
EBioMedicine 41 (2019) 50–61

Contents lists available at ScienceDirect

EBioMedicine

j ourna l homepage: www.eb iomedic ine.com
Oxidized LDL upregulates macrophage DPP4 expression via
TLR4/TRIF/CD36 pathways
Xiaoquan Rao a,b, Shi Zhao c,⁎⁎, Zachary Braunstein d, HongMao c,Michael Razavi a, LihuaDuan a, YingyingWei a,
Amelia C. Toomey e, Sanjay Rajagopalan a, Jixin Zhong a,⁎
a Cardiovascular Research Institute, Case Western Reserve University, Cleveland, OH, USA
b Oregon Institute of Occupational Health Sciences, Oregon Health & Science University, Portland, OR, USA
c Department of Endocrinology, Wuhan Central Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China
d Department of Internal Medicine, Wexnel Medical Center, The Ohio State University, Columbus, OH, USA
e Department of Health Sciences, University of Missouri, Columbia, MO, USA
⁎ Correspondence to: J. Zhong, 2103 Cornell Road. Wo
Cleveland, OH 44106, USA.
⁎⁎ Correspondence to: S. Zhao, Department of Endocrin
Tongji Medical College, Huazhong University of Science a
430014, China.

E-mail addresses: zhaoshiwuhan@126.com (S. Zhao), j

https://doi.org/10.1016/j.ebiom.2019.01.065
2352-3964/© 2019 Published by Elsevier B.V. This is an o
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 November 2018
Received in revised form 31 January 2019
Accepted 31 January 2019
Available online 7 February 2019
Background:We and others have shown that dipeptidyl peptidase-IV (DPP4) expression is increased in obesity/
atherosclerosis and is positively correlatedwith atherosclerotic burden.However, themechanismbywhichDPP4
expression is regulated in obesity remains unclear. In this study, we investigated the pathways regulating the ex-
pression of DPP4 on macrophages.
Methods: Flowsight® Imaging Flow Cytometry was employed for the detection of DPP4 and
immunophenotyping. DPP4 enzymatic activity was measured by a DPPIV-Glo™ Protease Assay kit.
Findings: Human monocytes expressed a moderate level of membrane-bound DPP4. Obese patients with body
mass index (BMI) ≥ 30 had a higher level of monocyte DPP4 expression, in parallel with higher levels of
HOMA-IR, blood glucose, triglycerides, and non-HDL cholesterol, compared to those in the non-obese (BMI
b 30) patients. Oxidized low-density lipoprotein (oxLDL), but not native LDL, up-regulated DPP4 expression on
macrophages with a preferential increase in CD36+ cells. OxLDL mediated DPP4 up-regulation was considerably
diminished by Toll-like receptor-4 (TLR4) knockdown and CD36 deficiency. TRIF deficiency, but not MyD88 de-
ficiency, attenuated oxLDL-induced DPP4 increase.
Interpretation: Our study suggests a key role for oxLDL and downstream CD36/TLR4/TRIF in regulating DPP4 ex-
pression. Increased DPP4 in response to oxidized lipids may represent an integrated mechanism linking post-
prandial glucose metabolism to lipoprotein abnormality-potentiated atherosclerosis.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dipeptidyl peptidase-IV (DPP4) is a single-pass type II transmem-
brane glycoprotein that is best known for its role as a catalytic
inactivator of the incretin hormones glucagon-like peptide-1 (GLP-1)
and gastric inhibitory polypeptide (GIP) [1,2]. In addition to its catalytic
function, DPP4 interactswith a number of ligands such as adenosine de-
aminase (ADA), caveolin-1,Middle East respiratory syndrome coronavi-
rus (MERS-CoV) spike protein, fibronectin, and is thought to play an
important role as a mediator of inflammation [3–6].
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In addition to its cell surface membrane-bound form, DPP4 also ex-
ists as a cleaved catalytically active extracellular domain circulating in
plasma [7]. DPP4 is highly expressed on T cells, monocytes and
antigen-presenting cells in adipose tissue and associated with T cell-
mediated inflammation [8,9]. In addition, DPP4 is increased in obese pa-
tients with expression positively correlating to the degree of insulin re-
sistance [8,9].Membrane bound DPP4 on hematopoietic and adipocytes
may contribute to a substantial proportion of plasmaDPP4 [9,10], impli-
cating that DPP4 on these cell types acts as an important regulator of
incretin action. Studies by our team and other groups have suggested
an important role for immune cell-expressing DPP4 in diabetes and car-
diovascular disease [8,11–13]. However, themechanisms andmediators
of DPP4 expression on these cells are poorly understood. Given the cen-
tral role of monocyte/macrophage in atherosclerosis, we recently re-
ported that the expression of DPP4 on monocytes and plasma DPP4
activity were increased in patients with atherosclerosis and positively
correlated with atherosclerotic plaque volume [14]. In addition, the
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The expression of DPP4 has been linked to a number of disease
conditions including diabetes and cardiovascular disease. We
and others have reported that DPP4 expression were increased
in patients with obesity and atherosclerosis. The levels of DPP4
are associated with degree of insulin resistance and plasma lipids.
However, the regulation of DPP4 expression is not well
understood.

