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Introduction

Dipeptidyl-peptidase 4 (DPP-4)
sitagliptin, improve glycaemia by

inhibitors,
increasing

Summary

Sitagliptin, a dipeptidyl-peptidase 4 (DPP-4) inhibitor, improves blood
glucose control in patients with type 2 diabetes by blocking cleavage of
glucagon-like peptide 1 (GLP-1). In type 2 diabetes patients sitagliptin use is
associated with an increase in minor infections, and in new-onset type 1 dia-
betes patients the ability of sitagliptin to dampen autoimmunity is currently
being tested. DPP-4, also known as CD26, is expressed on leucocytes and can
inactivate many chemokines important for leucocyte migration, as well as act
as a co-stimulatory molecule on T cells. Therefore, this study was conducted
to test whether sitagliptin is immunomodulatory. In this randomized,
placebo-controlled trial, healthy volunteers were given sitagliptin or placebo
daily for 28 days, and blood was drawn for immune assays. No significant
differences were observed in the percentage of leucocyte subsets within
peripheral blood mononuclear cells (PBMCs), plasma chemokine/cytokine
levels or cytokines released by stimulation of PBMCs with either
lipopolysaccharide (LPS) or anti-CD3. Individuals taking sitagliptin dis-
played increases in the percentage of cells expressing higher levels of CD26 at
early time-points compared to placebo controls, but these differences
resolved by day 28 of treatment. Therefore, in healthy volunteers, treatment
with sitagliptin daily for 28 days does not overtly alter systemic immune
function.
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current clinical protocol in patients with type 1 diabetes is
testing the effects of sitagliptin along with lansoprazole on
preserving beta cell insulin secretion. The investigators
hypothesized that this drug combination could dampen the

such as
active

glucagon-like peptide 1 (GLP-1) levels and are prescribed
frequently for the treatment of type 2 diabetes. DPP-4 nor-
mally cleaves GLP-1, and sitagliptin inhibits the peptidase
activity of DPP-4 [1]. DPP-4 is also involved in other bio-
logical processes that could potentially alter immune func-
tion, but it is not clear how inhibition of DPP-4 enzymatic
activity affects human immune function. Several clinical
observations suggest that sitagliptin might affect immune
function. Sitagliptin has been associated with an increase in
minor infections, such as nasopharyngitis [2—4]. A case
study has also been reported in which an individual with
type 2 diabetes and psoriasis had marked improvement of
this autoimmune skin condition after treatment with
sitagliptin [5]. These studies are consistent with the possible
inhibition of immune activation after DPP-4 blockade. A

120

autoimmune response and directly enhance beta cell mass
and function [6] (NCT01155284).

A membrane-bound form of DPP-4 is found on leuco-
cytes including T cells, where it is called CD26. Immune
activation increases DPP-4/CD26 expression; CD45RO*
memory T cells express more CD26 [7,8]. Inhibition of
CD26 activity results in reduced T cell activity [9]. Interest-
ingly, CD26 can increase T cell activation by increasing the
co-stimulator CD86 on antigen-presenting cells in a process
that requires enzymatic activity [10]. CD26 associates with
other membrane proteins on T cells, including the tyrosine
phosphatase CD45 and the ectoenzyme adenosine
deaminase (ADA), which might be important for the
co-stimulatory activity of CD26 [8,11]. However, inhibition
of DPP-4 enzymatic activity may not block all these
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immune activities; the ability of soluble CD26 to bind ADA
and enhancement of T cell proliferation can usually occur
even when the active site of DPP-4 has been mutated
[12,13]. CD26 is also expressed on myeloid cells, and enzy-
matic inhibition decreased macrophage activation and
migration into adipose tissue [14].

In addition to GLP-1, DPP-4 also cleaves immune
peptides, including neuropeptide Y (NPY) and chemokines
such as interferon gamma-induced protein (IP)-10, stromal
cell-derived factor (SDF)1-alpha and regulated upon activa-
tion normal T cell expressed and secreted (RANTES) [15].
DPP-4 cleavage can affect chemokine activity or receptor
specificity; therefore, inhibition of DPP-4 could alter leuco-
cyte chemotaxis [16]. In humanized mice, human
haematopoetic stem cells show enhanced engraftment with
DPP-4 inhibition, which may be due to altered migration of
these cells [17]. Clinical trials are now under way to test if
sitagliptin can improve cord blood transplant outcomes
(NCT00862719).

