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Abstract 

Atherosclerosis remains the leading cause of death in Western countries. Dipeptidyl 

peptidase (DPP) 4 has emerged as a novel target for the prevention and treatment of 

atherosclerosis. Family members DPP8 and 9 are abundantly present in macrophage-rich 

regions of atherosclerotic plaques and DPP9 inhibition attenuates activation of human M1 

macrophages in vitro. Studying this family in a mouse model for atherosclerosis would 

greatly advance our knowledge regarding their potential as therapeutic targets.  

We found that DPP4 is downregulated during mouse monocyte-to-macrophage 

differentiation. DPP8 and 9 expression seems relatively low in mouse monocytes and 

macrophages. Viability of primary mouse macrophages is unaffected by DPP4 or DPP8/9 

inhibition. Importantly, DPP8/9 inhibition attenuates macrophage activation as IL-6 secretion 

is significantly decreased.  

Mouse macrophages respond similarly to DPP inhibition, compared to human macrophages. 

This shows that the mouse could become a valid model species for the study of DPPs as 

therapeutic targets in atherosclerosis.  
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Introduction 

Over the past decades atherosclerosis has placed an enormous medical and economic 

burden on the Western world. Atherosclerosis is an inflammatory disorder of the arterial wall 

which can ultimately lead to cardiovascular morbidity and mortality. As such, it remains the 

leading cause of death in Western countries [1]. Even though anti-inflammatory and lipid-

lowering treatments exist which can reduce complications, therapeutic strategies aiming to 

prevent plaque destabilization remain elusive [2]. Pro-inflammatory M1 macrophages play a 

major role in the development of atherosclerosis, plaque rupture and subsequent infarction 

[3]. Therefore, therapies which could shift the balance away from pro-inflammatory towards 

anti-inflammatory macrophages may prevent atherosclerosis or plaque rupture [4].  

The dipeptidyl peptidases (DPPs) are a family of proline-specific serine proteases 

capable of cleaving off a dipeptide from the amino-terminus. DPP4 is the best characterized 

peptidase in the family. Its involvement in glucose homeostasis through the cleavage of 

glucagon-like peptide 1 has made it a validated therapeutic target for the treatment of type 2 

diabetes [5]. Vildagliptin, sitagliptin, linagliptin, saxagliptin and alogliptin are all DPP4 

inhibitors which have been approved for therapeutic use [6]. Many other substrates are 

known, such as glucose-dependent insulinotropic peptide [7], glucagon-like peptide-2 [8], 

substance P [9], b-type natriuretic peptide [10], stromal-cell derived factor (SDF)-1α/β [11], 

granulocyte/macrophage-colony stimulating factor [12], high mobility group box 1 [13] and 

eotaxin [14]. Peptidomic research has shown that it is also most likely involved in collagen 

turnover [15]. Lastly, in the immune system, DPP4 can be found as a marker of T-cell 

activation where it functions as a co-stimulatory molecule [16].  

DPP8 and 9 are two very similar family members whose functions, however, are much 

less understood. Due to their near-identity within the active centre, no specific inhibitors are 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 4 

available at the moment [17]. Despite this setback, they have been implicated in apoptosis 

[18, 19], ROS-sensing [20], spermatogenesis [21], neuropeptide Y signaling [22] and DPP9 

was recently discovered to be allosterically activated through a SUMO1 interaction [23]. 

Even more important is the increasing body of evidence pointing towards a role of DPP8 and 

9 in inflammation and the immune system. First, DPP8 and 9 are upregulated in 

experimentally induced asthma in rats and DPP8 seems to be upregulated during 

experimentally induced colitis in mice [24, 25]. Second, differential expression and activity 

patterns during ischemia-triggered inflammation might indicate their involvement [26]. 

Finally, upregulation of DPP8 and 9 upon stimulation of Jurkat T-cells and Raji B-cells may 

indicate biological roles in lymphocyte activation [27]. 

DPP 8 and 9 are abundantly present in macrophage-rich regions of atherosclerotic 

plaques and abolishment of DPP9 activity attenuates activation of human M1 macrophages in 

vitro [28], providing interesting therapeutic prospects in reducing atherosclerosis or 

preventing plaque rupture. Moreover, in recent years, DPP4 inhibitors have stirred some 

interest as they might improve atherosclerotic disease [29], although recent reports suggest 

DPP4-class-inhibitors may increase the risk of heart failure [30, 31]. In order to characterize 

DPPs as therapeutic targets in atherosclerosis an adequate animal model is essential. The 

mouse is perfectly suited due to its relatively low maintenance cost and the existence of well-

established models for a number of inflammatory disorders, including atherosclerosis. 

However, results obtained from an animal model should ideally reflect human biology. 

Therefore, we have characterized the expression and function of DPP4, 8 and 9 in J774 

mouse macrophages, wild-type (wt) and, as a model for atherosclerosis, Western diet-fed 

apolipoprotein E-deficient (ApoE-/-) mouse monocytes and macrophages [32]. We compare 

our findings with what is known about DPPs in human monocytes and macrophages to assess 
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the applicability of the mouse as a model for the study of these enzymes as therapeutic targets 

in atherosclerosis.  
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Materials and Methods 

Inhibitors and Antibodies 

DPP4 inhibitor sitagliptin was extracted from Januvia tablets (Merck). DPP8/9 inhibitor 

1G244 was synthesized at the laboratory of Medicinal Chemistry of the University of 

Antwerp, which is a partner of the Antwerp Drug Discovery Network (ADDN, 

www.addn.be). DPP4 antibody ab28340 and DPP8 antibody ab42075 were purchased from 

Abcam. DPP9 antibody ta504307 was purchased from Origene.  

Cell Culture 

The mouse macrophage cell line J774 was obtained from the American Type Culture 

Collection and grown in DMEM-GlutaMax medium supplemented with 10% fetal calf 

serum, 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco, Life Technologies, Ghent, 

Belgium) at 37 °C under 5% CO2.  

