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Abstract Diabetic nephropathy (DN) is considered the primary causes of end-stage renal disease

(ESRD) and is related to abnormal glycolipid metabolism, hemodynamic abnormalities, oxidative stress

and chronic inflammation. Antagonism of vascular endothelial growth factor B (VEGF-B) could effi-

ciently ameliorate DN by reducing renal lipotoxicity. However, this pharmacological strategy is far from

satisfactory, as it ignores numerous pathogenic factors, including anomalous reactive oxygen species

(ROS) generation and inflammatory responses. We found that the upregulation of VEGF-B and
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downregulation of interleukin-22 (IL-22) amongDNpatients were significantly associatedwith the progres-

sion of DN. Thus, we hypothesized that a combination of a VEGF-B antibody and IL-22 could protect

against DN not only by regulating glycolipid metabolism but also by reducing the accumulation of inflam-

mation and ROS. Tomeet these challenges, a novel anti-VEGFB/IL22 fusion protein was developed, and its

therapeutic effects on DNwere further studied. We found that the anti-VEGFB/IL22 fusion protein reduced

renal lipid accumulation by inhibiting the expression of fatty acid transport proteins and ameliorated inflam-

matory responses via the inhibition of renal oxidative stress and mitochondrial dysfunction. Moreover, the

fusion protein could also improve diabetic kidney disease by increasing insulin sensitivity. Collectively, our

findings indicate that the bifunctional VEGF-B antibody and IL-22 fusion protein could improve the pro-

gression of DN, which highlighted a novel therapeutic approach to DN.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting 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/).
1. Introduction

Diabetic nephropathy (DN), one of the crucial microvascular
complications of diabetes mellitus, is currently considered to be
the major cause of end-stage renal disease (ESRD)1. DN is caused
by a variety of factors, such as the production of advanced gly-
cation end products (AGEs), hemodynamic abnormalities, ectopic
lipid deposition and inflammatory injury, which ultimately lead to
kidney damage and renal dysfunction2. Unfortunately, the thera-
peutic agents developed to date for DN that target renal patho-
genesis are restricted. Patients can only depend on renal
replacement therapy after DN progresses to ESRD, which imposes
a heavy economic burden on individuals and families3. Therefore,
it is necessary to further explore the corresponding potential
therapeutic approaches of DN.

Vascular endothelial growth factor B (VEGF-B) is a crucial
factor in promoting abnormal lipid metabolism as a part of the
vascular endothelial growth factor family4. VEGF-B can specif-
ically upregulate fatty acid transport proteins (FATPs) and in-
crease ectopic lipid deposition, which ultimately leads to insulin
resistance by binding to the membrane receptors neuropilin-1
(NRP-1) or vascular endothelial growth factor receptor
(VEGFR)-15. Furthermore, recent studies6e8 have reported that
VEGF-B can also promote lipid accumulation in podocytes and
directly result in DN by reducing podocyte insulin sensitivity.
Therefore, an anti-VEGF-B monoclonal antibody is expected to
treat DN by simultaneously regulating lipid metabolism and
improving insulin resistance. However, there is no definitive evi-
dence that reducing VEGF-B signaling could alleviate oxidative
stress and inflammatory responses, which are equally the leading
causes of DN.

Multiple studies9,10 have shown that inflammatory responses
are closely related to the development of DN; however, glucose-
lowering agents and antihypertensive therapies cannot easily
eliminate inflammatory responses. Therefore, further amelioration
of inflammatory responses as well as the control of abnormal
glycolipid metabolism is necessary. Interleukin-22 (IL-22) can be
produced by CD4þ T helper subtypes (such as Th17 cells and
Th22 cells) and innate lymphoid cells (ILCs, such as natural killer
cells, dendritic cells, and macrophages) as one of the interleukin-
10 cytokine superfamilies11. IL-22 mainly binds to the receptors
IL-22R1 and IL-10R2, and then specifically activates the intra-
cellular JAK/STAT3 signaling pathway, thereby mediating anti-
inflammatory and other biological effects. We and others have
reported that IL-22 can significantly reduce liver fibrosis, which is
caused by acetaminophen, concanavalin A or overconsumption of
a high-fat diet by preventing liver inflammatory responses and
promoting hepatocyte regeneration12e14. Additionally, our col-
leagues have reported that IL-22 can significantly reduce inflam-
matory cytokines (such as IL-1b) and simultaneously protect renal
function in DN mice15. Moreover, studies have also indicated that
IL-22 can alleviate renal injury caused by renal ischemia-reper-
fusion16. Thus, we hypothesize that combining VEGF-B antibody
and IL-22 can alleviate renal lipotoxicity and insulin resistance as
well as ameliorate inflammatory responses.

