization of intracellular CD26/DPP4
with cytotoxic effector molecules.

In a next step, we aimed to biochemically verify the stor-
age of CD26/DPP4 in lysosome-related effector vesicles.
We thus homogenized zoledronate-expanded y8 T cells,
enriched the organelles as previously described [30], and
separated the material by ultracentrifugation on a discon-
tinuous iodixanol gradient. Interestingly, in y/8 T cells and
NK cells CD26/DPP4 was more abundant in enriched orga-
nelles (Fig. 3d) and especially in the crude lysosomal frac-
tions (Fig. 3d, f) when compared to the cytosolic fraction.
This differential abundance was, however, less prominent
for the CD8" T-cell preparation, as depicted in Fig. 3e.
Notably, several organelle fractions are also characterized
by the presence of CD107a indicative of lysosomal stor-
age granules. Of note, CD26/DPP4 is present in the GrzB*
heavy fraction although it shows a broader distribution
(Fig. 3d). Besides CD3"/TCRy&™ T cells, also CD8*/TCR
apt cells store considerable amounts of CD26/DPP4. We
thus MACS-sorted CD8" T cells from PBMC of healthy
donors and stimulated the cells with a cocktail of irradi-
ated allogeneic PBMC and EBV-transformed lymphoblas-
toid B cells in the presence of phytohemagglutinin (PHA)
and IL-2. After expansion, CD8" T cells were subjected
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Fig. 3 Intracellular storage of CD26/DPP4 in expanded T-cell lines.
PBMC were incubated with zoledronic acid and expanded in the
presence of IL-2. Cells were stained with Brilliant Violet 421-conju-
gated anti-CD3 mab (clone UCHT1) and APC-conjugated anti-TCR
yS mab (clone B1), permeabilized and stained with FITC-conjugated
anti-CD26/DPP4 mab (clone BA5b) and PE-conjugated anti-GrzA
mab (clone CB9), PE-conjugated anti-GrzB mab (clone GB11), PE-
conjugated anti-perforin mab (clone dG9) or PE-conjugated anti-
Gnly mab (clone DH2). 10.000 cells were acquired with an Imag-
eStream Mark II imaging cytometer. Only focused, single, CD3"/
TCR v8™ cells were considered for further analyses. a Percentage of
CD3*/TCR y8" cells expressing GrzA, GrzB, Prf, Gnly and intracel-
lular CD26/DPP4. b Geometric mean of the bright detail similarity
score of the GrzA/CD26/DPP4, GrzB/CD26/DPP4, Prf/CD26/DPP4
and Gnly/CD26/DPP4 staining of expanded y5 T cells. ¢ Percentage
of y8 T cells displaying a BDS score>2 of the GrzA/CD26/DPP4,
GrzB/CD26/DPP4, Prf/CD26/DPP4 and Gnly/CD26/DPP4 stain-

to the enrichment of lysosome-related effector vesicles as
described before. As observed for expanded yo T cells,
CD26/DPP4 is highly abundant in CD107a* fractions and
also present in the GrzB* heavy fraction (Fig. 3e). Moreo-
ver, MACS-purified and in vitro expanded NK cells were
also subjected to subcellular fractionation, although density
gradient centrifugation of the crude lysosomal fraction was
not performed due to lower cell numbers. Nevertheless, both
CD26/DPP4 and GrzB are clearly enriched in the CD1077
lysosomal fraction compared to the whole cell lysate or the
cytosolic fraction (Fig. 3f).

Upon target cell encounter, secretory granules are trans-
ported to the site of intercellular contact, where they fuse
with the plasma membrane to release the soluble effector
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ings. Data are displayed as mean values of cells derived from three
healthy blood donors+SEM. d Zoledronate-activated yd T cells and
e MACS-purified CD8" T cells were expanded for 14 days, homog-
enized and organelle extraction and separation were performed as
described. Equal amounts of protein from whole cell lysates (WCL),
enriched organelles (EO), cytosol (CYT) and crude lysosomal frac-
tion (CLF) and the individual fractions 1-6 obtained after density
gradient ultracentrifugation were separated by SDS-PAGE and
transferred to nitrocellulose. Western blots were stained for CD26/
DPP4, GrzB and CD107a and are representative for 3 independent
experiments. f MACS-purified NK cells were expanded for 16 days,
homogenized and organelle extraction and separation were per-
formed as described. Equal amounts of protein from whole cell lysate
(WCL), the crude lysosomal fraction (CLF) and the cytosol (CYT)
were separated by SDS-PAGE, transferred to nitrocellulose and West-
ern blots were stained for CD26/DPP4, GrzB, CD107a and GAPDH