Added value of this study

In the current study, we identified that CD36/TLR4/TRIF inflam-
matory pathways are responsible for the upregulation of mono-
cyte/macrophage DPP4 in obesity/atherosclerosis. These
findings demonstrated an important role for oxidized lipids in im-
mune cell DPP4 regulation and may provide an integrated mecha-
nism linking abnormal post-prandial glucose metabolism with
oxidized lipids and inflammation.

Implications of all the available evidence

In this study, we also found that catalytic inhibition of DPP4 in-
creases DPP4 expression on macrophages. Given the pro-
inflammatory role of DPP4, this may provide an explanation for
the neutral effect of DPP4 inhibition on cardiovascular outcomes
seen in clinical trials. Modulation of DPP4 expression by targeting
its regulatory pathways may represent a novel strategy for reduc-
ing DPP4-induced inflammation.
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DPP4 expression level on monocytes was also associated with plasma
levels of non-HDL cholesterol and triglycerides [14]. However, the
mechanisms by which DPP4 is up-regulated in cardiometabolic disease
remain elucidated. In this study, we found that treatment of oxidized
low-density lipoprotein (oxLDL), but not native LDL, elevated DPP4 ex-
pression on macrophages, which was attenuated by the inhibition of
Toll-like receptor 4 (TLR4) or downstream Toll/IL-1R domain-
containing adaptor-inducing IFN-β (TRIF). DPP4 expression almost ex-
clusively occurred on CD36+ monocytes and CD36 deficient macro-
phages showed an attenuated up-regulation of DPP4 in response to
oxLDL. For the first time to our knowledge, these findings demonstrated
an important role for oxidized lipids in immune cell DPP4 regulation
and may provide an integrated mechanism linking abnormal post-
prandial glucose metabolism with oxidized lipids and inflammation.
2. Materials and methods

2.1. Participants and ethical approval

All procedures of this study were approved by the Institutional Re-
viewBoard (IRB) at TheOhio State University andCaseWesternReserve
University. Awritten informed consentwas obtained fromall thepartic-
ipants before the study. A total of 27 patients with previously docu-
mented cardiovascular disease enrolled in the ALPINE trial were
included in this study. The ALPINE, a phase 4 clinical trial
(ClinicalTrials.gov Identifier: NCT01417104), has been described else-
where [15]. Patients with established cardiovascular disease were re-
cruited in Columbus, Ohio from 2009 to 2011 and randomized to
receive either placebo or aliskiren treatment. Cardiovascular disease
was defined as at least 1 of the following: myocardial infarction, cere-
brovascular accident, previous coronary artery bypass graft surgery,
and/or percutaneous coronary intervention or peripheral arterial dis-
ease (ankle-brachial index b0.9 and/or prior peripheral intervention or
surgery). HOMA-IR was calculated as follows: HOMA-IR = Fasting
Serum Glucose (mg/dL) × Fasting Plasma insulin (μU/mL) / 405.
Patients with one or more of the following conditions were excluded
from the study: history of malignancy, diagnosis of type 1 diabetes
or use of hypoglycemic drugs, uncontrolled hypertension (N145/
90 mmHg); renal insufficiency defined as glomerular filtration rate
b 40 mL/min (derived with the Modified Diet in Renal Disease equa-
tion); unstable cardiac syndromes. Data from atherosclerotic patients
within the placebo group were re-analyzed. Fourteen age- and race-
matched healthy volunteers without cardiovascular disease as defined
above were served as controls.

Biological markers including fasting blood glucose, fasting insulin
glycosylated hemoglobin (HbA1c), leptin, adiponectin, total cholesterol,
HDL cholesterol (HDL\\C), LDL cholesterol (LDL-C), triglycerides, sys-
tolic blood pressure (SBP), diastolic blood pressure (SBP), standing
heart rate (HR), bodymass index (BMI), blood urea nitrogen, creatinine,
creatinine kinase, uric acid, albumin, total protein, alkaline phosphatase,
sodium, potassium, and chloride were examined in clinical laboratories.
2.2. Induction of human monocyte-derived macrophages (MDMs)

Peripheral blood mononuclear cells (PBMCs) were isolated from
human peripheral blood through density gradient centrifugation using
Ficoll. In brief, blood collected into EDTA-coated tubes was diluted 1:1
with sterile PBS and layered on Ficoll-Paque Plus (GE Healthcare,
Piscataway, NJ), followed by centrifugation for 30 min at 500g without
applying a brake. The PBMCs in the interface were carefully removed
and washed twice with PBS. PBMCs were then placed in a 6-well plate
for 2 h, and then adherent cells (monocytes) were cultured in RPMI-
1640 medium supplemented with 10% FBS and 10 ng/mL recombinant
human macrophage colony-stimulating factor (R&D, Minneapolis,
MN) for 4 days. Media were replaced once at day 2.
2.3. DPP4 enzymatic activity measurement