Here we found that serum levels of VEGF-B were clearly
upregulated and that IL-22 levels were obviously downregulated
in DN patients, which might be related to the progression of DN.
To meet these challenges, we successfully constructed and purified
a novel anti-VEGFB/IL22 fusion protein, simultaneously
combining a VEGF-B antibody and IL-22. We further demon-
strated the beneficial effects of the anti-VEGFB/IL22 fusion
protein on DN by ameliorating glomerular and tubular lipid
accumulation while alleviating oxidative stress and inflammatory
responses. Moreover, the bifunctional fusion protein could in-
crease insulin sensitivity. Overall, these findings indicate that the
anti-VEGFB/IL22 fusion protein might be expected to become a
prospective therapeutic strategy for DN.

2. Materials and methods

2.1. DN patient selection and nondiabetic subject recruitment

Human serum samples were obtained from 18 nondiabetic sub-
jects and 128 DN patients. The inclusion criteria for DN patients
were as follows: diagnosis of DM with concomitant macro-
albuminuria, diabetes duration >10 years with concomitant
microalbuminuria, or diabetic retinopathy with concomitant
microalbuminuria. In addition, human kidney tissues were ob-
tained from DN patients requiring renal puncture biopsy and
nondiabetic subjects undergoing radical nephrectomy or requiring
renal puncture biopsy. The clinical characteristics of these subjects
are shown in Supporting Information Table S1. Our study was
given authorization by the Institutional Review Board at Chan-
gHai Hospital (Shanghai, China), and all subjects signed an
informed consent form.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. mRNA-seq analysis

Total RNAwas isolated from mouse kidney tissues. RNA integrity
(agarose gel electrophoresis), purity (nanodrop) and concentration
were analyzed. Then, the mRNAwas concentrated using magnetic
beads with Oligo (dT) and randomly broken into short fragments.
Double-stranded cDNA was synthesized and purified from tem-
plate mRNA with AMPure XP beads. The resulting cDNA end
sequences of were completed via End Repair Mix, and poly A tails
and sequencing connectors were added. Double-stranded DNA
was digested to single-stranded DNA by USER enzyme, and 15
amplification cycles were performed to obtain the final cDNA
library using PCR technology. Clusters were generated by bridge-
type PCR amplification on cBot instrument. Finally, sequencing
was performed using 2 � 151 sequencing mode.

2.3. Production of anti-VEGF-B antibody

The genes encoding the heavy chain and light chain of the anti-
VEGF-B antibody (2H10, described by PD Scotney5) were suc-
cessfully cloned and digested by EcoRI and BamHI (New England
Biolabs Inc., Ipswich, MA, USA). Then, the final sequence was
ligated into the directional pTT5 plasmid vector. Next, we pro-
duced an anti-VEGF-B antibody by transient gene expression in
CHO-S cells. DNA transfection procedures were performed in
strict accordance with Thermo Fisher’s protocols. Finally, we
collected cell supernatants and purified the VEGF-B antibody
using a protein A affinity chromatography column.

2.4. Production of anti-VEGFB/IL22 fusion protein

The C-terminus of the gene encoding the anti-VEGF-B antibody
heavy chain was fused to the murine IL22 moiety with a flexible
linker sequence. Then, the genes described above and that
encoding the anti-VEGF-B antibody light chain were digested
concurrently by EcoRI and BamHI, and the final sequence was
ligated into the directional pTT5 plasmid vector. The DNA
transfection and purification protocol for the anti-VEGFB/IL22
fusion protein is the same as that described above for the anti-
VEGF-B antibody.