molecules into the immunological synapse and to expose
transmembrane proteins locally on the cell surface. To
address the inducible mobilization of CD26/DPP4, v T
cells were stimulated with a combination of the agonistic
anti-CD3 mab OKT3 and a cross-linking rabbit anti-mouse
antibody. We followed the kinetics of CD26/DPP4 surface
expression by flow cytometry for up to 3 h (Fig. 4a). Upon
CD3 ligation, CD26/DPP4 is mobilized to the cell surface
after only 20 min. With ongoing stimulation, CD26/DPP4
surface expression remains increased compared to unstimu-
lated cells. Classical degranulation including GrzB release
and CD107a surface exposure strictly depends on calcium
signaling [28]. We thus tested whether Ca** chelation by
EGTA modulates activation-induced CD26/DPP4 surface
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Fig.4 Activation-induced mobilization of (s)CD26/DPP4 from yd
T cells. a, b Zoledronate-expanded y8 T cells were stimulated with
anti-CD3 mab OKT3 (1 pg/mL) and cross-linking rabbit anti-mouse
IgG (1.2 pg/mL) for up to 3 h in the presence of 4 mM EGTA and
4 mM MgCl, (dark grey bars), 1 uM Cycloheximide (CHX, light grey
bars) or without further additions (black bars). a Cells were stained
with an FITC-conjugated anti-CD26/DPP4 mab (clone BA5b) and
surface expression was determined by flow cytometry. Geometric
mean fluorescence intensities of unstimulated cells in the absence
of inhibitor were set to 100%. b Amount of sCD26/DPP4 in cellular
supernatants was determined by ELISA. Data are displayed as mean
values of 3 single experiments+ SD. Statistical significance between
unstimulated and stimulated cells and cells treated with EGTA or not
is displayed as * for p<0.1 (Mann—Whitney U test). ¢ Zoledronate-
expanded yd T cells were either stimulated with phorbol ester (TPA,
20 ng/mL) and calcium ionophore (ionomycin, 500 ng/mL) for 2 h

expression. Interestingly, CD26/DPP4 surface mobilization
is completely abrogated in the presence of EGTA. Moreo-
ver, pre-incubation of cells with the translation inhibitor
cycloheximide did not influence surface expression levels
of CD26/DPP4, indicating that the observed increase relies
on the mobilization of pre-stored molecules.

Howeyver, since the activation-induced increase of CD26/
DPP4 surface expression was rather moderate, we assessed
whether y6 T cells might also release soluble sCD26/DPP4
upon stimulation. We thus tested supernatants of CD3-stim-
ulated 8 T cells for the presence of sCD26/DPP4 by ELISA.
Indeed, we observed a substantial release of sSCD26/DPP4
into the supernatant upon CD3 ligation after only 20 min of

OsCD26/DPP4 W GrzB

or left untreated. CD26/DPP4 was precipitated from cell-free super-
natants of unstimulated and stimulated cells with anti-CD26/DPP4
mab 202.36. Equal amounts of protein from NP40 lysates of unstimu-
lated and stimulated cells and respective precipitates were separated
by SDS-PAGE, transferred to nitrocellulose and CD26/DPP4 was
detected by immunoblot with anti-CD26/DPP4 mab D6DSK. This
experiment is representative for three independent experiments. d, e
Zoledronate-expanded y8 T cells were incubated with Panc89 tumor
cells in the presence of additional BrHPP (300 nM) and IL-2 (50 U/
ml) at effector/target (E/T) ratios of 5/1 (light grey), 25/1 (dark grey)
and 50/1 (black) or were left untreated. After 4 h at 37 °C, cell-free
supernatants were harvested and the amount of released sCD26/DPP4
(d) and GrzB (e) was assessed by ELISA. f As a control, the amount
of sCD26/DPP4 and GrzB released from Panc98 cells after lysis with
Triton X-100 (TX100) or without treatment was also determined.
Data are displayed as mean values of 3 single experiments +SD

