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Diabetic nephropathy (DN) is a major cause of end-stage renal
disease, but treatment remains ineffective. C-reactive protein
(CRP) is pathogenic in DN, which significantly correlated
with dipeptidyl peptidase-4 (DPP4) expression in diabetic pa-
tients with unknown reason. Here, using our unique CRPtg-
db/db mice, we observed human CRP markedly induced renal
DPP4 associated with enhanced kidney injury compared with
db/db mice. Interestingly, linagliptin, a US Food and Drug
Administration (FDA)-approved specific DPP4 inhibitor,
effectively blocked this CRP-driven DN in the CRPtg-db/db
mice. Mechanistically, CRP evoked DPP4 in cultured renal
tubular epithelial cells, where CD32b/nuclear factor kB (NF-
kB) signalingmarkedly enriched p65 binding on the DPP4 pro-
moter region to increase its transcription. Unexpectedly, we
further discovered that CRP triggers dimerization of DPP4
with CD32b at protein level, forming a novel DPP4/CD32b/
NF-kB signaling circuit for promoting CRP-mediated DN.
More importantly, linagliptin effectively blocked the circuit,
thereby inhibiting the CRP/CD32b/NF-kB-driven renal
inflammation and fibrosis. Thus, DPP4may represent a precise
druggable target for CRP-driven DN.

INTRODUCTION
Diabetic nephropathy (DN), the primary microvascular complication
of diabetes mellitus (DM), is a leading cause of end-stage renal disease
(ESRD), accounting for 30%–47% worldwide. In United States, about
54.4% of patients with DM will eventually enter ESRD.1,2 Until now,
effective treatment for DN is still in an urgent need. Increasing evi-
dence shows that type 2 DM (T2DM) is a low-grade inflammatory
disease.3 The pathogenesis of DN is complex and is involved in
hemodynamics, glycation metabolism, polyol pathway/hexosamine
pathway, oxidative stress, low-grade inflammation, and so on.4

Among which, inflammation is well-known to strongly correlate
with the development of hyperglycemia and glycated hemoglobin,
and is driven by an increased kidney production of chemokines
and proinflammatory cytokines in the development of DN. This is
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particularly important in those with DN.5,6 In patients with T2DM,
serum levels of pro-inflammatory cytokines, such as interleukin
(IL)-1b, IL-6, and C-reactive protein (CRP), are elevated and serve
as predictive markers of T2DM.3,7–9 Of note, elevated serum levels
of CRP are closely associated with an increase in microalbuminuria
and renal dysfunction in patients with DN,5,9 suggesting the close
link between CRP and the development of diabetic kidney injury.

Among the inflammatory cascade, CRP can induce IL-6 via a nu-
clear factor kB (NF-kB)-dependent mechanism.10 We also found
that human CRP can signal through the CD32-dependent mecha-
nism to activate both NF-kB and transforming growth factor b

(TGF-b)/Smad3 pathways, resulting in a significant upregulation
of pro-inflammatory cytokines (IL-1b, tumor necrosis factor alpha
[TNF-a], monocyte chemoattractant protein-1 [MCP-1]) and
pro-fibrotic growth factors (TGF-b1, connective tissue growth fac-
tor [CTGF]) in a mouse model of type 1 DN and in vitro, revealing
a pathogenic importance for CRP in type 1 diabetic kidney dis-
eases.11 Under diabetic conditions, CRP is induced by high glucose,
which in turn synergistically promotes high-glucose-mediated renal
inflammation and fibrosis.11 The pathogenic importance for CRP is
also found in other disease models, including obstructive nephrop-
athy,12 ischemic kidney injury,13 hypertensive heart disease,14 and
atherosclerosis.15
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Figure 1. DPP4 Is Largely Increased in the Diabetic

Injured Kidney of CRPtg db/db Mice

(A) IHC of DPP4 and CD32b in the kidney of 20-week-old

mice (original magnification �400). (B–D) Western blot (B)

and real-time PCR (C and D) show the induction of renal

DPP4 andCD32b in db/dbmice is further promoted in the

CRPtg db/db mice at 20 weeks old. Each bar represents

the mean ± SEM for groups of six mice or three inde-

pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001

versus db/m mice; #p < 0.05 versus db/db mice.