In mouse models of T cell-mediated autoimmunity,
inhibitors of DPP-4 can reduce disease severity and are
associated with increases in transforming growth factor
(TGF)-B levels and improvements in immune tolerance
induction [18,19]. Interestingly, in human autoimmune dis-
eases such as multiple sclerosis and rheumatoid arthritis,
increased CD26 levels on leucocytes are observed, yet there
is decreased DPP-4-associated peptidase activity [20-22].
The reason for the discrepancy between activity and mem-
brane CD26 levels is unclear, but this could be due to
decreased shedding of CD26 from the membrane or
decreased levels of other peptidases that cleave the same
substrate.

Despite evidence that sitagliptin might alter immune
activity, few direct measurements of immune function after
sitagliptin treatment in humans have been undertaken [23].
Therefore, we set up a double-blind clinical protocol in
which healthy individuals were given either sitagliptin or
placebo daily for 4 weeks. We chose to enrol healthy volun-
teers to separate effects of sitagliptin from disease effects on
immune readouts (e.g. in type 2 diabetes). We measured
many aspects of the immune system including plasma
chemokine and cytokine expression, the percentage of regu-
latory T cells and other immune subsets and CD26 levels by
flow cytometry, gene expression in whole blood and stimu-
lation of peripheral blood mononuclear cells (PBMCs) with
both innate, lipopolysaccharide (LPS) and adaptive, anti-
CD3, immune stimuli. Our primary outcome measure was
plasma TGF-beta levels.

Materials and methods

Study design and protocol

This study (NCT00813228) is a double-blind, randomized
placebo-controlled trial approved by the institutional

Sitagliptin does not alter immune function

Assessed for eligibility (n = 76)

Excluded (n = 35)

Not meeting inclusion criteria
(n=283)

Declined to participate (n = 10)
Other reason* (n = 2)

4

Randomized (n = 41)

Individuals who did not
complete the study after
v randomization** (n = 5)

\4

Individuals randomized to Individuals randomized to
once-daily drug dosage once-daily placebo dosage
(n=27) (n=9)

(b)
100 mg/day sitagliptin (n = 27)

Placebo (n = 9)

ﬁ

Screening

visit Day 0 Da}y 3 Daly 14 Day 28 Day 63
[ [ [ [ I I

Draw 1 Draw 2 Draw 3 Draw 4 Draw 5 Draw 6

Fig. 1. Study overview. (a) Patient flow diagram. (b) Overview of
study visits and 4-week drug treatment. *Two individuals consented
after enrolment was complete; **two individuals were unable to make
study appointments, one had a positive serum human chorionic
gonadotrophin (HCG) at 4 weeks, one had a potential allergic reaction
to the drug and one was non-compliant with taking study medication.

review board of NIDDK. Healthy individuals were recruited
to the NIH Clinical Center. Seventy-six individuals who
passed an initial telephone screening provided informed
consent and were assessed further for eligibility. Inclusion
criteria included age > 18 vyears, fasting blood glucose <
100 mg/dl and HbAlc < 5:7%. Exclusion criteria included
pregnancy, recently active allergy, malignancy or infection
or history of autoimmune disease or other immune abnor-
malities, anaemia, pancreatitis or hypersensitivity to
sitagliptin. Forty-one healthy subjects were randomized at a
ratio of 3:1 into two groups: sitagliptin or placebo (Fig. 1a).
Both patients and researchers were blinded in this study.
The randomization was performed by the NIH pharmacy.
The sitagliptin and placebo groups in this study had similar
demographic characteristics (Supporting information,
Table S1).

Participants took 100 mg sitagliptin or placebo once daily
for 28 days. Drug compliance was assessed by tablet counts.
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Six study visits were scheduled: the screening visit and visits
at day 0 (before starting on drug or placebo), days 3, 14 and
28 (during drug or placebo treatment) and day 63 (5 weeks
after stopping drug or placebo treatment) (Fig. 1b). For
each visit, a brief history and physical examination was per-
formed and fasting blood samples were obtained. Grades 1
and 2 adverse events occurred at similar rates in subjects in
the sitagliptin and placebo groups (data not shown). No
grade 3 or higher adverse events were observed.