Human plasma was isolated from EDTA anticoagulated peripheral
blood by centrifugation at 1500 g for 15 min. The enzymatic activity of
DPP4 in the plasma was measured using a DPPIV-Glo™ Protease Assay
kit from Promega (Madison, WI) following the manufacturer's
instruction.
2.4. Animals and reagents

C57BL/6, MyD88−/−, TRIF−/−, and CD36−/− mice were purchased
from Jackson Laboratory. All procedures were approved by the IACUC
committee at the Case Western Reserve University.

The antibodies used for flow cytometry were purchased from the
following companies: anti-human DPP4 (clone # 2A6 [PE-labeled], pur-
chased from eBioscience, San Diego, CA; Clone # BA5b [APC-labeled],
purchased from Biolegend, San Diego, CA), PE-labeled anti-mouse
DPP4 (Clone # 155202, R&D system, Minneapolis, MN), anti-human
CD36 (clone # 5–271 [PE- or APC-labeled], Biolegend, San Diego, CA),
APC-labeled anti-mouse CD36 (clone # 72–1, eBioscience, San Diego,
CA), PE/Cy5-labeled anti-human/mouse CD11b (Clone # M1/70,
Biolegend, San Diego, CA), FITC-labeled anti-human CD3 (Clone #
OKT3, eBioscience, San Diego, CA), anti-human CD45 (Clone # Hi30,
eBioscience, San Diego, CA), and anti-human CD4 (Clone # OKT4,
eBioscience, San Diego, CA). Oxidized LDL was purchased from Thermo
Fisher Scientific (Cat. # AAJ652618PL, Thermo Fisher Scientific, Wal-
tham, MA). DPP4 enzymatic inhibitor (DPP4i) Linagliptin was a kind
gift from Boehringer Ingelheim (Ingelheim am Rhein, Germany).

http://ClinicalTrials.gov
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Table 1
Biological characteristics of obese and non-obese atherosclerotic patients.

Characteristics Non-obese
(N = 15)

Obese
(N = 12)

P

Mean SE Mean SE

BMI (kg/m2) 26.8 0.5 34.8 0.8 6.2949E-09
Age (years) 63.0 2.6 60.4 1.8 0.1826
HOMA-IR 3.4 0.3 14.4 4.2 0.0058
Blood urea nitrogen (mg/dL) 14.0 1.0 14.2 3.0 0.9543
Creatinine (mg/dL) 1.546 0.536 0.993 0.078 0.3699
ALT (Unit/L) 29.27 2.98 25.75 2.80 0.4076
AST (Unit/L) 28.47 2.04 26.25 2.05 0.4553
Total cholesterol (mg/dL) 151.7 6.6 171.8 7.6 0.0571
non-HDL cholesterol (mg/dL) 104. 2 8.2 130.7 5.9 0.0271
HDL cholesterol (mg/dL) 44.3 3. 2 38.9 2.3 0.2000
Creatine Kinase (Unit/L) 167.4 24.9 145.2 20.2 0.5091
Alkaline phosphatase (IU/L) 66.6 4.9 65.3 5.1 0.8600
Sodium (mEq/L) 139.0 0.5 138.9 0.4 0.9045
Potassium (mEq/L) 4.45 0.08 4.21 0.12 0.0952
Chloride (mEq/L) 104.2 0.7 104.3 0.7 0.8957
Total protein (g/dL) 6.83 0.07 6.98 0.12 0.2659
Albumin (g/dL) 4.06 0.07 3.93 0.07 0.2217
Uric acid (mg/dL) 6.11 0.34 7.58 0.56 0.0261
Triglycerides (mg/dL) 95.5 11.1 165.6 25.1 0.0110
Glucose (mg/dL) 99.9 3.0 120. 1 9.3 0.0285
Insulin (μU/mL) 15.5 1.4 47. 5 12.5 0.0039
Leptin (ng/mL) 9.38 1.98 34.16 8.70 0.0067
Adiponectin (ng/mL) 5990.4 884.1 3198.9 348.8 0.0162
Standing HR (beats/min) 63.9 2.5 68.2 2.9 0.2631
SBP (mmHg) 128.3 3.5 124. 7 4.4 0.5216
DBP (mmHg) 79.9 1.7 81.3 2.6 0.6321
Monocyte DPP4 MFI 4836.5 223.4 5564.7 263.1 0.0318
Plasma DPP4 activity (relative
light unit)

207,872 2558 220,505 4938 0.0229

Bold numbers in P value column indicate statistical significance (p b .05).
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2.5. Induction of bone marrow-derived macrophages (BMMs)

To obtain bone marrow-derived macrophages (BMMs), bone mar-
row cells isolated from mouse tibia and femur were cultured in RPMI-
1640with 10% FBS and 10 ng/mL recombinantmouse M-CSF (R&D Sys-
tems, Minneapolis, MN) for 5 days. Media was replaced every 2 days.
Adherent BMMs were used for experiments at day 5.