Monocytes and macrophages were derived from the bone marrow of female wt (C57BL/6) 

and ApoE-/- (C57BL/6J-Apoe-/-) mice, purchased from Jackson laboratories. The ApoE-/- 

mice were fed on a cholesterol-rich diet (AB diets, 0.2% cholesterol) and all mice were 

sacrificed between 4 and 6 months of age. A protocol for the differentiation of bone marrow 

cells into monocytes and macrophages was adapted from Francke et al. [33]. After sacrifice, 

bone marrow was flushed from femurs and tibias in RPMI-1640 (Gibco, Life Technologies, 

Ghent, Belgium) supplemented with 2% fetal calf serum, 100 U/ml penicillin, 100 µg/ml 

streptomycin and 10 U/ml heparin (Sigma, Diegem, Belgium). Cells were passed through a 

cell strainer and washed twice in HEPES-buffered RPMI-1640. Cells were seeded at 500 000 

cells/well in non-tissue coated or tissue coated 12-well plates (Greiner Bio-One, Wemmel, 

Belgium) for the differentiation into monocytes and macrophages respectively, and grown in 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 7 

RPMI-1640 supplemented with 10% fetal calf serum, 15% L-cell conditioned medium, 100 

U/ml penicillin and 100 µg/ml streptomycin at 37 °C under 5% CO2. Medium was replaced 

every four days. Monocytes (BMDMos) were harvested at day 5 and resting macrophages 

(M0 BMDMϕs) at day 6. M0 BMDMϕs were further differentiated into M1 BMDMϕs and 

M2 BMDMϕs through classical interferon (IFN)  γ/lipopolysaccharide (LPS) activation [100 

U/ml IFNγ (Immunotools, Friesoythe, Germany) and 100 ng/ml LPS (Sigma, Diegem, 

Belgium); 24 h] and alternative interleukin (IL)-4 activation [25 ng/ml IL-4 (Immunotools, 

Friesoythe, Germany); 24 h] respectively. M0 BMDMϕs were pre-incubated with DPP4 

inhibitor (sitagliptin, 10 µM) or DPP8/9 inhibitor (1G244, 8 µM) for 1 h before IFNγ/LPS 

activation and inhibitors remained present throughout activation.  

Activity Measurements  

For activity measurements cells were lysed in a 50-mM Tris buffer (pH 8.3) with 1% 

octylglucoside, 10 mM EDTA and 70 µg/ml aprotinin. DPP4 and DPP8/9 activity was 

measured kinetically in these lysates using the fluorogenic substrate glycyl-prolyl-4-

methoxy-β-naphthylamide at pH 8.3 and 37 °C, as reported earlier [34, 35]. One unit of 

activity is defined as the amount of enzyme necessary to catalyze the conversion of 1 µmol of 

substrate in 1 minute under reaction conditions. DPP4 and DPP8/9 activities can be 

distinguished by adding a selective DPP4 inhibitor (sitagliptin, 10 µM) [36] or a selective 

DPP8/9 inhibitor (1G244, 10 µM) [37] as described for a colorimetric enzyme activity assay 

[21]. The used controls were Tris buffer and DMSO in Tris-buffer for the DPP4- and 

DPP8/9-inhibitor, respectively. Specific activity was defined as the activity in units per gram 

of cell lysate as determined in a Bradford protein assay.  
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Gene Expression analysis 

RNA was isolated with the High Pure RNA Isolation Kit (Roche) according to 

manufacturer’s instructions. Nucleic acids were retained on a filter tube. DNA was degraded 

in situ with DNase I. RNA was then eluted from the filter tube in RNase free eppendorf 

tubes. cDNA was generated by mixing RNA and oligo dTs. Mixtures were incubated at 70 °C 

for 5 min to remove secondary structure RNAs. The complexes were mixed with 0.25 mM 

dNTPs, M-MLV reverse transciptase (Promega, Leiden, Netherlands), RT buffer (Promega), 

and RNase IN (Invitrogen, Merelbeke, Belgium). Samples were incubated at 42 °C for 60 

min, 75 °C for 15 min and stored at 4 °C. DPP4 gene expression was analyzed using a SYBR 

green gene expression assay [SensiMix SYBR Hi-ROX Mastermix (Bioline, Sint-Pieters-

Woluwe, Belgium)]. Primers used for DPP4 were forward: 5’-

GCGCTTGTCACCATCATCAC-3’, and reverse: 5’-GCCGCTTCATCTTTGCTCAG-3’; for 

GAPDH forward: 5’-AGGTCGGTGTGAACGGATTTG-3’, and reverse: 5’-

GGGGTCGTTGATGGCAACA-3’; for β-actin forward: 5’-

GGCTGTATTCCCCTCCATCG-3’, and reverse: 5’-CCAGTTGGTAACAATGCCATGT-

3’. DPP8 and 9 gene expression were analyzed with the Taqman probe gene expression assay 

(Eurogentec reaction buffer) according to manufacturer’s instructions. Taqman primers used 

for DPP8 were Mm00547049_m1 and for DPP9 Mm00841122_m1. All samples were run in 

triplicate in the Applied Biosystems 7300 Real-time PCR system. 

Western Blotting 

For western blotting, cells were lysed in a 50-mM Tris buffer pH 7.6 with 0.1% Triton-X-

100, 150 mM NaCl and cOmplete Protease Inhibitor Cocktail (Roche, Vilvoorde, Belgium), 

dissolved as per manufacturer’s instructions. Cell lysates were separated through SDS-PAGE 

(7.5%) and transferred to a nitrocellulose membrane by electroblotting. Membranes were 
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blocked during 1 h in a 50-mM Tris buffer with 5% non-fat dry milk, 0.1% Tween-20 and 

150 mM NaCl, after which they were incubated overnight with primary antibody at 4 °C. 

Subsequently, membranes were incubated for 2 h with secondary antibodies. Antibodies were 

detected with Supersignal West Femto Chemiluminescent Substrate (Thermo Scientific, 

Erembodegem, Belgium) and visualized using the OptiGo (Isogen, Sint-Pieters-Leeuw, 

Belgium). Images were quantified with the TotalLab software (Isogen).  

Cell Viability 

Viability of J774 cells and of M0 BMDMϕs was determined using PrestoBlue® Cell 

Viability Reagent (Life Technologies, Ghent, Belgium), according to manufacturer’s 

instructions. J774 cells or M0 BMDMϕs were seeded at 500 000 cells/ml in a 96-well plate 

and incubated in the presence or absence of DPP4 inhibitor (sitagliptin, 10 µM) or DPP8/9 

inhibitor (1G244, 8 µM). The controls used here are medium for the DPP4-inhibitor and 

DMSO in medium for the DPP8/9-inhibitor. PrestoBlue® reagent was then added to the cells 

at a 1:10 ratio, followed by an incubation of 30 min at 37 °C. Fluorescence was then 

measured in an InfiniteTM 200 reader (Tecan Benelux, Mechelen, Belgium). 

ELISA 

Tumor necrosis factor (TNF) α and interleukin (IL)-6 levels were determined in the 

supernatant of M1 BMDMϕs after differentiation in the presence or absence of DPP4 

inhibitor (sitagliptin, 10 µM) or DPP8/9 inhibitor (1G244, 8 µM) with the murine TNF-α 

mini ELISA development kit and the murine IL-6 mini ELISA development kit respectively 

(Peprotech, London, United Kingdom), according to manufacturer’s instructions. 