2.5. Animals

db/m and db/db mice (C57BKS/Lepr, male, 5 weeks old) were ob-
tained from the Model Animal Research Center of Nanjing Uni-
versity (Najing, China) and were kept under specific pathogen-free
(SPF) conditions. db/m mice were fed chow-food, and db/db mice
were kept a high-fat diet (HFD) for 5 weeks, followed by HFD
feeding and treatment for 8weeks.Micewere randomly divided into
seven groups: lean controls (db/m, nZ 7); DNmodel group (db/db,
nZ 9); anti-VEGF-B antibody-treated group (db/db, nZ 7, 400mg,
twice weekly for 8 weeks, intraperitoneal injection); IL-22-Fc-
treated group (db/db n Z 7, 245 mg, twice weekly for 8 weeks,
intraperitoneal injection); low-dose anti-VEGFB/IL22 fusion
protein-treated group (db/db, n Z 7, 100 mg, twice weekly for 8
weeks, intraperitoneal injection); high-dose anti-VEGFB/IL22
fusion protein-treated group (db/db, nZ 7, 505mg, twiceweekly for
8 weeks, intraperitoneal injection); and losartan-treated group
(db/db, n Z 7, 20 mg/kg/day, irrigation). And anti-VEGF-B
antibody-treated mice, IL-22-Fc-treated mice, high-dose anti-
VEGFB/IL22 fusion protein-treated mice were treated with equi-
molar administration (molecular weight: anti-VEGF-B antibody:
approximately 150 kD; IL-22-Fc: approximately 92 kD, IL-22:
approximately 20 kD; anti-VEGFB/IL22 fusion protein: approxi-
mately 190 kD). Furthermore, losartan was used as positive control
drug. Blood was sampled retro-orbitally and stored at �70 �C for
experimental analyses. Urine was collected biweekly in 24-h
metabolic cages. All animal experiments were conducted with the
approval of the Ethics Committee of Fudan University School of
Pharmacy (Shanghai, China).
2.6. Metabolic measurements

Bodyweight, serum triglyceride level, serum total cholesterol level,
blood glucose level, serum creatinine level and blood urea nitrogen
(BUN) level were measured with an assay kit (NanJingJianCheng,
Nanjing, China). The levels of urine microalbumin were measured
with a mouse microalbumin (mALB) ELISA kit (NanJingJian-
Cheng). The urine creatinine level and 24-h urinary protein quantity
were measured with an assay kit (NanJingJianCheng). The creati-
nine clearance rate (Ccr) was determined using Eq (1):

Ccr Z (Urine creatinine � Urine volume/24 h)/Serum
creatinine (1)
2.7. Histopathological study

Mice were euthanized at the age of 18 weeks under 5% chloral
hydrate, and kidney and liver tissues were immediately weighed
and fixed with 4% formaldehyde. Then, we stained kidney tissues
with H&E, Masson, PAS and oil red O for histopathological
research. In addition, we processed and stained liver tissues with
H&E and oil red O. Subsequently, we assessed the renal samples
and liver samples under 100 � , 200 � and 400 � magnification,
randomly obtained five images and analyzed the percentage of
positive Masson, PAS, oil red O stained area in the whole image
with ImageJ software (NIH, Bethesda, MA, USA).
2.8. Immunohistochemical study

Immunohistochemical (IHC) staining of VEGF-B (Abcam, Lon.,
UK, 1:200), with Hoechst 33342-labeling of the nuclei, was used
to explore the correlation between the expression of VEGF-B and
the progression of DN. IHC staining of NF-kB P65 (Servicebio,
Wuhan, China, 1:200) and TNF-a (Servicebio, 1:200), counter-
stained with Hoechst 33342 to label the nuclei, was carried out to
assess the effect of the anti-VEGFB/IL22 fusion protein on
improving inflammatory responses. IHC staining of IRS-1 (Bioss,
Beijing, China, 1:200), counterstained with Hoechst 33342 to
label the nuclei, was carried out to assess the effect of the anti-
VEGFB/IL22 fusion protein on resensitization to insulin
signaling. We counted positively staining areas with ImageJ
software and calculated the percentage of positively staining areas
in the whole image.
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2.9. Immunofluorescence study

Immunofluorescence analysis of NLRP3 (CST, Boston, Ma, USA,
1:200) and ADFP (Bioss, 1:200), with Hoechst 33342-labeling of
the nuclei, was carried out to assess the expression of NLRP3 and
ADFP in the kidney tissues of DN patients. Immunofluorescence
analysis of FATP4 (Abcam, 1:200), ADFP (Bioss, 1:200), coun-
terstained with Hoechst 33342 to label the nuclei, was carried out
to assess the effect of the anti-VEGFB/IL22 fusion protein on
reducing the transportation and accumulation of fatty acids. The
immunofluorescence results were assessed and calculated using
ImageJ software.

2.10. ROS and mitochondrial membrane potential study

SV40 MES13 cells were incubated in medium supplemented with
10% FBS in 6-well plates for 24 h. Then, cells were exposed to a
high dose of glucose (HG: 30 mmol/L) or a low dose of glucose
(LG: 5 mmol/L). Subsequently, cells were cultured and respec-
tively added with anti-VEGF-B antibody (200 ng/mL),
anti-VEGFB/IL22 fusion protein (252 ng/mL), IL-22-Fc
(122 ng/mL), NAC (5 mmol/L) and PBS overnight. NAC was
used as a positive control drug for antioxidant.