Molecular Therapy
New anti-diabetic agents are sought to diminish diabetic complica-
tions, such as glucagon-like peptide-1 (GLP-1) receptor agonists,
dipeptidyl peptidase-4 (DPP4) inhibitors, and sodium-glucose
cotransporter 2 inhibitors. Several studies, including animal experi-
ments and clinical trials, showed the beneficial effects of DPP4 inhib-
itors (DPP4is) on DN.16–19 DPP4 DPP-4 is a member of serine pro-
teases that was first characterized as a T cell surface marker (CD26);
its soluble form can be detected in peripheral blood, urine, and other
body fluids.20 DPP4 cleaves a wide range of substrates, including
growth factors, chemokines, and peptides, in addition to its major
role in glucose metabolism.21 DPP4 was highly expressed in kidney
under disease conditions found in experimental rodent models,
including high-fat-diet-induced diabetes and acute ischemia-reperfu-
sion injury.22,23 It is noted that DPP4i can delay the degradation of
incretins in order to rebalance the glycemic control of the patients
by prolonging insulin secretion.24,25 Beyond the glucose metabolism,
the potential effect of DPP4i on anti-inflammation has been suggested
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by a number of studies due to the significat
reduction of inflammation indicators, such as
CRP and IL-6, in the plasma of DPP4i-treated
patients.26–28 However, the pathogenic role
and underlying mechanism of DPP4 in diabetic
renal injury is still largely unknown.

Importantly, mouse CRP is synthesized only in
trace amounts and is not an acute-phase reac-
tant, whereas human CRP in mice can activate
complements and bind to mouse FcgRs, pre-
sumably FcgRIIb (CD32b). Thus, we gener-
ated a transgenic human CRP mouse strain
(CRPtg mice) that can serve as a convenient
and more reliable tool to investigate the bio-
logical activities of CRP under different disease
conditions.11–15,29 Interestingly, we found this
unique CRPtg-db/db mouse strain shows
more severe renal complications than their
parental db/db mice.30 In this study, we
observed that DPP4 is dramatically triggered
in the kidney of CRPtg-db/db mice compared
with both db/db and db/m mice, specifically
at the early stage of diabetic kidney injury.
We demonstrated that CRP is able to trigger
DPP4 expression in both murine and human renal cells associated
with the induction of renal inflammation and fibrosis markers
in vitro. Importantly, treatment with DPP4i effectively ameliorates
CRP-driven renal inflammation, fibrosis, and function loss in the
CRPtg-db/db mice. Mechanistically, we discovered a novel DPP4/
CD32b/NF-kB signaling circuit for CRP-driven T2DN in vivo and
in vitro. Thus, DPP4 may represent a novel therapeutic target for
CRP-mediated T2DN.

RESULTS
DPP4 Is Increased and Peaked before the Onset of Kidney Injury

in CRPtg db/db

The role of DPP4 in CRP-driven kidney injury is still largely un-
known. By our human CRP transgenic db/db mice model,31,32 we
found that the renal expression level of DPP4 was largely enhanced
in glomerulus and tubules of the 20-week-old CRPtg db/db mice
compared with the db/db mice, as well as non-diabetic db/m and



Figure 2. Induction of Renal DPP4 Peaks at the Age

of 12 Weeks in CRPtg db/db Mice

(A) Western blot shows the renal expression pattern of

DPP4 and CD32b in mice. (B) Real-time PCR examines

the renal expression of DPP4 mRNA in mice. (C) ELISA

detects the urine microalbuminuria creatinine ratio

(UACR) in different groups of mice and indicates the sig-

nificant promotion of UACR in CRPtg db/db mice

compared with db/db mice since age of 20 weeks. Each

bar represents the mean ± SEM for groups of six mice.

*p < 0.05, **p < 0.01, ***p < 0.001 versus db/mmice; #p <

0.05, ##p < 0.01, ###p < 0.001 versus db/db mice.
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CRPtg db/m littermates, as shown by immunohistochemistry (IHC)
(Figure 1A). The induction of DPP4 in the diabetic kidney of CRPtg

db/db mice was highly associated with the human CRP-driven
CD32b activation, as shown by IHC, western blot, and real-time po-
lymerase chain reaction (PCR) (Figure 1).

Then we further investigated the expression pattern of DPP4 in the
progression of CRP-driven kidney injury under diabetic condition
by a time-course study in vivo. Interestingly, the renal DPP4 level
was significantly increased in the CD32b-activated kidney of CRPtg

db/db mice since 12 weeks old compared with the db/db and db/m
mice, but unexpectedly declined during the development of T2DN
shown by western blot (Figure 2A). Interestingly, the renal expression
of DPP4 peaked at 12 weeks old and remained high throughout the
exacerbation of DN in the CRPtg db/db mice compared with both
db/db and db/mmice, as shown by real-time PCR (Figure 2B). More-
over, urine microalbuminuria creatinine ratio (UACR) assay showed
that the renal functional loss was significantly promoted in the CRPtg

db/db mice since 16 weeks old compared with the db/db mice
Mole
(Figure 2C), suggesting that renal DPP4 may
be important to the onset of CRP-driven
T2DN in db/db mice.