Measurements

Blood collection and assays. Complete blood counts with
differential were measured at all time-points. Plasma was
processed from blood drawn into sodium citrate
vacutainers as described previously to minimize platelet
activation, thus preventing release of TGF-f [24]. Plasma
TGF-B levels were assessed by enzyme-linked immunosorb-
ent assay (ELISA) (R&D Systems, Minneapolis, MN, USA).
Levels of other cytokines were also assessed in plasma and
culture supernatant as indicated. These were measured
using the Bioplex Pro 27-plex group I human cytokine
array, following the manufacturer’s instructions (Biorad,
Hercules, CA, USA). For GLP-1 measurement, blood was
drawn into K, ethylenediamine tetraacetic acid (EDTA)
vacutainers supplemented with DPP-4 inhibitor (10 pl/ml
of blood) (EMD Millipore, Billerica, MA, USA). Active
GLP-1 (7-36 and 7-37) was measured by ELISA (EMD
Millipore). DPP-4 activity levels were measured from
plasma samples using the DPP-4/CD26 activity kit (Enzo
Life Sciences, Farmingdale, NY, USA). Maximum velocity
(Vinax) values were measured after 60 min at room tempera-
ture, and values were measured every minute to ensure lin-
earity. Values reported are the percentage of the day 0 value
for each individual. For PBMC isolation, blood drawn into
sodium heparin vacutainers was combined 1:1 with
phosphate-buffered saline (PBS). The blood was then cen-
trifuged over a Ficoll gradient (GE Healthcare, Pittsburgh,
PA, USA). The buffy layer was collected and washed twice
with PBS.

Flow cytometry. Freshly isolated PBMCs were stained with
the following panels: immune cell subsets (CD3, CD19,
CD56, CDI14 and CD26), T cells (CD3, CD4, CDS,
CD45RA, CD45R0 and CD26) and regulatory T cells [CD4,
CD25, CD127, forkhead box protein 3 (FoxP3)]. The fol-
lowing lymphocyte populations were gated: monocytes
(CD14%), CD4" T cells (CD3"CD4"), CD8" T cells
(CD3*CD8"), B cells (CD19"), natural killer (NK) cells
(CD3°CD56%) and NK T cells (CD3*CD56%). T cell popula-
tions were also gated as naive (CD45RA") or memory
(CD45R0O"). CD26 levels were assessed in all lymphocyte
populations, and CD4 and CD8 T cells (total, naive and
memory) were gated on CD26 negative, low and high popu-
lations, as shown in Fig. 3c. Regulatory T cells were gated as

CD4'CD25'FoxP3" cells, and were confirmed as having
lower interleukin (IL)-7Roc (CD127). CD3, CD25 and
CD127 antibodies were purchased from Biolegend (San
Diego, CA, USA). CD3, CD4, CD8, CD14, CD19, CD26,
CD45RA, CD45R0 and CD56 and FoxP3 antibodies were
purchased from BD Biosciences (San Jose, CA, USA). Cell
fixation and permeabilization for intracellular staining
for FoxP3 was accomplished with FoxP3 fixation/
permeabilization buffers (eBioscience, San Diego, CA,
USA). Both Foxp3 and CD26 gates were set using fluores-
cence minus one (FMO) controls in which a stain was per-
formed with all fluorphore-conjugated antibodies, except
the one specific for either Foxp3 or CD26.

Microarray analysis. RNA was isolated from whole blood
using Tempus Tubes following the manufacturer’s instruc-
tions (Life Technologies, Grand Island, NY, USA). Gene
expression profiling was performed with days 0 and 28
samples using Affymetrix arrays.

LPS stimulation. Isolated PBMCs were cultured at 2 x 10°
cells/well in 96-well flat-bottomed plates in defined, serum-
free X-Vivol5 media (Lonza, Basel, Switzerland) with or
without 0-5 mg/ml of LPS (Sigma, St Louis, MO, USA) for
24 h. Supernatants were collected and assessed for cytokine
levels by TGF-f3 ELISA and 27-plex human cytokine array,
as described above.