Kidney samples and SV40 MES13 cells were incubated for
20 min after adding Mitosox (10 mmol/L, Beyotime Biotech-
nology, Shanghai, China). Subsequently, we measured the fluo-
rescence intensity of kidney samples and SV40 MES13 cells at
485 and 530 nm (excitation and emission wavelength). Further-
more, we measured the mitochondrial membrane potential with a
JC-1 assay kit (Beyotime Biotechnology). Kidney samples and
SV40 MES13 cells were exactly incubated for 30 min after adding
JC-1 at 37 �C (10 mmol/L) and measured at 514 and 529 nm
(excitation and emission wavelength of JC-1 monomer) and at 529
and 585 nm (excitation and emission wavelength of J-aggregates).

2.11. Electron microscopy

For analysis of the electron microscopy results, kidney samples
were collected in 4% stationary liquid for electron microscopy
overnight at 4 �C. Then, they were measured by using an electron
microscope at 60 kV. The podocyte foot processes and glomerular
basement membrane (GBM) thickness were measured, and we
randomly examined three mice from each group.

2.12. Western blot analysis

Renal tissues and liver tissues were homogenized, and total pro-
teins were collected and incubated with specific antibodies for
NLRP3 (CST, 1:1000), cleaved caspase-1 (CST, 1:1000), mature
IL-1b (CST, 1:1000), phospho-Ser 616 IRS-1 (Bioss, 1:1000),
total IRS-1 (Bioss, 1:1000), p-AKT (CST, 1:1000), total AKT
(CST, 1:1000), p-ERK1/2 (Abcam, 1:1000), total ERK1/1
(Abcam, 1:1000), collagen IV (Abcam, 1:1000), vimentin (CST,
1:1000), a-SMA (CST, 1:1000), GAPDH (CST, 1:1000) and
b-actin (CST, 1:1000). Then, we visualized target proteins with an
enhanced chemiluminescence substrate. Semiquantitative Western
blot analysis was performed using ImageJ software.

We cultured SV40 MES13 cells in medium supplemented with
10% FBS at 1 � 105 cells/well in 6-well plates for 24 h. Anti-
VEGF-B monoclonal antibody was added to each well at
200 ng/mL, and anti-VEGFB/IL22 fusion protein was added to
each well at 250 ng/mL for 0.5, 1, 2, 4 or 8 h. Then, cells were
collected and incubated with p-STAT3 (CST, 1:1000), STAT3
(CST, 1:1000), p-AKT (CST, 1:1000) and b-actin (CST, 1:1000).
Finally, cells were visualized with enhanced chemiluminescence
substrate.

Human umbilical vein endothelial cells (HUVECs) were
cultured in medium (10% FBS) in 6-well plates for 24 h. Then,
cells were starved in medium (0.5% FBS) for 6 h and were sub-
sequently added 100 ng/mL of VEGF-B, treated with 1 mg/mL
anti-VEGF-B antibody, 1.25 mg/mL anti-VEGFB/IL22 fusion
protein, 0.25 mg/mL IL-22-Fc, or new medium for placebo ther-
apy, and then incubated for 18 h. Additional cells were collected
and incubated with FATP4 (Abcam, 1:1000) and GAPDH (CST,
1:1000). Then, the cells were visualized with enhanced chem-
iluminescence substrate.

2.13. Cell culture

ExpiCHO-S cells (Invitrogen, Carlsbad, CA, USA) were incu-
bated in an incubator with 8% CO2 at 37 �C. CHO-S cells were
transferred to 32 �C on the second day of gene expression. We
used a Countstar IC 1000 cell counter to assess cell density and
viability.

SV40 MES13 cells and HUVECs were obtained from Cell
Bank of the Chinese Academy of Sciences, Shanghai Branch
(Shanghai, China) and incubated in an incubator (5% CO2, 37

�C).
Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10%
FBS (Invitrogen), 1% streptomycin and 1% penicillin (Beyotime
Biotechnology) was used to culture all cells.

2.14. Statistical analysis

All data were expressed as the mean � standard error of mean
(SEM). Assessment of differences between groups was performed
using Student’s t-test or one-way ANOVA. Pearson correlation
analysis or Pearson’s correlation analysis was performed by SPSS
version 20. Statistically significant differences were indicated as
*P < 0.05, **P < 0.01 or ***P < 0.001.