stimulation. Ongoing stimulation further elevated sCD26/
DPP4 levels. This release was completely abolished in the
presence of EGTA, whereas cycloheximide pre-treatment of
the cells had no effect (Fig. 4b). Of note, comparable kinet-
ics of the activation-induced surface expression and release
of (s)CD26/DPP4 were also observed with activated and
in vitro expanded CD8* T cells (Sup. Fig. 2B/C). Analyses
of respective supernatants with a fluorogenic DPP4 protease
activity assay revealed that sCD26/DPP4 released by yd T
cells is proteolytically active and reaches activity levels in
the range of serum levels of a healthy individuum used as
a control (Sup. Fig. 2d). To biochemically prove the acti-
vation-dependent release of sCD26/DPP4, we precipitated
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the molecule from supernatants of stimulated cells (Fig. 4c).
To avoid interference of anti-CD3 antibodies with immu-
noprecipitation, cells were stimulated with phorbolester
and calcium ionophore to mimic TCR signaling. Only upon
activation, sCD26/DPP4 was precipitated from supernatants
of stimulated cells. Moreover, the released sCD26/DPP4
migrated slightly below cellular CD26/DPP4 which might
be indicative of a potential proteolytic cleavage prior to its
release.

We then sought to assess the release of sCD26/DPP4 in
an effector/target cell situation. It is well established that
vd T-cell lyse pancreatic ductal adenocarcinoma (PDAC)
cells in the presence of phosphoantigens (pAg) [31]. There-
fore, we incubated zoledronate-expanded yd T cells with the
PDAC cell line Panc89 in the presence of the pAg BrHPP
at different effector/target ratios (50/1, 25/1, 5/1). Interest-
ingly, upon co-culture with tumor target cells, effector lym-
phocytes release high amounts of sSCD26/DPP4 (Fig. 4d)
and the cytotoxic effector protein GrzB (Fig. 4e), whereas
hardly any constitutive release is observed. Of note, we did
not detect sCD26/DPP4 or GrzB in supernatants of Panc89
cells in the absence of effector cells or of Panc89 cells lysed
with Triton X-100 (Fig. 4f). Thus, also target cell elimina-
tion is clearly associated with the release of sSCD26/DPP4
from effector cells.

Discussion

We detected pre-stored CD26/DPP4 in intracellular gran-
ules of CD4" and CD8* af T cells, of y5 T cells and of NK
cells. Co-localization analyses of CD26/DPP4 with soluble
cytotoxic effector proteins including GrzA, GrzB, Prf, and
Gnly verified the storage in cytotoxic effector granules of
respective cells. Of note, bright detail similarity scores were
highest in NK cells but overall lower in T cells. Moreover,
in the latter case, donor-dependent variations were more
pronounced. Nevertheless, also in T cells a fraction of cells
displayed an evident co-localization of intracellular CD26/
DPP4 with cytotoxic effector proteins. However, although
enrichment of different lysosome-related effector vesicles
from expanded CD8* T cells and y8 T cells verified the
localization in granzyme B storage compartments, we also
noticed a broader distribution of CD26/DPP4. This is in line
with immunofluorescence images of individual cells with a
low bright detail similarity score of the CD26/DPP4 stain-
ing and the staining of cytotoxic effector molecules that
might indeed indicate a segregation to different compart-
ments in individual cells. Since the intracellular trafficking
of CD26/DPP4 is only poorly understood, this might well
reflect transient localization in intermediates of its traffick-
ing pathway. However, we cannot exclude that alternative
storage compartments might be employed as well. Since
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donor-dependent variations in co-localization were most
pronounced in peripheral blood T cells, the activation state
of the cells might also well influence CD26/DPP4 storage.

In general, CD26/DPP4 is supposed to be mainly located
on the cell surface and the subcellular localization has not
been analyzed in detail yet. Therefore, even the functional
role of CD26/DPP4 within the immune system or its role
as a marker and co-stimulatory molecule for T-cell activa-
tion might only be one facet of its overall functions. Along
this line, there are only very few reports on the intracellular
expression of CD26/DPP4. Already in 1990, Fukui and col-
leagues detected CD26/DPP4 in lysosomes of hepatocytes,
endothelial cells, and Kupffer cells in ultrathin sections of rat
liver by immunogold electron microscopy [32]. In pancre-
atic islets of the pig, immunoelectron microscopy revealed
the presence of CD26/DPP4 in the secretory granules of
A cells [33]. Casey et al. identified CD26/DPP4 in a prot-
eomic screen of enriched organelles from the lymphoblastic
leukemia/lymphoma NK-cell line YTS. The organelle frac-
tions obtained after density gradient centrifugation displayed
an enrichment of the lysosomal transmembrane protein
CD63 and Alpha-N-acetylgalactosaminidase activity in the
absence of calnexin, TGN46, EEA1, MPR, and GLUT1 and
thus likely represent enriched secretory lysosomes/cytotoxic
granules [34]. Interestingly, based on the finding that both
CD26/DPP4" and CD26/DPP4~ T cells exhibit comparable
levels of CD26/DPP4 mRNA and overall protein, Mattern
and co-workers already suggested an intracellular pool of
CD26/DPP4 in T cells [35]. Along this line, we identified
CD26/DPP4 as a cargo protein of lysosome-related effector
vesicles also in non-transformed human T cells by proteome
profiling [23, 24].