Absorbances were measured in a Versamax Microplate Reader (Molecular Devices, 

Berkshire, United Kingdom). 
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Griess assay 

Nitrite concentrations were determined in the supernatant of M1 BMDMϕs as a measure 

of NO secretion in a modified Griess assay [38]. A 45-µl aliquot of supernatant was first 

added to 40 µl of water in a 96-well plate to which then 5 µl of sulfanilic acid (0.6% in 5% 

phosphorous acid) was added. This was incubated for 15 min at room temperature on a plate 

shaker, after which 5 µl 0.06% N-(1-naphthyl)ethylenediamine dihydrochloride was added. 

This was again incubated for 15 min at room temperature on a plate shaker. Absorbance was 

then measured at 548 nm in an InfiniteTM 200 reader (Tecan Benelux, Mechelen, Belgium). 

Statistical Analysis 

All data are presented as the mean ± SEM. Differences in DPP activity and gene 

expression between wt and ApoE-/- cell subtypes were modelled using linear mixed model 

analysis. A stepwise-backwards strategy was used to model the fixed effects starting from a 

model with all fixed effects and their pairwise interactions. The significance of the fixed 

effects was tested using an F-test. The difference in DPP activity between J774 macrophages 

and primary wt cell subtypes was tested in a one-way ANOVA with Bonferroni as a post-hoc 

test. DPP protein expression levels were compared between wt and ApoE-/- cell subtypes in 

Kruskal-Wallis tests. Finally, cell viability and TNFα, IL-6 and NO levels were analyzed 

with Student T-tests. All statistical analyses were performed with the IBM SPSS statistics 

20.0 software. 

Results 

DPP activity in J774 macrophages and mouse BMDMos and BMDMϕs 

Cells isolated from the bone marrow of mice were differentiated into monocytes, M0, M1 

and M2 macrophages. These cells were then harvested for the measurement of DPP activities. 
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Due to the absence of specific substrates or inhibitors which can distinguish between DPP8 

and DPP9 activity, the combined DPP8/9 activity was measured.  

DPP8/9 activity was about six-fold higher in J774 macrophages compared to BMDMϕs, 

whereas DPP4 activity was comparable between both cell types (figure 1A and B).  

DPP8/9 activity remained unchanged in all primary monocyte and macrophage subtypes 

(figure 1B) (n = 4-6, P > 0.05). DPP4 activity, on the other hand, significantly decreased 

upon differentiation of BMDMos into BMDMϕs (figure 1A) (n = 4-6, P ≤ 0.05). No 

differences were observed after further differentiation into M1 or M2 BMDMϕs (figure 1A). 

DPP activities in the primary monocyte and macrophage subtypes were comparable between 

wt and ApoE-/- mice (figure 1A and B). 

DPP gene expression in mouse BMDMos and BMDMϕs 

The gene expression of DPP4, DPP8 and DPP9 were also analysed through qPCR. DPP4 

gene expression was concordant with data from the enzyme activity assay. Expression was 

highest in BMDMos and significantly decreased upon differentiation into BMDMϕs (figure 

2A, P ≤ 0.001, n = 4 - 6), with no further significant decrease upon M1 or M2 differentiation. 

DPP8 expression remained constant between different cell types (figure 2B, P > 0.05, n = 4 – 

6). DPP9 expression was also similar throughout different cell types, although expression in 

M1 BMDMϕs was slightly but significantly decreased versus BMDMos (figure 2C, P ≤ 0.05, 

n = 4 - 6). No significant differences were found between wt and ApoE-/- mice (P > 0.05, n = 

4 - 6).  
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DPP protein expression in mouse BMDMos and BMDMϕs 

No DPP4 could be detected in monocytes or macrophages on western blot (data not 

shown). Currently, no antibodies targeted specifically at mouse DPP4 are commercially 

available. Therefore, it is highly likely that the failure to detect DPP4 stems from poor 

antibody specificity. DPP8 and DPP9 protein could be detected in monocytes and all 

subtypes of macrophages (figure 3A). There tended to be an upregulation of DPP8 and 9 

upon monocyte-to-macrophage differentiation, with DPP8 expression seemingly highest in 

M2 macrophages. However, none of these differences were significant after quantification 

(figure 3B, n = 3  -6, P > 0.05).  

Effect of DPP inhibition on cell viability of mouse macrophages 

In order to exclude that any effects of DPP inhibitors on the monocyte/macrophage 

activation were due to cell death, we examined cell viability of M0 BMDMϕs and J774 

macrophages in the presence of DPP4 inhibitor sitagliptin and DPP8/9 inhibitor 1G244.  

No significant effects of the inhibitors could be seen on the viability of the primary M0 

BMDMϕs of wt mice (figure 4B) (n = 4, P > 0.05). Similar results were obtained in ApoE-/- 

mice (data not shown). However, DPP8/9 inhibitor 1G244 had a dramatic effect on the 

viability of J774 macrophages (figure 4A). Cell viability of these cells was significantly 

reduced after only 5 hours of incubation (n = 3, P ≤ 0.05) and viability continued to decrease 

until after 24 h practically no cells remained alive (n = 3, P ≤ 0.05). We therefore decided to 

exclude J774 macrophages from further experiments.  

Effect of DPP inhibition on macrophage activation 

M0 BMDMϕs were pre-incubated for 1 hour with a DPP8/9 inhibitor or a DPP4 inhibitor 

and subsequently activated and differentiated into M1 BMDMϕs stimulation in the presence 
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of these inhibitors. We then examined the effect of DPP inhibition on TNFα, IL-6 and NO 

secretion after 24 hours (figure 5). Stimulation of M0 BMDMϕ with IFNγ/LPS caused a 

significant increase in TNFα, IL-6 and NO into the medium (data not shown). DPP4 

inhibition had no effect on TNFα secretion (n = 8, P > 0.05). Small differences in IL-6 and 

NO secretion could be observed, but these were not significant (n = 8, P > 0.05). DPP8/9 

inhibition diminished the secretion of TNFα, IL-6 and NO, and this was statistically 

significant for IL-6 secretion (n = 8, P ≤ 0.05).  

Discussion 

DPP4 inhibition has recently emerged as a therapeutic strategy for the treatment of 

atherosclerosis as a number of studies have shown its benefits in ApoE-/- mice [29, 39–43]. 

We recently reported that DPP8 and 9, but not DPP4, are associated with macrophage-rich 

regions in human atherosclerotic plaques and that DPP9 inhibition attenuates pro-

inflammatory IFNγ/LPS activation in human M1 macrophages [28]. It would be interesting to 

study the potential of inhibiting DPP9 in order to prevent macrophage inflammation and 

plaque development in an in vivo mouse model. Ideally, experimental animal models should 

not only model the pathology in humans, but also the biology of the target. However, as of 

yet, hardly any data concerning the expression or function of DPP4, 8 or 9 in mouse 

monocytes or macrophages have been published. Therefore, we have characterized DPP4, 8 

and 9 in monocytes and macrophages of wt and Western diet-fed ApoE-/- to assess the 

applicability of an experimental mouse model for the study of DPPs as therapeutic targets in 

atherosclerosis. 