3. Results

3.1. VEGF-B expression was abnormally increased and IL-22
expression was visibly decreased in DN patients

Our study group included 128 DN patients and 18 nondiabetic
subjects. The clinical characteristics of these nondiabetic subjects
and DN patients are indicated in Table S1. Our data suggest that
the circulating VEGF-B level was notably higher and the circu-
lating IL-22 level was substantially lower in DN patients than in
nondiabetic subjects (Fig. 1A). Furthermore, we found a positive
correlation of VEGF-B level with the levels of urine albumin-to-
creatinine ratio (ACR), serum creatinine, 24-h urinary protein
quantity and glycosylated hemoglobin (HbA1c%) but not with b2
microglobulin (b2-MG) or estimated glomerular filtration rate
(eGFR). We also observed a negative correlation of IL-22 level
with the levels of ACR and b2-MG but not with 24-h urinary
protein quantity, HbA1c% or eGFR in Fig. 1B and Supporting
Information Fig. S1AeS1E. Renal pathology was diagnosed
based on the Pathologic Classification of Diabetic Nephropathy17.
To ulteriorly explore the effect of VEGF-B on the progression of
DN, immunohistochemistry was conducted to detect the expres-
sion of VEGF-B in kidney tissues. Our data indicate that the



Figure 1 Upregulation of VEGF-B and downregulation of IL22 in DN patients. (A) Serum levels of VEGF-B from healthy subjects (n Z 17)

and DN patients (n Z 49) and serum levels of IL22 in healthy subjects (n Z 17) and DN patients (n Z 65). (B) Pearson correlation between

VEGF-B and ACR (n Z 38); Pearson correlation between IL22 and ACR (n Z 38); Pearson correlation between VEGF-B and serum creatinine

(nZ 46); Pearson correlation between IL22 and serum creatinine (nZ 65); Pearson correlation between VEGF-B and b2-MG (nZ 30); Pearson

correlation between IL22 and b2-MG (nZ 33). (C) Representative PAS images of kidney samples and immunohistochemical staining of VEGF-B

in kidney samples (scale bar: PAS: 50 mm; VEGF-B: 100 mm). (D) Immunofluorescence analysis of ADFP (scale bar: 50 mm). (E) Immuno-

fluorescence analysis of NLRP3 (scale bar: 50 mm). **P < 0.01; ***P < 0.001.
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Figure 2 Anti-VEGFB/IL22 fusion protein was expressed and purified. (A) Generation and purification of anti-VEGFB/IL22 fusion proteins

(linker sequence: GGCGGCGGCGGCTCCGGAGGAGGAGGATCTGGTGGTGGTGGTTCG. (B) SDS-PAGE analysis of the anti-VEGFB/IL22

fusion protein. (C) Affinity of anti-VEGFB-hIL22 for human VEGF-B and mouse VEGF-B measured by surface plasmon resonance (Ka: as-

sociation constant; Kd: dissociation constant; KD: affinity constant). (D) Size-exclusion chromatography profile of purified anti-VEGF-B

antibody and anti-VEGFB/IL22 fusion protein. (E) SV40 MES13 cells were incubated with high-dose glucose (30 mmol/L) or low-dose

glucose (5 mmol/L) for 1 h, followed by the addition of anti-VEGF-B antibody, IL22 or anti-VEGFB/IL22 fusion protein for 12 h. Then, the

cells were stained with Hoechst 33342 and Mitosox to measure intracellular ROS (scale bar: 20 mm). (F) A JC-1 kit was used to visualize the

mitochondrial membrane potential (scale bar: 50 mm). (G) Statistical assessment of the levels of ROS and JC-1 aggregates/monomers (n Z 3e5).

(H) Anti-VEGF-B antibody or anti-VEGFB/IL22 fusion protein was added at different time points. Anti-VEGFB/IL22 fusion protein induced

STAT3 and AKT phosphorylation in SV40 MES13 cells. (I) Anti-VEGFB/IL22 fusion protein reduced the expression of FATP4 in HUVECs.

(J) Densitometric values of FATP4 expression. *P < 0.05; **P < 0.01; ***P < 0.001.
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expression of VEGF-B significantly increased in the renal tissues
of DN patients (Fig. 1C and Fig. S1F). Furthermore, we found that
the expression of adipocyte differentiation-related protein (ADFP)
and the NOD-like receptor family pyrin domain-containing pro-
tein 3 (NLRP3) inflammasome significantly increased in DN
patients, indicating that the development of DN was due to ectopic
lipid accumulation and inflammatory responses (Fig. 1D and E).
Taken together, our findings suggest that abnormal glucose
metabolism, abnormal lipid metabolism and inflammation play a
role in DN and that upregulation of VEGF-B and downregulation
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of IL-22 may be relevant to the progression of DN. Therefore, we
hypothesized that DN could be improved by combined adminis-
tration of the VEGF-B antibody and IL-22.