2.6. Flow cytometry

All antibodies used in imaging flow cytometry were purchased from
BioLegend (San Diego, CA), BD (San Jose, CA), or R&D Systems (Minne-
apolis, MN). Cells were stained with the indicated antibodies as de-
scribed elsewhere [8] and then analyzed on either a FlowSight®
imaging cytometer (Amnis, Seattle, WA) or a LSR-II flow cytometer
(BD, San Jose, CA).

2.7. Statistical analysis

All data in this study is presented as mean ± standard error of the
mean (SE). A P value of b0.05 was considered statistically significant.
GraphPad Prism 5 was used for statistical analysis using student's t-
test, or ANOVA analysis with Boneferroni's post hoc test, or linear re-
gression where appropriate. Patients with missing data were excluded
from analysis.

3. Results

3.1. DPP4 expression on immune cells and the potential contribution of im-
mune cells to systemic DPP4 activity

DPP4, an important regulator of the incretin-insulin axis, is
expressed by a number of immune cells [2]. While the role of global
DPP4 in diabetes and cardiovascular disease has been well studied, the
function of immune cell-derived DPP4 in cardiometabolic disease re-
mains elucidated. To determine the role of immune cell-expressing
DPP4 in cardiovascular disease, we first examined the expression of
DPP4 on circulating immune cells using Flowsight® imaging flow cy-
tometry. Results indicate that monocytes and T cells are themajor pop-
ulations expressing DPP4 in the human peripheral blood, while the
majority of granulocytes and B cells did not express DPP4 (Fig. 1a). In
addition to membrane-bound DPP4, DPP4 can also be cleaved from
the cell membrane and present as a soluble form in the plasma [2].
We next detected the enzymatic activity of membrane-bound DPP4
on thewhite blood cells and soluble DPP4 in the plasma. As a result, leu-
kocytes contributed considerably to the enzymatic activity of DPP4 in
the circulation (Figs. 1b & 1c). To examine if immune cells also contrib-
ute to the generation of soluble DPP4 in the plasma, DPP4 knockout
mice were irradiated and transplanted with wild-type (WT) or
DPP4−/− bone marrow. Plasma was isolated for the detection of DPP4
activity after 12 weeks. As depicted in Fig. 1d, mice with WT bonemar-
row showed a significantly higher level of plasma DPP4 activity com-
pared to those with DPP4−/− bone marrow, suggesting that immune
cells contribute to the generation of soluble DPP4. In addition, enzy-
matic inhibition of DPP4 inhibitor (DPP4i) for 4weeks increased the ex-
pression of DPP4 on macrophages (Figs. 1e & 1f), suggesting that there
may be a negative feedback loop to control DPP4 expression and enzy-
matic activity.
Fig. 1. DPP4 expression and enzymatic activity contributed by immune cells. A, DPP4 expressio
from healthy volunteers and CD14+ CD16+monocyte, CD16+ CD14-granulocyte, CD19+ B l
detection of DPP4 using an imaging flowcytometer.B&C,White blood cells (WBC) andplasma
activity.WBCand plasmaDPP4 activity (B) and bloodDPP4 activity composition in theWTmou
marrow cells. Plasma were then isolated for the detection of DPP4 enzymatic activity after 12 w
(BW)/day linagliptin (DPP4i) in drinking water for 4 weeks and then subjected to flow cytom
upper panel: % of DPP4+ macrophages; lower panel: DPP4mean fluorescence intensity) are sh
3.2. DPP4 increased in patients with atherosclerosis

Monocytes and macrophages are central effectors of innate immu-
nity and are now recognized as key pathophysiologic players in the de-
velopment of various chronic conditions such as atherosclerosis [16,17].
Our recent study indicates that DPP4 expression on circulating mono-
cytes was increased in atherosclerosis and was associated with athero-
sclerotic burden [14]. Since DPP4 up-regulation has been associated
with obesity [8,9,11], we divided patients into two groups: obese (BMI
≥ 30) and non-obese (BMI b 30). The biological characteristics and
markers are shown in Table 1. There were no significant differences in
age, SBP, DBP, HR, and biochemical parameters such as aspartate trans-
aminase (AST), alanine transaminase (ALT), creatinine, creatine kinase,
alkaline phosphatase, albumin, sodium, potassium, chloride, HDL\\C,
blood urea nitrogen, and total protein. The levels of HOMA-IR, non-
HDL cholesterol, uric acid, triglycerides, fasting blood glucose, fasting in-
sulin, and leptin were significantly increased, while adiponectin levels
were lower in obese patients with atherosclerosis (Table 1).
3.3. Oxidized low-density lipoprotein (oxLDL) increased DPP4 expression