Although, DPP4 surface expression has been shown on human monocytes and 

macrophages [44], our group previously showed that DPP4 activity is actually negligible in 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 14 

human monocytes and macrophages [28]. By contrast, we found higher DPP4 activity and 

gene expression in primary mouse monocytes which then decreased upon differentiation into 

macrophages. Shah et al. showed that long-term inhibition of DPP4 with alogliptin in ApoE-/- 

mice exerts anti-atherosclerotic effects, possibly through inhibition of monocyte migration 

and activation [40]. In the present study, we confirmed that mouse monocytes show DPP4 

activity whereas, as mentioned, DPP4 in human monocytes is negligible [28]. As such, DPP4 

inhibitors would probably not exert any monocyte-related anti-atherogenic actions in humans. 

However, other mechanisms that explain the effects of DPP4 inhibitors in atherosclerosis 

have been proposed. For instance, one study showed that des-fluoro-sitagliptin improves 

endothelial dysfunction in ApoE-/-, probably through the preservation of GLP-1 [29]. Another 

study found that anagliptin can suppress proliferation of vascular smooth muscle cells [43]. 

In other words, even though DPP4 inhibitors could have beneficial effects on atherosclerosis 

in humans similar to those observed in ApoE-/- mice, the underlying mechanisms might be 

different. Accordingly, a preliminary report shows that both vildagliptin and sitagliptin 

treatment reduce intima media thickness, a surrogate marker for early atherosclerosis [45]. 

DPP8/9 activity and gene expression was similarly low in all wt and ApoE-/- BMDMos 

and BMDMϕs subtypes examined. DPP8 and 9 protein expression was more variable with a 

tendency towards upregulation in macrophages vs monocytes, but quantification did not 

show statistically significant differences. These findings could indicate posttranscriptional 

expression and/or activity regulation, but more likely reflect the experimental variability of 

western blotting.  

Furthermore, our data indicate that the J774 cell line is not applicable for the study of 

DPPs in healthy macrophages. DPP8/9 activity was up to ten times higher in J774 cells than 

in primary mouse BMDMϕs, and, unlike primary BMDMϕs J774 cells were extremely 
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sensitive to DPP8/9 inhibition. Indeed, DPP8 and 9 have been shown to be involved in 

apoptosis [18, 19, 22, 28]. Only the transformed J774 macrophages are sensitive to 

inhibition, whereas healthy primary macrophages remain viable. This offers interesting 

perspectives with regard to the treatment of neoplastic disease where specifically targeting 

malignant cells without affecting healthy tissue is of the essence. One study found that 

vildagliptin synergizes with parthenolide in the treatment of leukemia through inhibition of 

DPP8 activity and DPP9 activity, and not of DPP4 [46]. This combination reduced the 

viability and clonogenic growth of cells from acute myeloid leukemia patients while leaving 

normal cells from healthy controls unharmed. The underlying mechanism by which 

vildagliptin enhances parthenolides effects remain unclear. However, vildagliptin does not 

synergize with other cytotoxic therapeutics, therefore making it likely that vildagliptin (i.e. in 

this case DPP8 and 9 inhibition) influences one or several of the pathways with which 

parthenolide interferes [46]. Parthenolide inhibits the NFκB pathway and STAT3 

phosphorylation, increases the production of reactive oxygen species and activates p53 [47–

51]. One could argue that DPP8/9 inhibition could affect one of these pathways in the J774 

cells as well, leading to the spectacular decrease in viability observed in our experiments. 

Despite its possible significance in leukemia, the observed differences are not practical when 

extrapolating to healthy primary macrophages. Therefore, we decided to further exclude J774 

macrophages from this study and would advise against the use of these cells for the study of 

DPP biology in healthy macrophages. Only the transformed J774 macrophages are sensitive 

to inhibition, whereas healthy primary macrophages remain viable. This offers interesting 

perspectives with regard to the treatment of neoplastic disease where specifically targeting 

malignant cells without affecting healthy tissue is of the essence. One study found that 

vildagliptin synergizes with parthenolide in the treatment of leukemia through inhibition of 
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DPP8 activity and DPP9 activity, and not of DPP4 [46]. This combination reduced the 

viability and clonogenic growth of cells from acute myeloid leukemia patients while leaving 

normal cells from healthy controls unharmed. The underlying mechanism by which 

vildagliptin enhances parthenolides effects remain unclear. However, vildagliptin does not 

synergize with other cytotoxic therapeutics, therefore making it likely that vildagliptin (i.e. in 

this case DPP8 and 9 inhibition) influences one or several of the pathways with which 

parthenolide interferes [46]. Parthenolide inhibits the NFκB pathway and STAT3 

phosphorylation, increases the production of reactive oxygen species and activates p53 [47–

51]. One could argue that DPP8/9 inhibition could affect one of these pathways in the J774 

cells as well, leading to the spectacular decrease in viability observed in our experiments. 

Despite its possible significance in leukemia, the observed differences are not practical when 

extrapolating to healthy primary macrophages. Therefore, we decided to further exclude J774 

macrophages from this study and would advise against the use of these cells for the study of 

DPP biology in healthy macrophages. The findings suggest that further studies on the effect 

of DPP8/9 inhibitors in malignant cells are warranted. 

Finally, we examined the effect of DPP inhibition on the secretion of pro-inflammatory 

mediators by M1 BMDMϕs. We observed a trend towards a decrease in secretion of TNFα, 

IL-6 and NO after DPP4 inhibition. The limited effect on secretion might be due to the 

inherently low DPP4 activity present in the macrophages. DPP8/9 inhibition, on the other 

hand, significantly decreased IL-6 secretion. There was also a trend towards a decrease in 

TNFα and NO secretion. These latter results are in line with findings for humans in the study 

by Matheeussen et al. [28], where DPP8/9 inhibition was found to attenuate the secretion of 

pro-inflammatory cytokines by primary M1 macrophages.  
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Table 1 compares our data in mice with published data of DPPs in primary human 

monocytes and macrophages (Table 1). Mainly due to differences in the expression pattern of 

the DPPs between mice and humans, we would advise caution when extrapolating data 

obtained from mouse models to human pathophysiology regarding mechanisms involving 

monocytes or macrophages. On the other hand, similar effects of DPP8/9 inhibition could be 

seen on the pro-inflammatory response of mouse M1 BMDMϕs, meaning that the ApoE-/- 

mouse model could be useful for the study of DPPs as therapeutic targets in atherosclerosis. 