DPP4 Is Tightly Regulated by CRP/CD32b

Signaling in Renal Tubular Epithelial and

Mesangial Cells In Vitro

DPP4 was largely increased in both glomerulus
and tubules of CRPtg db/db mice associated
with the CD32b activation (Figure 1A); thus,
we hypothesized that CRP signaling may be
capable of triggering DPP4 expression in renal
resident cells and tested it on mouse tubular
epithelial cells (mTECs) and mesangial cells
(mMCs; SV40 MES 13) in vitro. Real-time
PCR showed that CRP (10 mg/mL) caused a
marked increase of DPP4 mRNA level in both
mTECs and mMCs and peaked at 12 h
in vitro (Figures 3A and 3B). In addition, we
also confirmed this finding on human renal
tubular epithelial HK-2 cells. Our result showed
that CRP significantly induced CD32b and
increased the expression of DPP4 mRNA, resulting in upregulation
of inflammatory cytokines (TNF-a, MCP-1) and fibrosis (collagen
I, fibronectin) by HK-2 cells (Figures 3C–3H). More importantly, in-
hibition of DPP4 with specific inhibitor linagliptin (DPP4i) effectively
suppressed the expression of renal inflammation and fibrosis markers
in the CRP-stimulated HK-2 cells in a dose-dependent manner (Fig-
ures 3I and 3J; Figure S1). Thus, we further investigated the functional
role and pathogenic mechanism of DPP4 in the CRP-mediated T2DN
in vivo.

DPP4 Inhibition Protects against Renal Injury in CRPtg db/db

Mice

To investigate the role of DPP4 in CRP-driven T2DN, we treated the
12-week-old CRPtg db/db mice with DPP4i linagliptin for 12 weeks
with effective dosage (3 mg/kg/day orally) supported by the increase
in serum GLP-1 level (Figure S2). Our results showed that DPP4i
significantly suppressed the progression of diabetic renal injury in
the linagliptin-treated 24-week-old CRPtg db/db mice compared
with the untreated mice, as suggested by the reduction of histology
cular Therapy Vol. 29 No 1 January 2021 367
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Figure 3. CRP Induces DPP4 in Renal Cells

Associated with Inflammatory and Fibrotic

Response In Vitro

Real-time analysis shows that CRP (10 mg/mL) triggers

DPP4 expression in (A) mTEC, (B) mMC, and (C) HK-2

cells; associated with (D) CD32b induction, it induces an

inflammatory and fibrotic response in the human HK-2 cell

line, including inflammatory markers (E) TNF-a and (F)

MCP-1 and fibrotic markers (G) collagen I (Col I) and (H)

fibronectin (Fn). DPP4 inhibitor (DPP4i linagliptin) signifi-

cantly suppresses the CRP-induced expression of (I)

TNF-a and (J) collagen I in HK-2 cells, as shown by real-

time PCR analysis. Data represent the mean ± SEM for

three independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001 versus control; #p < 0.05, ##p < 0.01 versus

CRP-stimulated HK-2 cells.

Molecular Therapy
injury from periodic acid-Schiff (PAS), periodic acid-silver methena-
mine (PASM), and Masson’s trichrome staining and renal function
loss from serum creatinine assay (Figure 4; Figure S3).

Linagliptin Ameliorates CRP-Driven Renal Inflammation and

Fibrosis in db/db Mice

We previously demonstrated that CRP promoted diabetic renal
injury with more severe renal inflammation and fibrosis in db/db
mice.30 Here, we also detected the enhancement of pro-inflamma-
tory cytokines and chemokine (TNF-a, IL-1b, and MCP-1) and
renal fibrotic biomarkers (collagen I and IV) in the diabetic injured
kidney of CRPtg db/db mice compared with db/db mice as shown by
IHC (Figures 5A and 6A). Interestingly, inhibition of DPP4 signif-
icantly reduced the CRP-driven inflammation and fibrosis in the
DPP4i-treated CRP-db/db mice compared with their non-treated
controls, as shown by the marked reduction of the renal inflamma-
tion and fibrosis marker expression, as well as the macrophage infil-
tration, in the diabetic kidney (Figures 5 and 6). These encouraging
data suggested that DPP4 has an important role in the pathogenesis
of CRP-driven T2DN.
368 Molecular Therapy Vol. 29 No 1 January 2021
A Novel DPP4/CD32b/NF-kB Signaling