3.2. Expression, purification and bioactivity of anti-VEGF-B
antibody and IL-22 fusion protein

In the present study, to develop an anti-VEGFB/IL22 fusion
protein, the C-terminus of the anti-VEGF-B antibody heavy chain
was fused to the murine IL22 moiety with a flexible linker
sequence. The genes encoding the protein described above and the
anti-VEGF-B antibody light chain were concurrently inserted into
pTT5 plasmid vector and transfected into CHO-S cells (Fig. 2A).
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
and size-exclusion chromatography show the molecular weight of
the anti-VEGF-B antibody and anti-VEGFB/IL22 fusion protein,
and show that anti-VEGF-B antibody and anti-VEGFB/IL22
fusion protein had a high purity without forming polymer
(Fig. 2B and D). The surface plasmon resonance results indicate
that the anti-VEGF-B antibody and anti-VEGFB/IL22 fusion
protein had a similar high-binding affinity to the VEGF-B antigen
(Fig. 2C). Furthermore, anti-VEGFB/IL22 fusion protein could
block the high expression of FATP4 caused by the VEGF-B an-
tigen in HUVECs (Fig. 2I and J), proving that the fusion protein
and anti-VEGF-B antibody could repress the interaction of VEGF-
B and VEGFR1/NRP-1. In addition, representative immunoblots
and quantitative analysis suggest that the anti-VEGFB/IL22 fusion
protein as well as IL-22-Fc could significantly stimulate the
phosphorylation of STAT3 and AKT, indicating that the fusion
protein activated IL22-related signaling (Fig. 2H, Supporting In-
formation Fig. S2A and S2B). More importantly, our data
demonstrated that the fusion protein, IL-22-Fc and the ROS
scavenger N-acetyl-L-cysteine (NAC) completely recovered high
glucose-induced increase of oxidative stress level and the collapse
of the mitochondrial membrane potential (Fig. 2EeG), further
proving its biological effects. Meanwhile, our results illustrated
that anti-VEGFB/IL22 fusion protein at different concentrations
were almost nontoxic in various cell types including SV-40
MES13, HK-2, HEK-293T and C2C12 cells (Fig. S2C). Histo-
logical examination on major organs show no pathological dam-
ages after the fusion protein administration in 1 day and 7 days
post-injection, indicating that the fusion protein could be
perceived as a safe agent (Fig. S2D). Given these results, we
suggest that an anti-VEGFB/IL22 fusion protein combining
VEGF-B antibody and IL-22 was successfully expressed and
bifunctional.

3.3. Anti-VEGFB/IL22 fusion protein ameliorated renal
dysfunction and reduced kidney injury in db/db mice

The db/db mice are employed as a normal experimental model of
type two diabetes for the analysis of DN. As shown in Fig. 3A
and Supporting Information Fig. S7B, our data demonstrated that
diabetes-induced increasing ACR level was almost completely
recovered by anti-VEGFB/IL22 fusion protein injection. Anti-
VEGFB antibody and IL-22-Fc treatment also significantly
alleviated the level of ACR, but their efficacy was relatively
lower than that of fusion protein. Apart from ACR level, we
illustrated that the fusion protein treatment remarkably down-
regulated the levels of serum creatinine, blood urea nitrogen
(BUN), 24-h urinary volume and 24-h urinary protein, and
reversed Ccr levels (Fig. 3B, E, F and Supporting Information
Figs. S3eS6). More importantly, these results suggest that anti-
VEGFB/IL22 fusion protein treatment showed a better
improvement in comparison with anti-VEGFB antibody, IL-22-
Fc and losartan treatment to a certain degree, indicating the
protective effects of the fusion protein in alleviating kidney
injury and renal dysfunction. In addition, anti-VEGFB/IL22
fusion protein improved the survival rate of db/db mice and
effectively reduced the diabetes-induced increase in the renal
index, whereas anti-VEGFB antibody, IL-22-Fc and losartan only
achieved marginal improvement (Fig. 3C and D). Renal patho-
logical alterations were significantly improved in db/db mice as
shown by hematoxylin & eosin (H&E) staining after adminis-
tration of anti-VEGFB/IL22 fusion protein therapy for 8 weeks.
Obviously, the effects of the fusion protein were better than anti-
VEGFB antibody, IL-22-Fc and losartan (Fig. 3G). Consistent
with histological observations, transmission electron microscopy
(TEM) results show anti-VEGFB/IL22 fusion protein distinctly
reduced glomerular basement membrane (GBM) thickness and
reversed podocyte foot process effacement, whereas anti-VEGFB
antibody and IL-22-Fc only showed moderate amelioration,
including the protective effects of the fusion protein on the
pathological ultramicrostructure of the kidney (Fig. 3H and I). In
conclusion, these data indicate that the anti-VEGFB/IL22 fusion
protein dramatically ameliorated renal function and reduced
kidney injury in a diabetes-induced mouse model of DN.