We now demonstrate that upon TCR ligation, pre-stored
CD26/DPP4 is rapidly mobilized from intracellular storage
granules in a strictly calcium-dependent fashion and thus
follows the hallmarks of classical degranulation. Interest-
ingly, activation-induced surface expression was rather mod-
erate. Instead, we observed a major release of proteolytically
active sCD26/DPP4 into the supernatant. Notably, although
fairly high levels of sCD26/DPP4 are detected in diverse
body fluids such as serum, saliva, cerebrospinal, and semi-
nal fluid and bile [8], the cellular source of sCD26/DPP4
remains highly controversial despite its fundamental role
as a therapeutic target for blood glucose regulation and its
apparent prognostic value for a plethora of different diseases.
In CD26/DPP4 deficient rats, plasma DPP4 activity was par-
tially restored after reconstitution with wild-type bone mar-
row, indicating that bone-marrow-derived cells constitute
an important source of plasma sCD26/DPP4 [36]. In line
with these results, the combined genetic ablation of CD26/
DPP4 from endothelial cells and bone-marrow-derived cells
in mice significantly reduced total plasma DPP4 activity that
was partially restored upon bone-marrow transplantation,
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suggesting that both bone-marrow-derived and endothelial
cells contribute to plasma sCD26/DPP4 levels [21]. Only
recently, Casrouge and co-workers showed that individuals
with congenital lymphocyte-immunodeficiency displayed
decreased sCD26/DPP4 serum levels that were normalized
upon restoration of hematopoiesis [22]. Moreover, sCD26/
DPP4 serum levels in healthy controls or treated patients
correlated with numbers of circulating lymphocytes.
In vitro analyses revealed that T-cell stimulation increased
the sCD26/DPP4 release. Along this line, infection of mice
with influenza virus resulted in elevated sCD26 serum levels
that correlated with an increased frequency of antigen-spe-
cific CD8" T cells [22]. Nargis and co-workers showed that
plasma DPP4 activity in Diabetes mellitus type 2 patients
is linked to the enhanced release of sSCD26/DPP4 from cir-
culating TH17 cells. In this scenario, patient TH17 cells
showed reduced surface expression of CD26/DPP4 that posi-
tively correlated with increased plasma DPP4 activity argu-
ing for TH17 cells as a source for the elevated plasma CD26/
DPP4 abundance associated with T2DM [37]. In addition,
adipocytes have also been identified as a source for sCD26/
DPP4 [38-40] and hepatocytes also secrete sSCD26/DPP4,
especially in obese mice [40, 41].

It is generally assumed that sSCD26/DPP4 originates from
the proteolytic cleavage of full length CD26/DPP4 [37, 39]
liberating the proteolytically active soluble form that lacks
the intracellular region and the transmembrane domain [7].
However, the protease(s) mediating sCD26/DPP4 release
remain(s) to be identified, although the metalloproteases
MMP1, MMP2, and MMP14 have been implicated in
the liberation of sSCD26/DPP4 from smooth muscle cells,
MMP14 in the shedding from adipocytes [39] and the ser-
ine protease kallikrein 5 (KLKY) in the release from TH17
cells [37]. Of note, in our hands, broadband inhibitors of
serine proteases (AEBSF, 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride) and metalloproteases (TAPI-1) did
not modulate the activation-induced release of sCD26/DPP4
(unpublished data). Importantly, we detected the released
sCD26/DPP4 by both immunoprecipitation with subsequent
Western blot and ELISA. We observed only a minor differ-
ence in the molecular weight of sCD26/DPP4 released into
the supernatant and CD26/DPP4 precipitated from cellular
lysates. However, given that the soluble form is suggested
to comprise amino acids 39-766 [7] and the extracellular
portion is heavily glycosylated, only a small difference in
the migratory behaviour during electrophoresis is expected.
Ultracentrifugation of supernatants prior analysis revealed
that putative exosomal/microvesicular CD26/DPP4 does
not contribute to levels of SCD26/DPP4 assessed by ELISA
(not shown). Of note, besides shedding of transmembrane
CD26/DPP4 from the cell surface it might also be processed
within intracellular storage granules to allow for the rapid
release of sCD26/DPP4 upon mobilization and fusion of