Unexplored in the present study, fibroblast activation protein α, another member of this 

family of proline-specific peptidases, has also been shown to contribute to plaque instability 

[52]. Such results show the potential of inhibiting multiple members of the DPP family as a 

therapeutic strategy for the treatment of atherosclerosis and is discussed in more detail in a 

recent review on the DPP family in the immune system [53]. In summary, this study 

contributes to the growing amount of data on the DPP family in atherosclerosis and provides 

further insight into the applicability of the mouse to study the DPPs in this disease. 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 18 

Acknowledgements 

This work was supported by the University of Antwerp (GOA2009-2012) and the Fund for 

Scientific Research Flanders (grant nr. G.0141.12). Yannick Waumans is a research assistant 

of the Fund for Scientific Research Flanders.  

Conflict of Interest 

The authors have no potential conflicts of interest.  



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 19 

References 

1. WHO. 2014. The top 10 causes of death. World Health Organization. 

2. Silvestre-Roig, C., M.P. de Winther, C. Weber, M.J. Daemen, E. Lutgens, and O. Soehnlein. 
2014. Atherosclerotic plaque destabilization: mechanisms, models, and therapeutic 
strategies. Circulation research 114: 214–26. doi:10.1161/CIRCRESAHA.114.302355. 

3. Stöger, J., M. Gijbels, and S. Van der Velden. 2012. Distribution of macrophage polarization 
markers in human atherosclerosis. Atherosclerosis 225: 461–8. 

4. Van der Valk, F., D. Van Wijk, and E. Stroes. 2012. Novel anti-inflammatory strategies in 
atherosclerosis. Current opinion in lipidology 23: 532–9. 

5. Drucker, D., and M. Nauck. 2006. The incretin system: glucagon-like peptide-1 receptor 
agonists and dipeptidyl peptidase-4 inhibitors in type 2 diabetes. The Lancet 368: 1696–
705. doi:10.1016/S0140-6736(06)69705-5. 

6. Deacon, C.F. 2011. Dipeptidyl peptidase-4 inhibitors in the treatment of type 2 diabetes: a 
comparative review. Diabetes, obesity & metabolism 13: 7–18. doi:10.1111/j.1463-
1326.2010.01306.x. 

7. Kieffer, T.J., C.H. McIntosh, and R.A. Pederson. 1995. Degradation of glucose-dependent 
insulinotropic polypeptide and truncated glucagon-like peptide 1 in vitro and in vivo by 
dipeptidyl peptidase IV. Endocrinology 136: 3585–96. doi:10.1210/endo.136.8.7628397. 

8. Drucker, D.J., Q. Shi, A. Crivici, M. Sumner-Smith, W. Tavares, M. Hill, L. DeForest, S. 
Cooper, and P.L. Brubaker. 1997. Regulation of the biological activity of glucagon-like 
peptide 2 in vivo by dipeptidyl peptidase IV. Nature biotechnology 15: 673–7. 
doi:10.1038/nbt0797-673. 

9. Ahmad, S., L. Wang, and P.E. Ward. 1992. Dipeptidyl(amino)peptidase IV and 
aminopeptidase M metabolize circulating substance P in vivo. The Journal of 
pharmacology and experimental therapeutics 260: 1257–61. 

10. Brandt, I., A.-M. Lambeir, J.-M. Ketelslegers, M. Vanderheyden, S. Scharpé, and I. De 
Meester. 2006. Dipeptidyl-peptidase IV converts intact B-type natriuretic peptide into its 
des-SerPro form. Clinical chemistry 52: 82–7. doi:10.1373/clinchem.2005.057638. 

11. Busso, N., N. Wagtmann, C. Herling, V. Chobaz-Péclat, A. Bischof-Delaloye, A. So, and E. 
Grouzmann. 2005. Circulating CD26 is negatively associated with inflammation in human 
and experimental arthritis. The American journal of pathology 166: 433–42. 
doi:10.1016/S0002-9440(10)62266-3. 

12. Broxmeyer, H.E., J. Hoggatt, H. O’Leary, C. Mantel, C. Brahmananda, S. Cooper, S. 
Messina-Graham, G. Hangoc, S. Farag, S. Rohrabaugh, X. Ou, J. Speth, L. Pelus, E. Srour, 
and T. Campbell. 2012. Dipeptidylpeptidase 4 negatively regulates colony-stimulating 
factor activity and stress hematopoiesis. Nature Medicin 18: 1786–1796. 
doi:10.1038/nm.2991.Dipeptidylpeptidase. 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 20 

13. Marchetti, C., A. Di Carlo, F. Facchiano, C. Senatore, R. De Cristofaro, A. Luzi, M. 
Federici, M. Romani, M. Napolitano, M.C. Capogrossi, and A. Germani. 2012. High 
mobility group box 1 is a novel substrate of dipeptidyl peptidase-IV. Diabetologia 55: 
236–44. doi:10.1007/s00125-011-2213-6. 

14. Forssmann, U., C. Stoetzer, M. Stephan, C. Kruschinski, T. Skripuletz, J. Schade, A. 
Schmiedl, R. Pabst, L. Wagner, T. Hoffmann, A. Kehlen, S.E. Escher, W.-G.W.-G. 
Forssmann, J. Elsner, S. von Hörsten, and S. von Horsten. 2008. Inhibition of 
CD26/Dipeptidyl Peptidase IV Enhances CCL11/Eotaxin-Mediated Recruitment of 
Eosinophils In Vivo. The Journal of Immunology 181: 1120–1127. 
doi:10.4049/jimmunol.181.2.1120. 

15. Jost, M.M., J. Lamerz, H. Tammen, C. Menzel, I. De Meester, A.-M. Lambeir, K. 
Augustyns, S. Scharpé, H.D. Zucht, H. Rose, M. Jürgens, P. Schulz-Knappe, and P. 
Budde. 2009. In vivo profiling of DPP4 inhibitors reveals alterations in collagen 
metabolism and accumulation of an amyloid peptide in rat plasma. Biochemical 
pharmacology 77: 228–37. doi:10.1016/j.bcp.2008.09.032. 

16. Morimoto, C., and S.F. Schlossman. 1998. The structure and function of CD26 in the T-cell 
immune response. Immunological reviews 161: 55–70. 

17. Van Goethem, S., V. Matheeussen, J. Joossens, A.-M. Lambeir, X. Chen, I. De Meester, A. 
Haemers, K. Augustyns, and P. Van der Veken. 2011. Structure-activity relationship 
studies on isoindoline inhibitors of dipeptidyl peptidases 8 and 9 (DPP8, DPP9): is DPP8-
selectivity an attainable goal? Journal of medicinal chemistry 54. American Chemical 
Society: 5737–46. doi:10.1021/jm200383j. 