Given that oxidatively modified cholesterol is fundamental to the
pathogenesis of atherosclerosis and is widely believed to represent a
plausible mechanism of accelerated atherosclerosis in insulin resis-
tance/type 2 diabetes, we tested the effect of LDL (native or oxidized)
on the regulation of DPP4 expression. After 24-h treatment with 25
n on circulating immune cells. Peripheral blood mononuclear cells (PBMCs) were isolated
ymphocyte, CD3+ CD4+T lymphocyte and CD3+ CD4- T lymphocytewere gated for the
were isolated fromwild-type (WT) andDPP4−/−mice for the detection of DPP4 enzymatic
se (C) are shown.D, IrradiatedDPP4−/−micewere transplantedwithWTorDPP4−/− bone
eeks. E & F, WT C57BL/6 mice (n= 5–6/group) were treated with 5 mg/kg body weight

etric detection of DPP4 expression. Representative dot plot (E) and statistical analyses (F;
own. *, p b .05.



Fig. 2.Oxidized low-density lipoprotein (oxLDL) increased DPP4 expression.A, Bonemarrow cells isolated from C57BL/6mice were cultured in the presence of 10 ng/mLM-CSF for 5 days
and treated with 25 μg/mL native LDL or oxLDL for 24 h. Cells were then collected for the flow cytometric detection of DPP4 expression, DPP4 expression on bone marrow derived
macrophages (BMMs) was detected by flow cytometry. Representative dot plots and statistical bar graph are shown. B, The DPP4+ macrophages were next gated for the analysis of
DPP4 MFI. Histograms and bar graph show the DPP4 MFI on DPP4+ macrophages under different treatment conditions. C, Peritoneal macrophages were isolated from C57BL/6 mice
and treated with 25 μg/mL oxLDL or vehicle for 24 h. Representative histograms show the expression of DPP4 on macrophages. D, Bone marrow-derived macrophages from C57BL/6
mice were treated with 25 μg/mL oxLDL for 24 h and the expression inflammatory genes was examined using quantitative real-time PCR. E, Monocytes were isolated from human
peripheral blood and cultured in the presence of 10 ng/mL M-CSF for 5 days. Cells were then treated with 25 μg/mL oxLDL or vehicle for 24 h. Representative dot plots and histograms
are shown. *, p b .05. MFI, mean fluorescence intensity; UT, untreated.
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μg/mL lipoprotein of either native LDL or oxLDL, DPP4 expression on
bone marrow derived macrophages (BMMs) from C57BL/6 mice was
detected by flow cytometry. Results showed that 24-h treatment with
native LDL did not affect DPP4 expression on macrophages. In contrast,
oxLDL significantly increased the frequency of DPP4+ macrophages
(22.1 ± 3.2 vs. 23.0 ± 3.0 vs. 77.3 ± 2.4 for untreated vs. native LDL
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vs. oxLDL respectively, Fig. 2a). In addition to the percentage change,
DPP4 expression increased in DPP4+ macrophages as evidenced by
the fact that the MFI of DPP4+ cells was higher in oxLDL-treated
group (364.2 ± 15.6 vs. 379.3 ± 34.3 vs. 1236.9 ± 23.2 for untreated
vs. native LDL vs. oxLDL respectively, Fig. 2b). Dose response experi-
ments revealed that oxLDL dose-dependently enhanced DPP4 expres-
sion on macrophages (Supplemental Fig. 1). Similar findings were
observed in peritoneal macrophages from C57BL/6 mice (Fig. 2c). Fur-
thermore, the upregulation of DPP4 following oxLDL treatment was ac-
companied by an increased expression of inflammatory cytokine IL-1β
(Fig. 2d). There was also a trend of increase in the expressions of
NLRP3 and Caspase-1, two important components of NLRP3
inflammasome complex which is responsible for the maturation of IL-
1β (Fig. 2d). To further confirm this result in humans, we prepared
monocyte-derived macrophages (MDMs) from human peripheral
blood monocytes and treated these cells with oxLDL. oxLDL increased
DPP4 expression on human macrophages by nearly two fold (Fig. 2e).
We next examined if 27-hydroxycholesterol (27OH-Ch), an oxidized
cholesterol and important component of oxLDL, could induce DPP4 up-
regulation. Interestingly, DPP4 was not significantly upregulated after
27OH-Ch treatment, suggesting that the upregulation of DPP4 may
not be mediated by free form of oxidized cholesterol (Supplemental
Fig. 2).
3.4. TLR4/TRIF signaling is partially responsible for oxLDL-inducedDPP4 up-
regulation