cytotoxic granules with the plasma membrane. Poulsen and
co-workers previously suggested that CD26/DPP4 is stored
in secretory granules of A cells of pancreatic islets as a
soluble protein, since immunogold electron microscopy did
not reveal a specific association with the granule membrane
[33]. Although we did not detect truncated CD26/DPP4 in
cellular lysates, an intracellular processing might well be
induced by T-cell activation and precede degranulation.
However, additional studies are required to assess the cel-
lular site of CD26/DPP4 processing.

sCD26/DPP4 released from cytotoxic lymphocytes upon
degranulation is proteolytically active and CD26/DPP4-
mediated processing of the incretin hormones GIP and GLP-
1/2 accounts for the role of CD26/DPP4 in the regulation of
blood glucose levels [11]. However, recent in vivo data sug-
gested that sCD26/DPP4 released by bone-marrow-derived
cells controls plasma levels of GIP only and not of GLP-1/2
and might, furthermore, not contribute to glucose control
[21]. In this scenario, it might be interesting to evaluate the
effect of CD26/DPP4-deficiency in hematopoietic cells on
the regulation of blood glucose levels during an immune
response to infections, autoimmunity or immunotherapy of
cancer malignancies. Further substrates of sCD26/DPP4
include, for example, the chemokines CXCL12 (SDF1a) and
CXCLI10 (reviewed in [9]). CXCL12 is a highly efficient
chemoattractant for lymphocytes, monocytes, and CD34*
hematopoietic precursor cells expressing its receptor CXCR4
and CD26/DPP4-mediated conversion of CXCL12 [1-67] to
CXCL12 [3-67] completely abolishes SDF1a chemotactic
properties [42], and since CXCL12 [3—67] retains significant
binding affinity for the receptor, it antagonizes binding of
biologically active CXCL12 [1-67] [43]. In contrast, CD26/
DPP4-mediated N-terminal truncation of CXCL10 results in
the generation of an antagonist form of the chemokine that
limits T-cell and NK-cell migration. Notably, in vivo DPP4
inhibition in humans can preserve the bioactive form of
CXCL10 thus opening new perspectives for the use of DPP4
inhibitors as therapeutic immune modulators by affecting T-
and NK-cell trafficking [44]. Independent of its enzymatic
activity, hepatocyte-derived sCD26/DPP4 was shown to
activate macrophages via caveolin-1 ligation and to contrib-
ute to obesity-associated inflammation in mice [41]. These
few examples already highlight the functional diversity and
complexity of the impact of CD26/DPP4-mediated substrate
processing and of sCD26/DPP4 non-enzymatic functions on
immune cells. However, the impact of lymphocyte-derived
sCD26/DPP4 on the processing of its substrates and associ-
ated functional consequences yet remain to be addressed.

Taken together, we identified cytotoxic lymphocytes as a
major cellular source of sCD26/DPP4 that is released upon
degranulation. We thus provide a link between disease-asso-
ciated variations in CD26/DPP4 serum levels and lympho-
cyte-mediated cytotoxicity. Future analyses have to answer
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the question whether sCD26/DPP4 might link the cytotoxic
immune response to the regulation of blood glucose levels.
Moreover, the suspected defects of immune surveillance
incidentally observed upon treatment with DPP4 inhibitors
during diabetes mellitus type 2 therapy highlight the need for
in-depth analyses of the role of sCD26/DPP4 in the effector
function of cytotoxic lymphocytes.