Circuit in CRP-High Condition

Because our previous study showed that activa-
tion of CD32b/NF-kB signaling is important
for CRP-driven T2DN,30 we examined its poten-
tial role in the transcriptional regulation of
DPP4. Interestingly, we observed that CRP
markedly induced DPP4 expression in the dia-
betic injured kidney in vivo (Figure 7A). By
evolutionary conserved region (ECR) browser
and chromatin immunoprecipitation (ChIP)
assay, we identified a direct NF-kB binding site
on the promoter region of theDPP4 gene andde-
tected its enhancement in CRP-stimulated HK-2
cells at the genomic level in vitro (Figure 7B). Sur-
prisingly, we further found a strong co-localiza-
tion of DPP4 and CD32b in the cell membrane
of the CRPtg db/db group (Figure 7A), which led us to discover a novel
phenomenon where DPP4 can directly dimerize with CD32b at the
protein level.We confirmed that CRPwas able to induceDPP4:CD32b
dimerization in HK-2 cells in vitro by co-immunoprecipitation assay
(coIP) assay (Figure 7C). More importantly, inhibition of DPP4 was
able to reduce the expression of CD32b at both mRNA and protein
levels in a dose-dependent manner as detected by real-time PCR and
western blot (Figures 7D and 7E). Interestingly, targeting of either
CD32b, NF-kB, or DPP4 also suppressed the other two proteins in
the CRP-stimulated HK-2 cells in vitro (Figures 7F and 7G; Figure S3),
demonstrating a novel DPP4/NF-kB/CD32b signaling circuit under
CRP-rich condition. These results uncovered the existence of a novel
DPP4/CD32b/NFkB circuit for promoting CRP-driven kidney injury
in vivo and in vitro.

Moreover, we observed that the linagliptin treatment (DPP4i) was
capable of blocking the DPP4/CD32b/NF-kB circuit in diabetic kid-
ney under the CRP-rich microenvironment in vivo, as shown by
the significant CD32b suppression and NF-kB inactivation in the li-
nagliptin-treated CRPtg db/db mice (Figure 8; Figures S4 and S5).



Figure 4. DPP4 Inhibition SuppressesCRP-Enhanced

Kidney Injury in db/db Mice

(A) DPP4 inhibitor treatment suppresses histological renal

injury of CRPtg db/db at 24 weeks old, as shown by PAS,

PASM, and Masson’s trichrome staining with the (B)

quantification analysis of mesangial matrix index and glo-

merulosclerosis calculated by PASM staining and Mas-

son’s trichrome staining. (C) ELISA results of serum

creatinine (Scr) of mice at 24 weeks old, which shows the

renoprotective effect of DPP4i treatment, suggested by the

significant reduction of Scr in CRPtg db/db mice. Data

represent the mean ± SEM for eight mice per group. ***p <

0.001 versus db/m mice; #p < 0.05, ##p < 0.01 versus

untreated CRPtg db/db mice.
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Taken together, we discovered a novel DPP4/CD32b/NF-kB signaling
circuit in CRP-mediated T2DN and demonstrated that DPP4 may
represent an effective therapeutic target for CRP-driven T2DN
(Figure S6).

DISCUSSION
DN is a severe complication of T2DM and one of the major causes
of ESRD, but effective treatments are still limited because of the
complexity of the pathogenic mechanisms. It has been shown
that CRP is a risk factor in patients with T2DM and T2DN because
elevated serum levels of CRP were closely associated with the
increased microalbuminuria and renal dysfunction in T2DM pa-
tients.33–35 DPP4 is highly associated with diabetes because of its
physiological function as a primary mechanism for GLP-1 degrada-
tion.36 Recently, we also demonstrated the pathogenic role of CRP
in renal inflammation and renal fibrosis in experimental diabetic
models.30 DPP4 deficiency blocks renal damage in a variety of
experimental models,17,37,38 but its potential role in CRP-driven
DN is still not investigated. Here, by using our unique human
CRP transgenic db/db mice,30 we discovered the importance of a
Mol
novel DPP4/CD32b/NF-kB signaling circuit in
CRP-driven T2DN. More importantly, we
further demonstrated that targeting DPP4 was
capable of blocking the entire circuit and there-
fore inhibiting the progression of CRP-medi-
ated T2DN in vitro and in vivo.