3.4. Anti-VEGFB/IL22 fusion protein reduced kidney oxidative
stress, inhibited inflammatory responses and ameliorated renal
fibrosis in diabetes-induced mouse model of DN

The NLRP3 inflammasome is an inflammation mediator18. And
NLRP3 inflammasome has significant effects on the progression
of DN. Our colleagues found that NLRP3 inflammasome activa-
tion was markedly upregulated in experimental mice with DN15.
In the present study, our data suggest that the anti-VEGFB/IL22
fusion protein therapy had a stronger inhibitory effect on the
activation of NLRP3 inflammasome, cleaved caspase-1 and
mature IL-1b in kidney tissues compared with the anti-VEGF-B
antibody and IL-22-Fc treatment (Fig. 4B and G). Similarly,
diabetes induced an up-regulation of the TNF-a and NF-kB P65
levels in the kidney, which was completely reversed by anti-
VEGFB/IL22 fusion protein therapy and partly alleviated by IL-
22-Fc treatment and minimally relieved by anti-VEGFB antibody
treatment, indicating that the fusion protein had a significant
therapeutic effect in inhibiting inflammatory responses in vivo
(Fig. 4F). In addition, anti-VEGFB/IL22 fusion protein adminis-
tration prominently reduced diabetes-induced intracellular ROS
accumulation as well as lowered mitochondrial dysfunction in
comparison with anti-VEGFB antibody- and IL-22-Fc-treated
groups (Fig. 4A and D).

It is universally understand that excessive deposition of extra-
cellular matrix (ECM) leads to renal fibrosis, which eventually
causes renal failure in DN19. Thus, we next asked whether the anti-
VEGFB/IL22 fusion protein could inhibit renal fibrosis. We found
that renal collagen accumulation was considerably reduced as
shown by Masson staining after anti-VEGFB antibody, IL-22-Fc,
losartan, and anti-VEGFB/IL22 fusion protein therapy for 8 weeks.
However, the anti-VEGFB/IL22 fusion protein almost recovered
diabetes-induced renal collagen accumulation compared with anti-
VEGFB antibody, IL-22-Fc and losartan (Fig. 4E and H).
Concurrently, our results further demonstrated that administration
of the anti-VEGFB/IL22 fusion protein completely reversed



Figure 3 Anti-VEGFB/IL22 fusion protein therapy reduced renal injury and improved kidney function in db/db mice. (A) Measurements of

ACR. (B) Measurements of serum creatinine, BUN and Ccr (n Z 5e9). (C) Survival rate of db/db mice after anti-VEGFB/IL22 fusion protein

therapy. *P < 0.05 compared with DN model mice; #PZ 0.095 compared with DN model mice; &PZ 0.097 compared with DN model mice. (D)

Renal index indicated by kidney weight/body weight of db/db mice. (E)e(F) Measurements of 24-h urine volume and 24-h urinary protein

quantity. (G) Representative H&E images of kidney samples from db/db mice (scale bar: 100 mm, 200 � ; 50 mm, 400 �). (H)e(I) Representative

electron microscopy images of a db/db mouse glomerulus and TEM quantification of GBM thickness (scale bar: 10 mm) (n Z 3). *P < 0.05;
**P < 0.01; ***P < 0.001.
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diabetes-induced high expression of proteins related to fibrosis
(collagen IV, vimentin and a-SMA) in kidney tissues. The increase
of above proteins could be obviously reduced by anti-VEGFB
antibody and IL-22-Fc treatment, whereas the effects of which
were partly inferior to the fusion protein (Fig. 4C and I). Overall,
these results demonstrated that kidney fibrosis and inflammatory
responses mediated by oxidative stress and mitochondrial
dysfunction were effectively ameliorated after anti-VEGFB/IL22
fusion protein administration, indicating the combinational pro-
tective role of anti-VEGFB antibody and IL-22.
Figure 4 Anti-VEGFB/IL22 fusion protein inhibited NLRP3 inflammaso