Materials and methods

Cells

Peripheral blood mononuclear cells (PBMC) were isolated
from blood specimen of healthy donors (provided by the
Institute for Transfusion Medicine of the University Hospital
Schleswig-Holstein Campus Kiel) by Ficoll (Merck, Darm-
stadt, Germany) density gradient centrifugation. CD8* T
cells were MACS-purified from PBMC using a CD8" T-cell
isolation kit according to manufacturer’s instructions (Milte-
nyi Biotec, Bergisch-Gladbach, Germany) and stimulated
using a feeder cocktail with irradiated EBV-transformed B
lymphoblastoid cells and freshly prepared allogeneic periph-
eral blood mononuclear cells in the presence of 0.5 pg/mL
phytohemagglutinin A (PHA, Thermo Fisher Scientific,
Waltham, MA, USA) and rIL-2 (100 U/mL, Novartis,
Basel, Switzerland) in RPMI 1640 with 2 mM glutamine
and 25 mM HEPES (Thermo Fisher Scientific) supple-
mented with 100 U/mL penicillin/100 pg/mL streptomycin
(Thermo Fisher Scientific) and 10% heat-inactivated FBS
(Thermo Fisher Scientific). After 3—4 days, dead cells were
removed by Ficoll gradient centrifugation and T-cell blasts
were expanded in culture medium with rIL-2 (100 U/mL).
V62 T cells were enriched after initial stimulation of PBMC
with Zoledronate (5 uM, kindly provided by Novartis) and
expansion in RPMI 1640 with supplements and rIL-2 (50
U/mL). For expansion, fresh medium and rIL-2 were added
every 3—4 days. After 14 days of expansion >95% of cells
were CD3*/TCR y8*. NK cells were MACS-purified using
an NK-cell isolation kit (Miltenyi Biotec) according to
manufacturer’s instructions and expanded in NK MACS
medium (Miltenyi Biotec) supplemented with 100 U/mL
penicillin/100 pg/mL streptomycin, 5% AB serum (PAA
Laboratories GmbH, Pasching, Austria) and rIL-2 (500 U/
mL). The phenotype of cell lines was periodically checked
by flow cytometry. All blood donors provided informed
consent, and the study was approved by the Institutional
Ethics Review Board of Kiel University Medical Faculty
(D485/14). The pancreatic ductal adenocarcinoma cell line
Panc89 was kindly provided by Dr. Christian Réder (Insti-
tute for Experimental Cancer Research, UKSH/CAU, Kiel)
and has been extensively characterized by ultrastructural
grading, immunocytochemistry and mutational status [45].
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Panc89 cells were grown in RPMI-1640 medium supple-
mented with 10% heat-inactivated FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin. For passaging, adherent tumor
cells were detached from flasks with 0.05% trypsin/0.02%
EDTA (Thermo Fisher Scientific). Mycoplasma negativ-
ity was routinely tested by RT-PCR using the Venor® GeM
Classic mycoplasma detection kit (Minerva Biolabs, Berlin,
Germany).

Cell stimulation

Cells (14-20 days after stimulation) were adjusted to 1 x 10°
cells per mL and 180 pL of the cell suspension were trans-
ferred to 96 well flat-bottom plates. Anti-CD3 mab OKT3
(f.c. 1 pg/mL, Cilag, Sulzbach, Germany) and cross-linking
rabbit anti-mouse IgG (f.c. 1.2 ug/mL, Jackson Immunore-
search Laboratories, West Grove, PA, USA) were added in
an additional 20 pL to stimulate the cells for up to 3 h. At the
end of the indicated incubation period, cells were transferred
to a second 96 well V-bottom plate and subjected to immu-
nofluorescence staining for flow cytometry (see below). In
addition, supernatants were harvested, cleared by centrifu-
gation and stored at — 20 °C for the assessment of released
sCD26/DPP4 by ELISA (see below). Pre-incubation with
the following inhibitors and reagents was performed for
30 min at 37 °C: EGTA at 4 mM (Merck, Darmstadt, Ger-
many), MgCl, at 4 mM (Merck) and Cycloheximide (CHX)
at 1 uM (Merck).

For the analysis of sCD26/DPP4 by precipitation and
Western blot, Zoledronate-expanded yd T cells (14-20 days
of expansion) were adjusted to 2 x 10° cells/mL in serum-
free X-Vivo medium (Thermo Fisher Scientific) supple-
mented with antibiotics and IL-2 (50 U/mL) and 10 mL of
the cell suspension were transferred to a 10 cm cell cul-
ture dish. TPA (12-O-tetradecanoylphorbol-13-acetate,
also termed PMA, f.c. 20 ng/mL, Merck) and ionomycin
(f.c. 500 ng/mL, Merck) were added to stimulate the cells
for 2 h. Following stimulation, the cells were washed once
with PBS and lysed in a standard NP40 lysis buffer (1%
(wv) Nonidet®P40 (Sigma-Aldrich, St. Louis, MO, USA),
20 mM Tris-buffer, pH 7.4, 150 mM NaCl, 5 mM EDTA)
supplemented with protease/phosphatase inhibitors includ-
ing sodium orthovanadate, sodium fluoride, sodium pyroph-
osphate, phenylmethylsulfonyl fluoride, and pepstatin A (all
from Sigma-Aldrich). The supernatant was centrifuged twice
at 3400xg to remove residual cells and subjected to immu-
noprecipitation (see below).