DPP4 is an integral membrane glycoprotein and is
expressed ubiquitously in most organs and cell
types. We found that DPP4 was highly induced
in the glomerulus (i.e., podocytes and mesangial
cells) and tubules (i.e., brush borders and epithe-
lial cells) in the CRPtg db/dbmice, which is consis-
tent with studies on other experimental disease
models.31,32 Importantly, we are the first study
to discover that DPP4 induction is closely associ-
ated with the CRP-driven CD32b activation in
mice under diabetic conditions. More surpris-
ingly, the renal DPP4 expression peaked at the
age of 12 weeks before the onset of diabetic complications, such as renal
function impairment, indicated by the development of microalbumi-
nuria. In vitro study demonstrated that CRP can trigger DPP4 expres-
sion on both murine and human renal cells, and is associated with the
induction of renal inflammation and fibrosis markers. These results re-
vealed a pathogenic role for DPP4 in the CRP-mediated T2DN.

Indeed, DPP4 exists in soluble and membrane-bound forms, both of
which are responsible for proteolytic activity.39 The soluble form is
produced from shedding of the membrane DPP4 into the circulation,
whereas the membrane-bound form exerts pleiotropic actions and ex-
presses on many cell types, including kidney tubular cells.39 To
examine the importance of DPP4 in CRP-driven T2DN, we applied
a 12-week-treatment with DPP4i in CRPtg db/db mice. Our results
demonstrated that DPP4i treatment effectively suppressed renal func-
tion and histology injuries, renal inflammation, and fibrosis in the
CRPtg db/db mice compared with the control group.

In this study, we observed that high CRP level not only increased
expression of DPP4, but also unexpectedly enhanced the physical
ecular Therapy Vol. 29 No 1 January 2021 369
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Figure 5. DPP4 Inhibition Suppresses Renal Fibrosis

in CRPtg db/db Mice

(A) IHC of collagen I (Col I), collagen IV (Col IV), and

a-smooth muscle actin (a-SMA) in kidney (original

magnification �400). (B) Real-time PCR analysis of Col I,

Col IV, and a-SMA expression inmice at 24 weeks old. (C)

Western blot and quantitative analysis of Fn, Col I, Col IV,

and a-SMA expression in the kidney of mice at 24 weeks

old. Data represent the mean ± SEM for eight mice per

group. *p < 0.05, **p < 0.01, ***p < 0.001 versus db/m

mice; ^p < 0.05, ^^p < 0.01 versus db/db mice; #p < 0.05,
##p < 0.01 versus untreated CRPtg db/db mice.

Molecular Therapy
binding of membrane DPP4 with CD32b in the diabetic injured kid-
ney in vivo. The CRP-induced DPP4:CD32b dimerization was further
confirmed on a human proximal tubule epithelial cell line HK-2
by coIP assay in vitro. More importantly, inhibition of DPP4 signifi-
cantly suppressed both the activation and expression of CD32b under
the CRP-high condition. Our finding revealed that DPP4 acts as a co-
stimulatory membrane protein under CRP stimulation, is associated
with the activation of CD32b signaling, and may serve as an impor-
tant promoter of the pathogenesis of DN. Indeed, our data also found
that inhibition of DPP4 significantly reduced the kidney-infiltrating B
cells in CRPtg db/db mice in vivo and activation of the SDF-1a
(CXCL12)/CXCR4 pathway40 in CRP-stimulated HK-2 cells
in vitro. The underlying implications would be worth further
investigation.

Mechanically, we identified the promoting role of CRP-induced
CD32b/NF-kB signaling in the transcriptional regulation of DPP4
expression in the human tubular epithelial cells in vitro, where CRP
enhanced the direct binding of the p65 subunit of NF-kB on the pro-
moter region of DPP4 at the genomic level to promote its expression.
370 Molecular Therapy Vol. 29 No 1 January 2021
Surprisingly, we found that the CRP/ CD32b/
NF-kB-induced DPP4 dimerized with CD32b
at the membrane of renal cells under the CRP-
rich condition to maintain the activation and
expression of CD32b. Eventually, we found
that inhibition of CD32b, NF-kB, and DPP4
individually was also able to alter the expression
and activation of the others, demonstrating a
novel DPP4/NF-kB/CD32b signaling circuit
for CRP-driven T2DN. All of these findings re-
vealed that DPP4 is a crucial regulator for pro-
moting NF-kB activation together with CD32b
signaling, and therefore accelerating the devel-
opment of T2DN via enhancing renal inflam-
mation in the diabetic kidney. More impor-
tantly, we demonstrated that targeting DPP4
with an inhibitor is capable of blocking the
DPP4/CD32b/NF-kB signaling circuit in the
diseased kidney of CRPtg db/db mice, resulting
in an improvement of renal dysfunction and
renal inflammation and fibrosis. Our results
provided evidence and important clinical rationale that targeting of
DPP4 may represent a precise therapeutic strategy for T2DN.