18. Yu, D.M.T., X.M. Wang, G.W. McCaughan, and M.D. Gorrell. 2006. Extraenzymatic 
functions of the dipeptidyl peptidase IV-related proteins DP8 and DP9 in cell adhesion, 
migration and apoptosis. The FEBS journal 273: 2447–60. doi:10.1111/j.1742-
4658.2006.05253.x. 

19. Yao, T.W., W.S. Kim, D.M.T. Yu, G. Sharbeen, G.W. McCaughan, K.Y. Choi, P. Xia, and 
M.D. Gorrell. 2011. A Novel Role of Dipeptidyl Peptidase 9 in Epidermal Growth Factor 
Signaling. Molecular Cancer Research 9. AACR: 948–59. 

20. Park, J., H.M. Knott, N. a. Nadvi, C. a. Collyer, X.M. Wang, W.B. Church, and M.D. 
Gorrell. 2008. Reversible Inactivation of Human Dipeptidyl Peptidases 8 and 9 by 
Oxidation. The Open Enzyme Inhibition Journal 1: 52–60. 
doi:10.2174/1874940200801010052. 

21. Dubois, V., C. Van Ginneken, H. De Cock, A.-M. Lambeir, P. Van der Veken, K. 
Augustyns, X. Chen, S. Scharpé, and I. De Meester. 2009. Enzyme activity and 
immunohistochemical localization of dipeptidyl peptidase 8 and 9 in male reproductive 
tissues. The journal of histochemistry and cytochemistry : official journal of the 
Histochemistry Society 57: 531–41. doi:10.1369/jhc.2009.952739. 

22. Lu, C., J.U. Tilan, L. Everhart, M. Czarnecka, S.J. Soldin, D.R. Mendu, D. Jeha, J. Hanafy, 
C.K. Lee, J. Sun, E. Izycka-Swieszewska, J. a Toretsky, and J. Kitlinska. 2011. Dipeptidyl 
Peptidases as Survival Factors in Ewing Sarcoma Family of Tumors: Implications for 
Tumor Biology and Therapy. The Journal of biological chemistry 286: 27494–505. 
doi:10.1074/jbc.M111.224089. 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 21 

23. Pilla, E., U. Möller, G. Sauer, F. Mattiroli, F. Melchior, and R. Geiss-Friedlander. 2012. A 
novel SUMO1-specific interacting motif in dipeptidyl peptidase 9 (DPP9) that is important 
for enzymatic regulation. The Journal of biological chemistry 287: 44320–9. 
doi:10.1074/jbc.M112.397224. 

24. Schade, J., M. Stephan, A. Schmiedl, L. Wagner, A.J. Niestroj, H.-U. Demuth, N. Frerker, 
C. Klemann, K. a Raber, R. Pabst, and S. von Hörsten. 2008. Regulation of expression and 
function of dipeptidyl peptidase 4 (DP4), DP8/9, and DP10 in allergic responses of the 
lung in rats. The journal of histochemistry and cytochemistry 56: 147–55. 
doi:10.1369/jhc.7A7319.2007. 

25. Yazbeck, R., M.L. Sulda, G.S. Howarth, A. Bleich, K. Raber, S. von Hörsten, J.J. Holst, and 
C. a Abbott. 2010. Dipeptidyl peptidase expression during experimental colitis in mice. 
Inflammatory bowel diseases 16: 1340–51. doi:10.1002/ibd.21241. 

26. Röhnert, P., W. Schmidt, P. Emmerlich, A. Goihl, S. Wrenger, U. Bank, K. Nordhoff, M. 
Täger, S. Ansorge, D. Reinhold, and F. Striggow. 2012. Dipeptidyl peptidase IV, 
aminopeptidase N and DPIV/APN-like proteases in cerebral ischemia. Journal of 
neuroinflammation 9: 44–59. doi:10.1186/1742-2094-9-44. 

27. Chowdhury, S., Y. Chen, T.-W. Yao, K. Ajami, X.M. Wang, Y. Popov, D. Schuppan, P. 
Bertolino, G.W. McCaughan, D.M. Yu, and M.D. Gorrell. 2013. Regulation of dipeptidyl 
peptidase 8 and 9 expression in activated lymphocytes and injured liver. World journal of 
gastroenterology 19: 2883–93. doi:10.3748/wjg.v19.i19.2883. 

28. Matheeussen, V., Y. Waumans, W. Martinet, S. Van Goethem, P. Van der Veken, S. 
Scharpé, K. Augustyns, G.R.Y. De Meyer, and I. De Meester. 2013. Dipeptidyl peptidases 
in atherosclerosis: expression and role in macrophage differentiation, activation and 
apoptosis. Basic research in cardiology 108: 350–64. doi:10.1007/s00395-013-0350-4. 

29. Matsubara, J., S. Sugiyama, K. Sugamura, T. Nakamura, Y. Fujiwara, E. Akiyama, H. 
Kurokawa, T. Nozaki, K. Ohba, M. Konishi, H. Maeda, Y. Izumiya, K. Kaikita, H. 
Sumida, H. Jinnouchi, K. Matsui, S. Kim-Mitsuyama, M. Takeya, and H. Ogawa. 2012. A 
dipeptidyl peptidase-4 inhibitor, des-fluoro-sitagliptin, improves endothelial function and 
reduces atherosclerotic lesion formation in apolipoprotein E-deficient mice. Journal of the 
American College of Cardiology 59: 265–76. doi:10.1016/j.jacc.2011.07.053. 

30. Scirica, B.M., D.L. Bhatt, E. Braunwald, P.G. Steg, J. Davidson, B. Hirshberg, P. Ohman, 
R. Frederich, S.D. Wiviott, E.B. Hoffman, M.A. Cavender, J.A. Udell, N.R. Desai, O. 
Mosenzon, D.K. McGuire, K.K. Ray, L.A. Leiter, and I. Raz. 2013. Saxagliptin and 
cardiovascular outcomes in patients with type 2 diabetes mellitus. The New England 
journal of medicine 369: 1317–26. doi:10.1056/NEJMoa1307684. 

31. Monami, M., I. Dicembrini, and E. Mannucci. 2014. Dipeptidyl peptidase-4 inhibitors and 
heart failure: a meta-analysis of randomized clinical trials. Nutrition, metabolism, and 
cardiovascular diseases 24: 689–97. doi:10.1016/j.numecd.2014.01.017. 

32. Getz, G.S., and C. a Reardon. 2012. Animal models of atherosclerosis. Arteriosclerosis, 
thrombosis, and vascular biology 32: 1104–15. doi:10.1161/ATVBAHA.111.237693. 