Co-culture of y8 T cells with Panc89 cells
A total of 6.500 Panc89 cells/well were added to 96-well

flat-bottom plates and were allowed to adhere at 37 °C over-
night. Thereafter, y& T cells, 50 U/mL IL-2 and 300 nM
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BrHPP were added at effector/target (E/T) ratios of 50/1,
25/1 and 5/1. The cells were incubated for 4 h at 37 °C
before the supernatants were harvested, cleared by centrifu-
gation and stored at — 20 °C for the assessment of released
sCD26/DPP4 and GrzB by ELISA (see below).

Immunofluorescent staining

For the analysis of CD26/DPP4 surface expression by con-
ventional flow cytometry, 1.8 X 10° cells were centrifuged in
96 well V-bottom plates, washed and stained with an FITC-
conjugated anti-CD26/DPP4 mab (clone BA5b, BioLegend,
San Diego, CA, USA). After incubation for 30 min on ice,
the cells were washed twice, fixed in 1% paraformalde-
hyde and analyzed on a FACSCalibur flow cytometer using
CellQuestTM analysis software (BD Biosciences, Franklin
Lakes, NJ, USA).

For imaging flow cytometry, 1-5 x 10° cells were centri-
fuged in 96-well V-bottom plates, washed and stained with
fluorophore-conjugated monoclonal antibodies directed
against surface expressed antigens for 30 min on ice. For the
staining of intracellular antigens, cells were washed again,
fixed and permeabilized employing the Cytofix/Cytoperm
kit (BD Biosciences) following the manufacturer’s instruc-
tions. After fixation in 1% paraformaldehyde, the cells were
analyzed with an ImageStream X Mark II Imaging cytom-
eter. The following antibodies were used for fluorescent
labeling of cells: Brilliant Violet 421-conjugated anti-CD3
mab (clone UCHT1, BioLegend), Brilliant Violet 421-con-
jugated anti-CD4 mab (clone OKT4, BioLegend), Brilliant
Violet 421-conjugated anti-CD8 mab (clone RPA-TS, Bio-
Legend), FITC-conjugated anti-CD26/DPP4 mab (clone
BASb, BioLegend), PE-conjugated anti-granzyme A mab
(clone CB9, BioLegend), PE-conjugated anti-granzyme B
mab (clone GB11, Thermo Fisher Scientific), PE-conjugated
anti-perforin mab (clone dG9, BioLegend), PE-conjugated
anti-granulysin mab (clone DH2, BioLegend), APC-conju-
gated anti-TCR o/p mab (clone P26, BioLegend), APC-
conjugated anti-TCR y/8 mab (clone B1, BioLegend) and
APC-conjugated anti-CD56 mab (clone 5.1H11, BioLeg-
end). FITC-conjugated IgG2a (clone 713, Immunotools,
Friesoythe, Germany), PE-conjugated IgG1 (clone 1F8,
Immunotools) and PE-conjugated IgG2a (clone PPV-04,
Immunotools) served as isotype controls.

Imaging flow cytometry

The ImageStream X Mark II (Merck Millipore, Burlington,
MA, USA) one camera system with 351, 488, 562, 658 and
732 nm lasers was used for imaging flow cytometry. The
system was calibrated using SpeedBeads (Amnis, Seat-
tle, WA) prior to use and at least 10.000 events with an
area> 12.5 um? based on brightfield images per experimental

or isotype control sample were acquired. Moreover, 1.000
events of single stained compensation control samples gated
on appropriate signal size were acquired with both the bright
field channel and the 732 nm laser turned off. Images (Bril-
liant Violet 421 in channel 1, FITC and in channel 2, PE in
channel 3, APC and Far Red Fixable Dye in channel 5 and
bright field in channel 6) were acquired at 60-fold magnifica-
tion. The integrated software INSPIRE® was used for data
collection as raw image files. Raw image files of a respec-
tive staining and the corresponding isotype control files
were merged. Single color controls were used to calculate a
spectral crosstalk matrix that was applied to each raw image
file for spectral compensations in the detection channels.
Analysis was performed on the compensated image files
using the IDEAS® image analysis software. The bright field
gradient root mean square (RMS) feature was used to gate
on cells that were in focus. Bright field area versus aspect
ratio features were plotted and used to gate on single cells.
Cells with saturated pixels were excluded from the analysis
by plotting the histogram for the Saturation Count feature
(number of saturated pixels in each cell) and gating only on
cells with a saturation count of 0. Analyte-positive cells were
discriminated based on controls. The bright detail similarity
R3 feature was used to quantify the degree of co-localization
in double positive cells only.