Taken together, the present study identified a new pathogenic role of
DPP4 in CRP-driven T2DN via controlling a renal DPP4/CD32b/NF-
kB signaling circuit. Targeting of DPP4 may represent a novel thera-
peutic strategy for CRP-driven DN.

MATERIALS AND METHODS
Animal Model

db/db mice overexpressing human CRP (CRPtg-db/db) were cho-
sen in this study. CRPtg-db/db mice were generated by cross-
breeding db/m (C57BL/KSJ background) mice with human CRP
transgenic mice (C57BL/6J background) as in our previous
study.12,30 Meanwhile, db/m, CRPtg-db, and WT-db/db served as
control groups. The genotypes of mice were determined by geno-
typing as previous described. All mice were fed in Laboratory An-
imal Services Centre, the Chinese University of Hong Kong and
were maintained in a standard animal house with 12 h/12 h
light/dark cycle. CRPtg-db/db mice were treated with linagliptin,



Figure 6. DPP4 Inhibition Suppresses Renal

Inflammation in CRPtg db/db Mice

(A and B) IHC (A) and real-time PCR (B) result of MCP-1,

IL-1b, and TNF-a expression in kidney of mice at

24 weeks old (original magnification �400). (C) IHC

shows the enhanced renal infiltration of F4/80+ macro-

phages in CRPtg db/db mice is significantly decreased by

treatment with DPP4 inhibitor (original magnification

�400). Data represent the mean ± SEM for eight mice per

group. *p < 0.05, **p < 0.01, ***p < 0.001 versus db/m

mice; ^p < 0.05, ^^p < 0.01 versus db/db mice; #p < 0.05,
###p < 0.001 versus untreated CRPtg db/db mice.
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3 mg/kg/day for each mouse, from the age of 12 weeks, and all
mice were sacrificed at the age of 24 weeks via injection of keta-
mine/xylene.19 All studies were approved by the Animal Experi-
mentation Ethics Committee, the Chinese University of Hong
Kong, and the experimental methods were carried out in accor-
dance with the approved guidelines.

Histology and IHC

Kidneys sections were fixed in 4% paraformaldehyde and stained with
the PAS, PASM, and Masson’s trichrome staining method. IHC was
carried out by using a microwave-based antigen retrieval tech-
nique.30,41 The primary antibodies used in this study included
DPP4 (sc-52642; Santa Cruz) and CD32b (sc-166711; Santa Cruz).
Other antibodies were used in the current study as previously
described.41,42 The nuclei were counterstained with hematoxylin.
The positive cells were counted under the microscope power field
in 10 random areas of kidney tissues with the expected cells per milli-
meter, and the percentage of positive staining areas was quantified us-
ing the Image-Pro Plus software (Media Cybernetics, Bethesda, MD,
USA) in 10 consecutive fields.

Western Blot Analysis

Protein from renal cortex and HK-2 cells was extracted using the
radioimmunoprecipitation assay (RIPA) lysis buffer. Western blot
Mole
analysis was performed as described previ-
ously.41,43 Antibodies used in the current study
include DPP4 (sc-52642; Santa Cruz) and
CD32b (MAB14601; R&D), and other anti-
bodies involved, such as fibronectin, collagen
I, collagen IV, a-smooth muscle actin, phos-
pho-NF-kB/p65, NF-kB/p65, phospho-Smad3,
Smad3, and b-actin, were described previously.
Then IRDye800-conjugated secondary anti-
bodies (Rockland Immunochemicals, Gilberts-
ville, PA, USA) were used as secondary anti-
bodies. Signals were detected using the Li-
Cor/Odyssey infrared image system (LI-COR
Biosciences, Lincoln, NE, USA), followed by
quantitative analysis using the ImageJ
program.44
RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from the renal cortical tissues and cultured
HK-2 cells. Real-time PCR was carried out with a machine (Option 2;
Bio-Rad, Hercules, CA, USA) by using IQ SYBR green supermix re-
agent (Bio-Rad).45–47 The housekeeping gene b-actin was used as in-
ternal control. Primer sequences were: mouse DPP4, forward 50

TTGTGGATAGCAAGCGAGTTG 30, reverse 50 CACAGC-
TATTCCGCACTTGAA 30; human DPP4, forward 50 GCACGG-
CAACACATTGAA 30, reverse 50 TGAGGTTCTGAAGGCC-
TAAATC 30; human CD32b, forward 50

ACTCATCCAAGCCTGTGACC 30, reverse 50 ATTGTGTTCT
CAGCCCCAAC 30; human SDF-1a, forward 50 ACTCCAA
ACTGTGCCCTTCA 30, reverse 50 CCACTTTAGCTTCGGGTC
AAT 30; human CXCR4, forward 50 CCCTCCTGCTGACTATTCCC
30, reverse 50 TAAGGCCAACCATGATGTGC 30. The ratio of spe-
cific mRNA to b-actin mRNA was calculated using the 2�DCt
method and is expressed as the mean ± SEM.