Anti-CD3 stimulation. This assay was performed on only 11
individuals known to be in the sitagliptin group, after
unblinding. Frozen PBMCs were thawed and rested over-
night in X-Vivol5 media. Cells were then labelled with
1 uM 5,6-carboxyfluorescein succinimidyl ester (CFSE; Life
Technologies) and plated in X-Vivol5 media at 2 x 10° cells/
well in 96-well round-bottomed plates with or without
0-02 mg/ml anti-CD3 (BD Biosciences). CD4* and CD8" T
cell proliferation was measured by flow cytometry analysis
of CFSE dilution after 4 days of stimulation, and activation
of T cells was assessed by CD25 up-regulation.

Statistical analysis

This study’s primary outcome was change in TGF-3 protein
levels in plasma, calculated by subtracting the value of
TGF-B at day 0 from the value at day 28. Sample size was
calculated based on previously published reports of plasma
TGEF-B in healthy subjects; we estimated a 50% increase in
plasma TGF-B, with an > 88% power to detect this differ-
ence with a sample size of 40 subjects (30 treatment, 10
control) and estimating a 10% dropout rate. The two-sided
two-sample t-test was used to compare the mean change in
TGF-P between the treatment group and the control group.
The significance level was 0-05. For secondary outcomes, the
change from baseline (day 0) to values at days 3, 14, 28 and
63 was compared by group. Secondary measurements
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Fig. 2. Plasma glucagon-like peptide (GLP)-1
and cytokine levels. (a) The change in GLP-1
levels from baseline (day 0) within an individual
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included expression of CD26 on lymphocyte subsets in
PBMC:s, percentages of lymphocyte subsets within PBMCs,
cytokine and chemokine concentrations in plasma, cytokine
and chemokine concentrations in LPS-stimulated PBMCs,
clinical complete blood count (CBC) values, gene expres-
sion in whole blood, proliferation and production of
cytokines and chemokines (including TGF-B) in superna-
tants from anti-CD3-stimulated PBMCs. Comparison of
the two groups at specific time-points was performed with
t-test or Mann—-Whitney U-test for quantitative variables
and y* or Fisher’s exact test for categorical variables. The
primary analysis of these secondary variables included day
28 only, and did not adjust for baseline. Subsequent analy-
ses used generalized linear models to investigate changes
over time and a Bonferroni’s correction was applied to
account for the multiple time-points. A P-value of 0-0125
was used. These analyses included an adjustment for base-
line and log transformation as needed. The analysis of cor-
relations between the change in activity level of DPP-4 and
changes in immune parameters was performed using

Pearson’s correlations using GraphPad Prism. Each indi-
vidual’s percentage change in DPP-4 activity level was
calculated from their individual day 0 value and each subse-
quent on-drug time-point (days 3, 14, 28); Pearson’s corre-
lations were then calculated between this percentage
baseline DPP4 activity and immune parameters (calculated
as change from baseline at each time-point, as indicated
above).

Results

A significant increase in active GLP-1 levels was observed in
the sitagliptin group but not the placebo group, indicating
that this group was taking active drug (Fig. 2a). As expected,
because participants were fasting at the time of the blood
draws, GLP-1 levels were low, with an average of 4-9 pg/ml
at baseline (day 0). In addition, DPP-4 enzyme activity
levels were measured, and a significant drop (P < 0-0001) in
the percentage activity compared to day 0 was observed in
the sitagliptin group, but not the placebo group (Fig. 2b).
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days 0 to 3.

On average, while taking sitagliptin, this group showed
50-60% inhibition of activity.

The primary outcome for this study was the change in
total plasma TGF-3 levels from baseline (day 0) to day 28,
comparing the group that received sitagliptin and the
placebo group. Plasma TGEF-f3 levels were similar at baseline
[737 £287 pg/ml (mean *standard deviation) for the
placebo group and 723 +338 pg/ml for the sitagliptin
group] and at day 28 (822%374 pg/ml for the placebo
group and 695 * 286 pg/ml for the sitagliptin group). We
observed no significant change in this measurement
(Fig. 2¢c, P=0-4691). Plasma TGF-f levels were relatively
stable over time in both groups (Fig. 2d).