Subcellular fractionation

Lysosome-related effector organelles were enriched from
expanded human T cells as described previously [30]
employing a commercial Lysosome Isolation Kit (Sigma-
Aldrich). Briefly, 4 x 108 T cells were washed with cold
PBS and resuspended in extraction buffer supplemented
with protease inhibitors. Cells were disrupted using a tung-
sten-carbide ball cell homogenizer (Isobiotec, Heidelberg,
Germany). Cell homogenates (whole cell lysate, WCL)
were centrifuged at 3400xg for 10 min to pellet nuclei
and remaining intact cells. The post nuclear supernatant
(enriched organelles, EO) was centrifuged at 15.000xg for
20 min. The supernatant (cytosol, CYT) was kept for further
analysis and the organelle pellet (crude lysosomal fraction,
CLF) was adjusted to 19% (v/v) Optiprep® (Sigma) before
applying it to a non-ionic, low osmotic discontinuous density
gradient with 27%, 22.5%, 19%, 16%, 12%, 8% Optiprep®
layers. Organelles were separated by ultracentrifugation at
150.000xg for 5 h. The subcellular fractions were collected
from the top of the tube, washed and concentrated with
homogenization buffer (250 mM sucrose, 10 mM Hepes,
pH 7.3; 0.3 mM EDTA) at 20.000xg for 20 min. All ultra-
centrifugation steps were carried out at 4 °C in ultra-clear
centrifugation tubes in a swing-out rotor (SW60Ti, Beckman
Coulter, Krefeld, Germany).
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Immunoprecipitation

For immunoprecipitation of sCD26/DPP4, NP-40 lysates
or cleared culture supernatants were incubated on a rota-
tor with 2 pg of an anti-CD26/DPP4 mab (clone 202.36,
Santa Cruz Biotechnology, Dallas, TX, USA) and protein
G Sepharose beads (GE Healthcare, Chicag, IL, USA) at
4 °C for at least 120 min and subjected to SDS-PAGE after
three washing steps and boiling in sample buffer.

Western blot

After gel electrophoresis following standard protocols
using Bis—Tris NuPAGE gels (Thermo Fisher Scientific),
proteins were transferred to 0.45 um nitrocellulose mem-
branes (GE Healthcare) and membranes were routinely
blocked with bovine serum albumin (Sigma-Aldrich) in
TBST (5%, w/v). The following antibodies were used
for Western blot analyses: anti-CD26/DPP4 mab clone
D6DS8K (Abcam, Cambridge, UK), anti-Granzyme B mab
clone 2C/F5 (BD Biosciences), anti-CD107a/Lamp1 mab
clone 25 (BD Biosciences) and anti-GAPDH mab clone
6C5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
ECL reagents (GE Healthcare) were used for chemilumi-
nescence detection using Hyper Film (GE Healthcare).

Enzyme-linked immunosorbent assay (ELISA)

Levels of soluble sCD26/DPP4 and granzyme B in cell-
free supernatants were determined by sandwich enzyme-
linked immunosorbent assays (ELISA) from Bio-Techne
following the manufacturer’s instructions. In individual
experiments, supernatants were additionally cleared by
ultracentrifugation at 100.000xg for 1 h prior ELISA.

DPP4 protease activity assay

DPP4 protease activity in cell- and serum-free superna-
tants was assessed employing a commercial fluorogenic
activity assay kit (Sigma-Aldrich) following the manufac-
turer’s instructions.

Statistical analysis

We used Graph Pad Prism 6 to perform statistical analysis.
Two-tailed Mann—Whitney U test was used to compare the
data between two groups without adjusting for multiple
testing. A two-tailed p value of 0.10 was considered sta-
tistically significant for experiments with three samples.
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A two-tailed p value of 0.05 was considered statistically
significant for experiments with more than three samples.
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