Activation of TLR4 may occur through binding of atherogenic lipids
on receptors such as CD36, providing the proximal signaling event re-
quired for proinflammatory mediators, chemokines, inflammasome ac-
tivation and ER stress [18–20]. We therefore initially examined the
dependence of TLR4 as a proximal trigger for the induction of DPP4.
We induced TLR4 activation with lipopolysaccharide (LPS) stimulation
and examined expression of DPP4. LPS enhanced the expression of
DPP4 on human monocytes, while siRNA-mediated knockdown of
TLR4 substantially abrogated LPS-induced DPP4 up-regulation
(Figs. 3a & 3b).
Fig. 3. TLR4 activation induces DPP4 up-regulation. A, Human monocyte derived macrophages
and untransfected MDMs were used for the flow cytometric detection of transfection efficienc
siRNA (siCtrl). After 24 h, cells were then treated with 1 μg/mL lipopolysaccharide (LPS) overn
MyD88 and TRIF are two main downstream molecules mediating
TLR4 signaling. We then tested if TLR4-mediated DPP4 up-regulation
is dependent on MyD88, a major adaptor molecule for TLR4 signaling.
Bone marrow cells isolated from wild-type (WT) or Myd88−/− mice
were used for the induction of BMMs. The expressions of DPP4 on
both WT and Myd88−/− BMMs increased after treatment with 25
μg/mL oxLDL. However, deficiency of MyD88 did not diminish the up-
regulation of DPP4. In contrast, there was even a slight increase of
DPP4 expression after oxLDL treatment in Myd88−/− BMMs (Figs. 4a-
4d). We then used Trif−/− mice to examine the involvement of
MyD88-independent pathways of TLR4 mediated DPP4 expression.
Compared to WT BMMs, Trif−/− BMMs showed impaired up-
regulation of DPP4 following oxLDL treatment although it did not
completely abolished oxLDL-induced DPP4 up-regulation (Figs. 5a-5c).
3.5. CD36 is required for oxLDL-induced DPP4 up-regulation

Since TLRs may mediate an oxLDL-induced inflammatory response
in cooperation with CD36 [18], we next tested the involvement of
CD36. Mouse macrophages were co-stained with CD36 and DPP4. Ap-
proximately 80% of the peritoneal macrophages expressed CD36.
CD36+ and CD36− populations were gated for the analysis of DPP4 ex-
pression. Most CD36− macrophages did not express DPP4, while about
51.3% CD36+ macrophages expressed high levels of DPP4 (Figs. 6a &
6b). After oxLDL treatment, the frequency of CD36+ macrophages in-
creased to 97.6% with DPP4 expression also coordinately increasing
within CD36+ cells (Supplemental Fig. 3). Similar findings were also
observed in human MDMs (Fig. 6c).

To further confirm the dependence of DPP4 up-regulation on CD36,
WT or Cd36−/− BMMswere treated with 25 μg/mL oxLDL and DPP4 ex-
pression was measured. As expected, Cd36−/− BMMs had decreased
DPP4 expression after treatment of oxLDL as compared to WT BMMs
(Figs. 7a-7d), suggesting that CD36 is required for oxLDL-induced
DPP4 up-regulation. Taken together, oxLDL upregulates DPP4 expres-
sion on monocyte and macrophage via TLR4/TRIF and CD36 pathways
(Fig. 7e).
(MDMs) were transfected with FITC-labeled scramble siRNA. After 24 h, both transfected
y. B, Human MDMs were transfected with either TLR4-specific siRNA (siTLR4) or control
ight and collected for the detection of DPP4.



Fig. 4.MyD88 signaling is not responsible for oxLDL-induced DPP4 up-regulation. Bone marrows isolated from wild-type (WT) orMyd88−/− mice were used for the induction of BMMs.
The expressions of DPP4 on bothWT andMyd88−/− BMMswere detected by imaging flow cytometry after 24-h treatment of 25 μg/mL oxLDL. Representative images (A), histograms (B)
and statistical analysis of DPP4+ macrophage frequency (C) or DPP4 MFI (D) are shown. *, p b .05 compared to UT controls.

56 X. Rao et al. / EBioMedicine 41 (2019) 50–61



57X. Rao et al. / EBioMedicine 41 (2019) 50–61
4. Discussions

In this paper, we demonstrate an important role of TLR4/TRIF and
CD36 pathways in the regulation of DPP4 onmonocyte/macrophage lin-
eage. DPP4 expression on macrophages demonstrated heterogeneity of
expression with high levels seen in CD36+ cells. OxLDL markedly up-
regulated DPP4 expression via TLR4/TRIF- and CD36-dependent path-
ways. Our results suggest an important role for oxidized lipids and in-
flammatory signaling in DPP4 regulation which may provide an
integrated mechanism linking abnormal post-prandial glucose metabo-
lism with oxidized lipids and inflammation.