Cell Culture

The normal adult human TEC line (HK-2 cells) and mTECs were
cultured in DMEM/F12 (GIBCO, CA, USA), supplemented with
10% FBS (GIBCO, CA, USA) and 1% antibiotic/antimycotic solution
(Life Technologies, USA). SV40-transformed mMCs (MES13)
(ATCC, Manassas, VA, USA) were maintained in a 3:1 mixture
cular Therapy Vol. 29 No 1 January 2021 371
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Figure 7. A Novel DPP4/CD32b/NF-kB Circuit in CRP-Rich Diabetic Condition

(A) Immunofluorescence staining shows the co-localization of DPP4 and CD32b in the diabetic injured kidney of CRPtg db/db mice at 24 weeks old (original

magnification �400). (B) The predicted binding site of NF-kB on the evolutionarily conserved region of DPP4 in human (yellow highlighted at right lower panel) and mouse

genomes by ECR browser, where ChIP assay shows that NF-kB physically binds DPP4 promoter in response to CRP (10 mg/mL) in HK-2 cells at 1 h. (C) Co-immuno-

precipitation (coIP) assay demonstrates that CRP triggers the binding of DPP4 to CD32b in HK-2 cells at 24 h after stimulation. (D and E) Real-time PCR (D) and western blot

(legend continued on next page)
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Figure 8. Linagliptin Effectively Blocks DPP4/

CD32b/NF-kBSignaling Circuit in CRPtg db/dbMice

The 12-week treatment with linagliptin significantly sup-

presses the CRP-induced DPP4/CD32b/NF-kB signaling

circuit in the diabetic kidney of CRPtg db/db mice at

24 weeks old, as shown by (A and B) IHC staining, (C)

real-time PCR, and (D) western blot analysis (original

magnification �400). Data represent the mean ± SEM for

eight mice per group. ***p < 0.001 versus db/mmice; ^p <

0.05, ^^^p < 0.001 versus db/db mice; #p < 0.05, ###p <

0.001 versus untreated CRPtg db/db mice.
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of DMEM and Ham’s F-12 medium containing 5% FBS and 1%
antibiotic/antimycotic solution (Life Technologies, Grand Island,
NY, USA).42,48 We use anti-CD32b neutralizing antibody (5 mg/ml;
R&D) to block CD32b, DPP4i (50 mg/mL; R&D) to downregulate
DPP4 expression, and BAY11-7082 (10 mM) to inhibit the phosphor-
ylation of NF-kB, respectively, for 2 h before addition of CRP (10 mg/
mL) for 24 h. All of the experiments were repeated independently at
least three times.

Renal Function Measurement

Twenty-four-hour urinary samples were collected in metabolic
cages every 4 weeks from the age of 12 weeks. Urinary micro-
(E) analysis detect that DPP4 inhibition suppresses CRP-induced CD32b expression in HK-2 cells. (F and G) R

addition of either NF-kB inhibitor BAY11-7085 (NF-kBi, 10 mM), DPP4i, or CD32b-neutralizing antibody (CD32bi, 1

CD32b/NF-kB signaling circuit in HK-2 cells. Data represent themean ±SEM for three independent experiments. *

versus CRP-stimulated HK-2 cells.

Mole
albumin was measured by competitive
ELISA according to the manufacturer’s in-
structions (Exocell, PA, USA). Levels of
blood and serum creatinine were determined
accordingly with the enzymatic method
(Stanbio Laboratories, TX, USA). Urinary al-
bumin excretion was expressed as total uri-
nary albumin/creatinine (mg/mg) as in a
previous study.48

Immunofluorescence Staining

Immunofluorescence staining was performed
with 5-mm periodate-lysine-paraformaldehyde
(PLP)-fixed frozen sections. Primary antibodies
used for immunofluorescence staining included
DPP4 (sc-52642; Santa Cruz) and CD32b (sc-
28842; Santa Cruz), followed by RHO-conju-
gated anti-mouse and fluorescein isothiocya-
nate (FITC)-conjugated anti-rabbit secondary
antibodies, respectively.49 All slides were
mounted with DAPI-containing mounting me-
dium and then analyzed with a fluorescence mi-
croscope (Leica Microsystems, Wetzlar,
Germany).
Immunoprecipitation