33. Francke, A., J. Herold, S. Weinert, R.H. Strasser, and R.C. Braun-Dullaeus. 2011. 
Generation of mature murine monocytes from heterogeneous bone marrow and description 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 22 

of their properties. The journal of histochemistry and cytochemistry 59: 813–25. 
doi:10.1369/0022155411416007. 

34. Matheeussen, V., A.-M. Lambeir, W. Jungraithmayr, N. Gomez, K. Mc Entee, P. Van der 
Veken, S. Scharpé, and I. De Meester. 2011. Method comparison of dipeptidyl peptidase 
IV activity assays and their application in biological samples containing reversible 
inhibitors. Clinica chimica acta; international journal of clinical chemistry 413. Elsevier 
B.V.: 456–62. doi:10.1016/j.cca.2011.10.031. 

35. Bjelke, J.R., J. Christensen, P.F. Nielsen, S. Branner, A.B. Kanstrup, N. Wagtmann, and 
H.B. Rasmussen. 2006. Dipeptidyl peptidases 8 and 9: specificity and molecular 
characterization compared with dipeptidyl peptidase IV. The Biochemical journal 396: 
391–9. doi:10.1042/BJ20060079. 

36. Kim, D., L. Wang, M. Beconi, G.J. Eiermann, M.H. Fisher, H. He, G.J. Hickey, J.E. 
Kowalchick, B. Leiting, K. Lyons, F. Marsilio, M.E. McCann, R.A. Patel, A. Petrov, G. 
Scapin, S.B. Patel, R.S. Roy, J.K. Wu, M.J. Wyvratt, B.B. Zhang, L. Zhu, N.A. 
Thornberry, and A.E. Weber. 2005. (2R)-4-oxo-4-[3-(trifluoromethyl)-5,6-
dihydro[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl]-1-(2,4,5-trifluorophenyl)butan-2-amine: a 
potent, orally active dipeptidyl peptidase IV inhibitor for the treatment of type 2 diabetes. 
Journal of medicinal chemistry 48: 141–51. doi:10.1021/jm0493156. 

37. Wu, J.-J., H.-K. Tang, T.-K. Yeh, C.-M. Chen, H.-S. Shy, Y.-R. Chu, C.-H. Chien, T.-Y. 
Tsai, Y.-C. Huang, Y.-L. Huang, C.-H. Huang, H.-Y. Tseng, W.-T. Jiaang, Y.-S. Chao, 
and X. Chen. 2009. Biochemistry, pharmacokinetics, and toxicology of a potent and 
selective DPP8/9 inhibitor. Biochemical pharmacology 78: 203–10. 
doi:10.1016/j.bcp.2009.03.032. 

38. Bryan, N.S., and M.B. Grisham. 2008. Methods to Detect Nitric Oxide and its Metabolites 
in Biological Samples. Free Radic Biol Med 43: 645–657. 

39. Ta, N.N., C.A. Schuyler, Y. Li, M.F. Lopes-Virella, and Y. Huang. 2011. DPP-4 (CD26) 
inhibitor alogliptin inhibits atherosclerosis in diabetic apolipoprotein E-deficient mice. 
Journal of cardiovascular pharmacology 58: 157–66. 
doi:10.1097/FJC.0b013e31821e5626. 

40. Shah, Z., T. Kampfrath, J. a Deiuliis, J. Zhong, C. Pineda, Z. Ying, X. Xu, B. Lu, S. 
Moffatt-Bruce, R. Durairaj, Q. Sun, G. Mihai, A. Maiseyeu, and S. Rajagopalan. 2011. 
Long-term dipeptidyl-peptidase 4 inhibition reduces atherosclerosis and inflammation via 
effects on monocyte recruitment and chemotaxis. Circulation 124: 2338–49. 
doi:10.1161/CIRCULATIONAHA.111.041418. 

41. Terasaki, M., M. Nagashima, T. Watanabe, K. Nohtomi, Y. Mori, A. Miyazaki, and T. 
Hirano. 2012. Effects of PKF275-055, a dipeptidyl peptidase-4 inhibitor, on the 
development of atherosclerotic lesions in apolipoprotein E-null mice. Metabolism 61: 974–
7. doi:10.1016/j.metabol.2011.11.011. 

42. Terasaki, M., M. Nagashima, K. Nohtomi, K. Kohashi, M. Tomoyasu, K. Sinmura, Y. Nogi, 
Y. Katayama, K. Sato, F. Itoh, T. Watanabe, and T. Hirano. 2013. Preventive effect of 
dipeptidyl peptidase-4 inhibitor on atherosclerosis is mainly attributable to incretin’s 
actions in nondiabetic and diabetic apolipoprotein E-null mice. PloS one 8: e70933. 
doi:10.1371/journal.pone.0070933. 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 23 

43. Ervinna, N., T. Mita, E. Yasunari, K. Azuma, R. Tanaka, S. Fujimura, D. Sukmawati, T. 
Nomiyama, A. Kanazawa, R. Kawamori, Y. Fujitani, and H. Watada. 2013. Anagliptin, a 
DPP-4 inhibitor, suppresses proliferation of vascular smooth muscles and monocyte 
inflammatory reaction and attenuates atherosclerosis in male apo E-deficient mice. 
Endocrinology 154: 1260–70. doi:10.1210/en.2012-1855. 

44. Zhong, J., X. Rao, J. Deiuliis, Z. Braunstein, V. Narula, J. Hazey, D. Mikami, B. 
Needleman, A.R. Satoskar, and S. Rajagopalan. 2013. A potential role for dendritic 
cell/macrophage-expressing DPP4 in obesity-induced visceral inflammation. Diabetes 62: 
149–57. doi:10.2337/db12-0230. 

45. Barbieri, M., M.R. Rizzo, R. Marfella, V. Boccardi, A. Esposito, A. Pansini, and G. 
Paolisso. 2013. Decreased carotid atherosclerotic process by control of daily acute glucose 
fluctuations in diabetic patients treated by DPP-IV inhibitors. Atherosclerosis 227. 
Elsevier Ltd: 349–54. doi:10.1016/j.atherosclerosis.2012.12.018. 

46. Spagnuolo, P. a, R. Hurren, M. Gronda, N. MacLean, A. Datti, A. Basheer, F.-H. Lin, X. 
Wang, J. Wrana, and a D. Schimmer. 2013. Inhibition of intracellular dipeptidyl 
peptidases 8 and 9 enhances parthenolide’s anti-leukemic activity. Leukemia 27. Nature 
Publishing Group: 1236–44. doi:10.1038/leu.2013.9. 