Our prior study has shown that DPP4 expression is markedly in-
creased on the surface of antigen presenting cells (APCs) such asmacro-
phages and dendritic cells in the visceral adipose of obese humans, with
the levels of DPP4 expression on APC's positively correlating with the
degree of insulin resistance [8]. In line with these findings, Sell et al.
also confirmed the up-regulation of adipose tissue DPP4 in obese insulin
resistant subjects and adipose tissue DPP4 was correlated with mea-
sures of insulin resistance and inflammation [9]. These findings clearly
implicate DPP4 as amarker/mediator of inflammation in adipose tissue.

Experimental studies have strongly demonstrated a role for DPP4 in
the progression of atherosclerosis with an increased expression in pro-
inflammatory monocytes/macrophages in plaque [12]. However, given
the relative neutrality of recent trials with DPP4 catalytic inhibitors
[21,22], the role of DPP4 has been questioned. One potential reason
for the lack of efficacy in these studies may relate to a divergent role/
function of the catalytic versus non-catalytic function of DPP4 particu-
larly in cell types such as monocytes and T cells. Thus our investigation
was focused on the expression of membrane bound DPP4 in atheroscle-
rosis. We have previously shown that DPP4 on macrophages and den-
dritic cells may enhance adipose tissue inflammation via non-catalytic
pathways [8]. A recent study by Ghorpade et al. also reported that
DPP4 acts with plasma factor Xa to inflame adipose tissue macrophage.
Silencing expression of DPP4 in hepatocytes, but not enzymatic
Fig. 5. TRIF signaling partially mediates oxLDL-induced DPP4 up-regulation. WT or Trif−/− BM
Statistical analysis (A), representative histogram (B) and dot plots (C) are shown. *, p b .05 com
inhibition of DPP4 by sitagliptin, reduced adipose tissue inflammation
and insulin resistance [23]. In the current study, we observed that cata-
lytic inhibition of DPP4 increased the expression of DPP4 on macro-
phages. These results indicate that the compensatory upregulation of
DPP4 by DPP4 catalytic inhibition may promote inflammation, which
could be a possible explanation for the neutral effects of DPP4 inhibitors
on cardiovascular outcome.

In a large cross-sectional study in China, plasma DPP4 activity was
shown to correlate with carotid intima media thickness. DPP4 activity
in this study associated positively with the degree of insulin resistance
(HOMA-IR), oxidized LDL and othermeasures of oxidative stress includ-
ing nitrotyrosine and 8-isoPGF2a [24]. Interestingly, our recent study in-
dicates there is no correlation between plasma DPP4 activity and
atherosclerosis, suggesting that catalytic activity of circulating/soluble
DPP4 alonemay not be sufficient to serve as amediator of atherosclero-
sis [14]. Additionally, one could conclude that monocytesmay not be an
important source of circulating DPP4. Indeed, adipocytes, endothelial
cells and bone marrow derived cells (other than monocytes) have
been confirmed as important sources of circulating DPP4 [10,25]. We
have previously shown that monocyte DPP4 expression is positively as-
sociated with non-HDL cholesterol and triglycerides, but not with
fasting blood glucose or insulin levels, suggesting that the increase of
monocyte DPP4 in obese patients might be related to dysregulated
lipidmetabolism in insulin resistance [14]. Since both LDL and its oxida-
tively modified forms are highly prevalent in atherosclerosis and may
link diabetes with accelerated atherosclerosis [18,26–32], we examined
the effect of both native LDL and oxLDL on DPP4 expression. Interest-
ingly, only oxLDL, but not native LDL and free form of oxidized choles-
terol (27OH-Ch), enhanced the expression of DPP4 on macrophages.
In addition toDPP4 upregulation, IL-1β expressionwas also upregulated
following oxLDL treatment, accompanied by a trend of increase in
inflammasome components NLRP3 and caspase-1. This result is consis-
tent with previous reports [33,34]. Recent studies have demonstrated
that CD36 may coordinate with TLRs to enhance oxLDL-induced
Ms were treated with 25 μg/mL oxLDL for 24 h and DPP4 expression was then examined.
pared with UT; #, p b .05 compared with WT.
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NLRP3 inflammasome activation and atherosclerosis [35–37]. However,
the causal relationship between DPP4 upregulation and IL-1β produc-
tion was not examined in this study and requires further investigation.
Activation of TLRs and downstream inflammatory signaling could be ac-
tivated by excessive free fatty acids, very low density lipoprotein, apoli-
poprotein CIII, and lipoprotein oxidation [18,38–43]. In addition, the
expression and activation of TLRs were also reported to increase in pa-
tients with metabolic syndrome [18,38,43–45]. In line with previous
findings, we found that TLR4 knockdown or deficiency of downstream
molecule TRIF abolished oxLDL-mediated up-regulation of DPP4 on
Fig. 6. CD36 is associated with DPP4 expression on macrophages. A&B, Peritoneal macrophag
CD36+ and CD36− macrophages were gated for the analysis of DPP4 expression. Representati
macrophages. C, Human MDMs were co-stained with CD36 and DPP4 and DPP4 expression on
macrophages. This suggests that oxLDL-induced TLR4/TRIF signaling
may be responsible for elevated monocyte DPP4 in obesity. MyD88
and TRIF are the two major downstream adaptor proteins for TLRs. In
the present study, we found TRIF rather than MyD88 is required for
oxLDL-induced DPP4 up-regulation. TRIF is responsible for mediating
the activation of NF-κB and IFN-β production mediated by TLR3 and
TLR4 [46,47]. In our study, oxLDL-induced DPP4 upregulation was
even slightly enhanced in MyD88 deficient macrophages. This could
be a result of the compensatory enhancement of TRIF signaling in
MyD88 knockout macrophages [48]. The role of TRIF signaling in
es were co-stained with CD36 and DPP4 and then examined by imaging flow cytometry.
ve images (A) and histograms (B) showing the expression of DPP4 on CD36+ and CD36−