HK-2 cells were extracted in ice-cold RIPA lysis buffer containing
protease inhibitor cocktail. Primary antibodies, including DPP4
(sc-52642; Santa Cruz) and CD32b (sc-28842; Santa Cruz), were
added into the equal lysis buffer supernatant. After incubating for
4 h at 4�C, the immune complex is captured, or precipitated, on
a beaded support to which an antibody-binding protein is immobi-
lized (such as protein A or G). Finally, the immune complexes were
washed with lysis buffer three times and then boiled in Laemmli
SDS sample buffer for 5 min, followed by western blotting as
described above.50
eal-time PCR (F) and western blot (G) analysis show the

0 mg/mL) also blocks the activation of CRP-induced DPP4/

*p < 0.01, ***p < 0.001 versus control; #p < 0.05, ##p < 0.01

cular Therapy Vol. 29 No 1 January 2021 373

http://www.moleculartherapy.org


Molecular Therapy
ChIP Analysis

ChIP was performed with Simple Chip Enzymatic Chromatin IP Kit
(magnetic beads) (#9003; Cell Signaling, Danvers, MA, USA) as pre-
viously described.42,51 The NF-kB binding site on DPP4 genomic
sequence was identified by the ECR browser (https://ecrbrowser.
dcode.org/) as in our previous study.52 Immunoprecipitation was per-
formed with the antibody against NF-kB (#8242; Cell Signaling) or a
normal IgG as negative control. Precipitated DNA fragments were de-
tected by PCR using a specific primer of the promoter region of DPP4:
forward 50-AACCCAGGACTCCGTCTCTT-30, reverse 50-AG-
CACCTGGGAAAAAGTCAA-30.

Statistical Analysis

All of the data are expressed as mean ± SEM. Statistical analyses were
performed with one-way analysis of variance (ANOVA), followed by
Newman-Keuls multiple comparison from GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA). In addition, a repeated
ANOVA was used for albumin excretion analysis.
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Supplementary Figure S1. Real-time PCR detects that inhibition of DPP4 with specific inhibitor
Linagliptin effectively suppresses the CRP-induced expression of renal inflammation (MCP-1) and
fibrosis (fibronectin) markers and activation of SDF-1a/CXCR4 pathway at mRNA levels in HK-2
cells at 24h in vitro. Data represent results from 3 independent experiments. *p<0.05 vs control;
#p<0.05 vs CRP-stimulated control.
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Supplementary Figure S2. ELISA detects that human CRP expression suppresses serum
level of glucagon-like peptide 1 (GLP-1) in CRP-tg db/db mice compared to the parental
db/db mice, which is effectively restored by the 12-week-treatment with linagliptin
(3mg/kg/day orally) in vivo. Each bar represents the mean ± SEM for groups of six mice.
*p < 0.05 vs db/m mice; ^p < 0.05 vs db/db mice; #p<0.05 vs CRP-tg db/db mice.
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Supplementary Figure S3. ELISA results of (A) serum HbA1c of mice at 24-week-old and (B)
the levels of urine albumin, body weight, random and fasting blood glucose of the CRPtg-db/db
mice during linagliptin treatment. Data represents the mean ± SEM for five mice per group.
*P<0.05, **P<0.01, *** P < 0.001 versus db/m mice; #P < 0.05 versus untreated mice.
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Supplementary Figure S4. Western blot shows that targeting of either CD32b, NF-kB, and
DPP4 also inhibits the CRP-driven DPP4 expression in diabetic injured kidney of CRP-tg
db/db mice in vivo. Each bar represents the mean ± SEM for groups of six mice. *p < 0.05,
**p<0.01 vs db/m mice; #p < 0.05 vs db/db mice; ^p<0.05 vs CRP-tg db/db mice.
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Supplementary Figure S5. The 12-week-treatment with linagliptin significantly suppresses
the CRP-induced B cell infiltration in the diabetic kidney of CRPtg db/db mice at 24-week-
old showing by the immunohistochemistry staining of CD19 (X400). Data represents the
mean ± SEM for six mice per group. *P<0.05, ***P < 0.001 versus db/m mice; ##P<0.01
versus db/db mice; ^^^P < 0.001 versus untreated CRPtg db/db mice.
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Supplementary Figure S6. Schematic diagram of CRP-driven DPP4/CD32b/NF-kB signaling
circuit in diabetic kidney. Under diabetic conditions, CRP binds to CD32b triggers the activation
and translocation of NF-kB into nucleus which then binds on the promoter region of DPP4 gene and
enhances DPP4 expression at transcription level. The induced DPP4 will then dimerizes with CD32b
on the membrane, which further promote the CD32b-mediated phosphorylation of NF-kB therefore
forming a signaling circuit for promoting inflammatory response during CRP-driven T2DN.
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