We next measured plasma cytokine and chemokine levels
in both groups using multiplex assays. Twenty-seven
analytes were measured, and no significant differences were
found in the change from baseline between the placebo and
sitagliptin groups at any of the time-points. The levels of
cytokines and chemokines in both the drug and placebo
groups at day 3 are shown in Fig. 2e. Similar results were
obtained at other time-points (data not shown).

The percentage of lymphocyte subsets in PBMCs were
measured by flow cytometry. The frequency of major lym-
phocyte subsets (B cells, T cells: both CD4* and CD8", NK,
NKT cells and monocytes) was measured, and no signifi-
cant differences were found between groups (data not
shown). In addition, numbers of regulatory T cells
(CD4*CD25*FoxP3*) were assessed. In mice, increases in
regulatory T cells with DPP-4 inhibition have been reported
[18]. However, we observed no significant changes in the
percentage of regulatory T cells with sitagliptin treatment
(Fig. 3a,b). A small increase in neutrophil and total white
blood cell count after sitagliptin treatment was reported to
the Federal Drug Administration. In our study, CBC values

10 16 10° 10 10°

CD45RA
o
O
[N}
o

were also measured, and no significant differences were
found between groups in any measure, including white
blood cells (WBC) and neutrophils (data not shown and
Supporting information, Fig. S1).

CD26/DPP-4 is expressed differentially on naive
(CD45RA") and memory (CD45RO") T cells [25]. There-
fore, we measured the percentage of naive and memory T
cells in both the CD4" and CD8" T cell compartment. The
percentage of CD8'CD45RO" cells increased significantly
on day 3 in the sitagliptin group compared to the placebo
(P=0-0104) and was also higher on day 14 (P=0-0351)
(Table 1). We also measured CD26 expression, gating on
three populations: CD26™ cells defined by fluorescence-1
controls, CD26" cells, corresponding to the low level found
on most naive CD45RA* cells and CD26" cells found pri-
marily among the memory CD45RO" population (Fig. 3¢).
We observed changes consistent with an increase in CD26
expression early after sitagliptin treatment compared to
placebo treatment, including increases in the percentages of
CD4*CD45RO*CD26" and CD8'CD26™ cells, and in the
fluorescence levels of CD26 on CD4*CD26", CD3*CD26"
and CD3*CD45RO*CD26" populations (Fig.3d and
Table 1). A significant decrease in the percentage of
CD8'CD26" cells was also observed in sitagliptin-treated
individuals compared to placebo, which is consistent with
increased CD26, as these cells probably shifted to the
CD8'CD26" population. These significant (P < 0-015)
changes were observed primarily at day 3, but some of
these populations were also different at day 14, with
P-values < 0-05 (Table 1).

Gene expression changes induced by the sitagliptin treat-
ment were assessed from whole blood samples taken at days
0 and 28. Paired analysis was performed to identify changes
within individuals. In the sitagliptin group, a group of 86
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Table 1. Differences in T cell subsets between placebo control and sitagliptin-treated individuals.

Placebo’ Sitagliptin”
Population variable Time-point (mean *s.d.) (mean £s.d.) P-value Change with sitagliptin
P<0:015
CD8" CD45RO", % Day 3 -3-8+70 13£39 0-0104 Up
CD4* CD45RO* CD26", % Day 3 2423 0-4 %20 0-0038 Up
CD8* CD26", % Day 3 26£75 —2:8+4-0 0-0085 Down
CD8" CD26", % Day 3 -2:9+60 15424 0-0036 Up
CD26°, CD26 geo. mean Day 3 —325-2+ 3384 3743482 0-0102 Up
CD4" CD26", CD26 geo. mean Day 3 —1350 £ 18943 1084-9 + 1766-5 0-0013 Up
CD4" CD45RO" CD26", % Day 14 -2.7£51 0-9£2:4 0-0084 Up
P<0-05
CD8" CD45RA", % Day 3 36168 -1-6£6:0 0-0333 Down
CD8* CD45RO* CD26", % Day 3 43+103 -2:4%58 0-0198 Down
CD8* CD45RA", % Day 14 2161 14130 0-0353 Down
CD8" CD45RO", % Day 14 1350 17428 0-0351 Up
CD3* CD8", % Day 14 -2+2:6 -02%1-6 0-0172 Up
CD8* CD26", % Day 14 1-5+52 -1-4£2:0 0-0217 Down
CD8* CD26", % Day 14 —1+41 1+1.7 0-0423 Up
CD8* CD45RA* CD26", % Day 14 -7-2+15-0 21+95 0-0375 Up
CD8* CD45RO* CD26", % Day 14 —8:5+20-2 22164 0-0211 Up
CD4* CD26", CD26 geo. mean Day 14 —1167 £ 18677 6283 +2311-2 0-0436 Up