47. Guzman, M.L., R.M. Rossi, S. Neelakantan, X. Li, C.A. Corbett, D.C. Hassane, M.W. 
Becker, J.M. Bennett, E. Sullivan, J.L. Lachowicz, A. Vaughan, C.J. Sweeney, W. 
Matthews, M. Carroll, J.L. Liesveld, P.A. Crooks, and C.T. Jordan. 2007. An orally 
bioavailable parthenolide analog selectively eradicates acute myelogenous leukemia stem 
and progenitor cells. Blood 110: 4427–35. doi:10.1182/blood-2007-05-090621. 

48. Guzman, M.L., R.M. Rossi, L. Karnischky, X. Li, D.R. Peterson, D.S. Howard, and C.T. 
Jordan. 2005. The sesquiterpene lactone parthenolide induces apoptosis of human acute 
myelogenous leukemia stem and progenitor cells. Blood 105: 4163–9. doi:10.1182/blood-
2004-10-4135. 

49. Zunino, S.J., J.M. Ducore, and D.H. Storms. 2007. Parthenolide induces significant 
apoptosis and production of reactive oxygen species in high-risk pre-B leukemia cells. 
Cancer letters 254: 119–27. doi:10.1016/j.canlet.2007.03.002. 

50. Carlisi, D., A. D’Anneo, L. Angileri, M. Lauricella, S. Emanuele, A. Santulli, R. Vento, and 
G. Tesoriere. 2011. Parthenolide sensitizes hepatocellular carcinoma cells to TRAIL by 
inducing the expression of death receptors through inhibition of STAT3 activation. 
Journal of cellular physiology 226: 1632–41. doi:10.1002/jcp.22494. 

51. Gopal, Y.N.V., E. Chanchorn, and M.W. Van Dyke. 2009. Parthenolide promotes the 
ubiquitination of MDM2 and activates p53 cellular functions. Molecular cancer 
therapeutics 8: 552–62. doi:10.1158/1535-7163.MCT-08-0661. 

52. Brokopp, C.E., R. Schoenauer, P. Richards, S. Bauer, C. Lohmann, M.Y. Emmert, B. 
Weber, S. Winnik, E. Aikawa, K. Graves, M. Genoni, P. Vogt, T.F. Lüscher, C. Renner, 
S.P. Hoerstrup, and C.M. Matter. 2011. Fibroblast activation protein is induced by 
inflammation and degrades type I collagen in thin-cap fibroatheromata. European heart 
journal 32: 2713–22. doi:10.1093/eurheartj/ehq519. 



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 24 

53. Waumans, Y., L. Baerts, K. Kehoe, A.-M. Lambeir, and I. De Meester. 2015. The 
Dipeptidyl Peptidase Family, Prolyl Oligopeptidase, and Prolyl Carboxypeptidase in the 
Immune System and Inflammatory Disease, Including Atherosclerosis. Frontiers in 
Immunology 6. Frontiers. doi:10.3389/fimmu.2015.00387. 

 

  



The DPPs 4, 8 and 9 in mouse monocytes and macrophages 25 

Legends 

Figure 1. (A) J774 macrophages (n = 3) show similarly low DPP4 activities compared to 

bone marrow-derived macrophages (BMDMϕ) from wild-type (wt, white, n = 6) and 

apolipoprotein E-deficient (ApoE-/-, grey, n = 4) mice. DPPIV activity decreases significantly 

upon differentiation of bone marrow derived monocytes (BMDMo) to resting M0 BMDMϕs. 

M1 or M2 activation does not further alter DPP4 activity. (B) DPP8/9 activity in J774 

macrophages (n = 3) is significantly higher than in BMDMos or BMDMϕs of wt mice 

(white, n = 6) or ApoE-/- mice (grey, n = 4). Specific activities were determined in an 

enzymatic assay with the substrate glycyl-prolyl-4-methoxy-β-naphthylamide and 

distinguished through the addition of a specific DPP4 inhibitor (sitagliptin, 10 µM) or a 

specific DPP8/9 inhibitor (1G244, 10 µM). The data are presented as the mean ± SEM. ***P 

≤ 0.001 

Figure 2. DPP4, 8 and 9 gene expression in primary mouse monocytes and macrophages. 

qPCR analysis of DPP4, 8 and 9 in lysates of bone marrow-derived monocytes (BMDMo) 

and M0, M1 and M2 bone marrow-derived macrophages (BMDMϕ) from wt (n = 4 - 6) and 

ApoE-/- mice (n = 4). All values were normalized to β-Actin and GADPH as housekeeping 

genes (HKGs) and expressed as the mean ± SEM. *P ≤ 0.05, *** P ≤ 0.001 

Figure 3. DPP8 and DPP9 protein expression is highly variable over bone marrow-derived 

monocytes (BMDMo) and bone marrow-derived macrophages (BMDMϕ) subtypes of wild-

type (n = 6) or apolipoprotein E-deficient (ApoE-/-, n = 3-4) mice, with expression seemingly 

higher in BMDMϕs. (A) Representative Western blots of DPP8 and DPP9. (B) Western blots 

were analyzed through densitometric quantification and the expression versus β-actin is 
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shown for each band. No significant differences were observed. Data are presented as the 

mean ± SEM. 

Figure 4. (A) J774 macrophages remain viable after being exposed to the DPP4 inhibitor 

sitagliptin (10 µM) for up to 24 hours. Exposure to DPP8/9 inhibitor 1G244 (8 µM) results in 

a significant reduction in J774 macrophages after an exposure time of 5 hours (n = 3). (B) 

Bone marrow-derived macrophages remain viable after exposure to sitagliptin or 1G244 for 

up to 24 hours (n = 4). Cell viability in the presence of DPP4 and DPP8/9 inhibitor was 

assayed using PrestoBlue Cell Viability Reagent. The data are presented as the mean ± SEM. 

*P ≤ 0.05 **P ≤ 0.01 

Figure 5. DPP4 and DPP8/9 inhibition show a trend towards reduction of secretion of 

tumour necrosis factor (TNF) α, interleukin (IL)-6 and NO by M1 bone marrow-derived 

macrophages (BMDMϕs) of wild-type mice. IL-6 is significantly reduced after DPP8/9 

inhibition. The concentrations of TNFα, IL-6 and NO2
- were determined in the supernatant of 

M1 BMDMϕs. M0 BMDMϕs were, prior to activation, incubated for 1 hour with (A) DPP4 

inhibitor sitagliptin (10 µM), or (B) DPP8/9 inhibitor 1G244 (8 µM) and subsequently 

differentiated and activated to M1 BMDMϕs with 100 U/ml interferon γ and 100 ng/ml 

lipopolysaccharide. TNFα and IL-6 concentration were measured with the murine TNFα and 

IL-6 mini ELISA development kit according to the manufacturer’s instructions (Peprotech, 

London, United Kingdom). NO2
- was determined as a measure for NO secretion in an 

adapted Griess assay. The data are presented as the mean ± SEM (n = 8). *P ≤ 0.05 

 

  