CD36+ or CD36− MDMs are shown.



Fig. 7. CD36 is implicated in oxLDL-induced DPP4 up-regulation. Bonemarrows isolated from wild-type (WT) or Cd36−/− mice were used for the induction of BMMs. The expressions of
DPP4 on both WT and Cd36−/− BMMs were detected by imaging flow cytometry after 24-h treatment with 25 μg/mL oxLDL. Statistical analysis (A), representative images (B),
histograms (C), and dot plots (D) are shown. *, p b .05 compared with UT; #, p b .05 compared with WT. E, Lipid dysregulation in obesity and atherosclerosis induces DPP4 up-
regulation through oxLDL and CD36/TLR4/TRIF pathway. DPP4, dipeptidyl peptidase 4; oxLDL, oxidized low density lipoprotein; TLR4, Toll-like receptor 4; TRIF, Toll/IL-1R domain-
containing adaptor-inducing IFN-β.
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atherosclerosis is complex. Depending on the cellular context and
upstream pathways such as TLR4/3, TRIF could be proatherogenic or
atheroprotective. Loss-of-function mutation of TRIF improved athero-
sclerosis in Ldlr−/− mice, while TLR3 deficiency in Ldlr−/− mice
enhanced atherosclerosis development [49]. Since TRIF signaling is pri-
marily induced by TLR3 and TLR4, these data suggest TLR4-mediated
TRIF signaling promotes atherosclerosis, while the TLR3-dependent
TRIF responses may be atheroprotective [49]. However, another study
reported TLR3 and TLR4 signaling in bone marrow cells had
proatherogenic effects in Ldlr−/−mice [50]. Studies by Ohnuma suggest
that DPP4 may induce NFκB activation and monocyte maturation by
interacting with caveolin-1 [4,51,52]. Therefore, up-regulation of DPP4
by oxLDL-induced innate signaling may in turn activate inflammatory
signaling, resulting in a feed-forward loop.

Stewart et al. previously reported that TLRs cooperate with CD36 to
mediate oxLDL-induced inflammatory response [18]. CD36 is well-
known as a scavenger receptor responsible for oxLDL uptake and foam
cell formation [53,54].We found in this study that CD36 is also involved
in oxLDL-induced DPP4 up-regulation. Almost all DPP4+ cells also
expressed CD36. Treatment of oxLDL increased the expression of
CD36, which is consistent with previously reported findings [55]. In ad-
dition, deficiency of CD36 at least partially abolished oxLDL-induced
DPP4 up-regulation. These findings suggest an important role for
CD36 in oxLDL-induced DPP4 up-regulation.

We acknowledge a number of important limitations in this study.
Importantly, we have not demonstrated a link between mediators of
triglycerides such as post-prandial remnants. Remnant lipoproteins
are markedly increased in diabetic dyslipidemia and may represent a
fraction that could potentially participate in linking disordered lipid
metabolism in the post-prandial state with abnormalities in glucose
metabolism. In addition, we acknowledged that the DPP4 expression
in human monocytes was not examined in a large sample of patients.
However, one critical finding in our human study that DPP4 is increased
in obesity and atherosclerosis is supported by other reports with a
larger population size [9,24]. We have also not provided additional
mechanisms that link changes in TLR4 expression with downstream
activation of TRIF and further kinase pathways that may function
upstream of DPP4. In conclusion we demonstrate a role for oxidized
lipids mediated up-regulation of DPP4 in atherosclerosis via TLR4/TRIF
and CD36 dependent pathways. Our data provides a link between
disordered lipidmetabolism in atherosclerosis and impaired glucose in-
tolerance through upregulation of DPP4.
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