Listed as the mean change from day 0; s.d.: standard deviation.

transcripts was identified as significantly changed between
days 0 and 28 (paired t-test, P < 0-001). Sixteen transcripts
changed in the placebo group (P <0-001) and none over-
lapped with those changed in the sitagliptin group, indicat-
ing the specificity of the genes identified in the treatment
group. Although these changes were statistically significant,
with a stringent P-value cut-off, the magnitude of these
observed changes was small (most with a fold
change < 1-2), indicating that the changes observed might
not be biologically relevant. Shown in Supporting informa-
tion, Table S2, are transcripts changed significantly with
either sitagliptin or placebo treatment (P < 0-001) that had
a fold change > 1-2. One of the transcripts with the highest
significance and fold change was matrix metallopeptidase 9,
a protein important for leucocyte trafficking that is
up-regulated in many autoimmune diseases [26]. Another
gene changed significantly in the sitagliptin group was small
ubiquitin-related modifier (SUMO-1), that can modify
other proteins via sumoylation. SUMO-1 interacts with
dipeptidyl peptidase 9 (DPP-9), a protein with structural
and functional similarity to DPP-4, yet sitagliptin is specific
for DPP-4 and does not inhibit DPP-9 [27].

Some alterations in immune function may not be directly
observable ex vivo, and may require an immune stimulus to
reveal differences. Therefore, we treated PBMCs with LPS as
an innate immune stimulus, and measured cytokine and
chemokine levels. TGF-B levels were measured by ELISA,
and did not differ before and after drug treatment or
between the sitagliptin and placebo groups (data not
shown). The same 27 cytokines and chemokines measured
in plasma were also measured in supernatants with and

without LPS treatment, and no significant differences were
observed between placebo and sitagliptin groups (Fig. 4 and
data not shown). Shown in Fig. 4 are the expression levels
of proteins from this panel that were induced with LPS
treatment of day 3 samples. Although individuals from the
sitagliptin group exhibit moderately higher levels of certain
cytokines in PBMCs cultured without LPS [for example,
IL-6 and macrophage inflammatory protein (MIP)-10],
this difference was not statistically significant.

In order to elicit an adaptive immune response and acti-
vate T cells, PBMCs from participants were stimulated with
anti-CD3 for 4 days. Samples were obtained from 11 indi-
viduals who received sitagliptin (this part of the study
was not blinded). T cell activation was measured by
up-regulation of CD25 and T cell proliferation was meas-
ured via CFSE dilution (Fig.5). Both parameters were
measured in CD4" and CD8" T cells. Supernatants were also
collected for measurement of cytokine and chemokine
levels. No significant differences were observed comparing
baseline values to levels observed after drug treatment
(Fig. 5 and data not shown).

In order to determine if level of drug activity correlated
with change in immune function, we performed an addi-
tional post-hoc statistical analysis. The sitagliptin group was
tested for significant correlations between the change in
each immune parameter and the percentage baseline DPP-4
activity for each time-point. This would allow us to observe
any immune changes that may be missed because of vari-
ance within the sitagliptin group for level of DPP-4 inhibi-
tion. However, in individuals taking sitagliptin, no
biologically relevant correlations were found between
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Fig. 4. Cytokine/chemokine levels from lipopolysaccharide
(LPS)-stimulated peripheral blood mononuclear cells (PBMCs). Fresh
PBMCs were cultured overnight in media with or without LPS, and
supernatants were then collected for measurement of 27 different
cytokines or chemokines. Blue: sitagliptin plus LPS, red: placebo plus
LPS, black: sitagliptin no LPS, white: placebo no LPS. Only those
cytokines that changed expression with LPS treatment are presented. A
log scale is used on the x-axis so that all analytes can be visualized on
one graph. Error bars show standard deviation. TNF: tumour necrosis
factor; RANTES: regulated upon activation normal T cell expressed
and secreted; MIP: macrophage inflammatory protein; MCP:
monocyte chemoattractant protein; IP: interferon gamma-induced
protein; G-CSF: granulocyte colony-stimulating factor; IL: interleukin.

change in DPP-4 activity and change in immune function.
This lends strength to the conclusion that sitagliptin does
not induce sustained systemic immune effects.

Discussion

Although numerous previous studies point to the possibil-
ity that DPP-4 inhibition could potentially be immunomo-
dulatory [9,28], this is the first study to measure systemati-
cally a wide variety of immune readouts in humans taking
sitagliptin. Here, we have shown that individuals given
sitagliptin daily for 28 days do not have significantly altered
immune readouts. GLP-1 levels were higher in the

sitagliptin group and DPP-4 activity was lower, indicating
that this group was taking active drug. Importantly, the dose
given here (100 mg/day) is the standard dose prescribed to
most patients with type 2 diabetes. These data support the
safety of the drug for patients with type 2 diabetes, and have
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Fig. 5. T cell activation after anti CD3 treatment. Peripheral blood
mononuclear cells (PBMCs) collected on days 0, 3, 14 and 28 from

11 donors in the sitagliptin group were thawed, labelled with
5,6-carboxyfluorescein succinimidyl ester (CFSE) and stimulated with
anti-CD3 for 4 days. Flow cytometry was performed to assess
proliferation and activation of T cells. After gating on CD4 and CD8 T
cells, the percentage of CESE" or CD25" cells at each time-point was
determined. An example of gating with (open histogram) or without
(shaded histogram) anti-CD3 is shown in (a); numbers represent
percentage of stimulated sample. The percentage change from baseline
(day 0) was then calculated. Shown is the percentage change in CFSE"
(b) or CD25" (c) populations in either CD4* T cells (left) or CD8* T
cells (right).
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implications for the use of sitagliptin in immune diseases.
Several investigators have suggested that sitagliptin might
down-modulate immune responses but our study results
suggest that this is unlikely, at least for effects that can be
observed systemically. However, sitagliptin could have rel-
evant immune effects in individuals undergoing chronic
immune activation, such as individuals with autoimmune
diseases. Future studies to assess immune readouts in
patients with type 1 diabetes or other autoimmune diseases
could be informative.

We observed an increase in CD26 levels early after
sitagliptin treatment, but these changes were not observed
at the 28-day time-point. Therefore, DPP-4 inhibition may
increase CD26/DPP-4 levels transiently on T cells, but this is
unlikely to lead to clinically relevant alterations in immune
function because the effect is not maintained. A small but
significant increase in the percentage of memory CD8" T
cells from days 0 to 3 suggests that sitagliptin might activate
T cells, but this effect was also not sustained.

Interestingly, even chemokines known to be substrates of
DPP-4 such as RANTES and IP-10 show no change in level
with sitagliptin treatment. However, the chemokine meas-
urements performed here cannot distinguish the active
form from the DPP-4 cleaved form, so it is possible that
changes in active chemokine levels occurred with sitagliptin
treatment. Future studies using assays that measure both
cleaved and full-length forms of these chemokines would
be informative. In addition, as we were only able to
measure changes in peripheral blood it is possible that
sitagliptin, via effects on chemokine activity, could alter
migration of leucocytes within tissues, thus altering
immune responses in these locations with potential effects
on infection or autoimmunity.

Taken together, no sustained differences in the immune
readouts were observed between the sitagliptin and
placebo groups in the 4-week study period, and therefore
we conclude that sitagliptin is not overtly systemically
immunomodulatory in healthy individuals.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s website:

Fig. S1. Change in neutrophil percentage (top) and absolute
count per Wl (bottom) were measured in participants in
both the sitagliptin group (left) and placebo group (right).
No significant changes were observed between placebo and
sitagliptin groups (P = 0-41 for percentage and P = 0-59 for
absolute number change from days 0 to 28).

Table S1. Demographic characteristics of study subjects
(n=236).

Table S2. Significant (P < 0-001) genes changed greater than
1-2-fold after sitagliptin or placebo treatment.
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