db/db mice. (A) The levels of ROS and mitochondrial membrane potentia

assay kit (scale bar: 100 mm). (B)e(C) The levels of NIRP3, cleaved caspas

IV were measured by Western blotting. (D) The statistical assessment of the

Representative Masson images of mouse kidney samples and the assessm

Immunohistochemical images of TNF-a and NF-kB P65 in kidney sections

NLRP3, cleaved caspase-1 and mature IL1-b, and the expression of vim
***P < 0.001.
3.5. Anti-VEGFB/IL22 fusion protein reduced diabetes-induced
renal lipid accumulation

Studies8,20,21 have found that lipid deposits as well as inflamma-
tory responses have a considerable effect on the pathogenesis of
DN and that kidney function was immensely improved by
reducing renal lipotoxicity. In the present study, we found that the
accumulation of neutral lipids in the kidney, as assessed by oil red
O staining and ADFP expression, was completely rescued by anti-
VEGFB/IL22 fusion protein therapy and partly relieved by IL-22-
me activation, alleviated ROS generation and reduced renal fibrosis in

l in the kidney sections were measured by Mitosox staining and JC-1

e-1 and mature IL-1b and the levels of vimentin, a-SMA and collagen

levels of ROS and JC-1 aggregates/monomers (nZ 3e5). (E) and (H)

ent of Masson-positive staining (scale bar: 100 mm) (n Z 3e5). (F)

(scale bar: 50 mm). (G) and (I) Quantitative analysis of expression of

entin, a-SMA and collagen IV (n Z 3e5). *P < 0.05; **P < 0.01;



Figure 5 Anti-VEGFB/IL22 fusion protein therapy prevented the accumulation of neutral lipids in blood circulation and kidney tissue. (A)

Representative oil red O images of kidney sections (scale bar: 200 mm, 100 � ; 50 mm, 400 �). (B) Immunofluorescence images of FATP4 in

kidney sections (scale bar: 50 mm). (C) Immunofluorescence images of ADFP (adipophilin) in kidney sections (scale bar: 20 mm). (D) Mea-

surements of serum triglyceride and serum total cholesterol. (E) Quantification of oil red O analysis of kidney sections (n Z 3e5). (F) Quan-

tification of FATP4 and ADFP expression in kidney sections (n Z 3e5). *P < 0.05; **P < 0.01.

136 Yilan Shen et al.
Fc treatment. Specifically, anti-VEGFB antibody treatment also
elicited significant improvement, but the fusion protein displayed
relatively better efficacy than anti-VEGFB antibody (Fig. 5A, C,
E, and F). In addition, renal lipid accumulation was closely related
to FATP4 expression22. We further confirmed that anti-VEGFB/
IL22 fusion protein administration completely normalized the
expression of FATP4, whereas anti-VEGFB antibody treatment
showed partial recovery and IL-22-Fc treatment only exhibited
minimal reduction. Above data suggest the combinational pro-
tective role of anti-VEGFB antibody and IL-22 in alleviating lipid



Figure 6 Anti-VEGFB/IL22 fusion protein induced IRS-1 and AKT phosphorylation in db/db mice. (A) and (B) Representative PAS images

and quantification of PAS analysis of kidney sections (scale bar: 100 mm) (n Z 3e5). (C) and (E) Immunohistochemical images and the statistics

of IRS-1 in liver sections (scale bar: 100 mm, 200 � ; 50 mm, 400 �) (n Z 3e5). (D) Measurements of blood glucose. (F)e(I) Western blotting

analysis and quantitative analysis of the expression of p-IRS-1, p-ERK1/2 and p-AKT in the kidney and liver (n Z 3e5). *P < 0.05; **P < 0.01;
***P < 0.001.
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droplets transported into podocytes and tubular epithelial cells via
reducing FATP4 expression (Fig. 5B and F). Furthermore, we
assessed whether dyslipidemia was improved after anti-VEGFB/
IL22 fusion protein therapy. As shown in Fig. 5D, the fusion
protein remarkably reduced triglycerides but not total cholesterol
in diabetic mice, which might be due to anti-VEGFB/IL22 fusion
treatment having targeted effects on neutral lipids. In summary,
the beneficial effect of anti-VEGFB/IL22 fusion protein on DN
was closely related with reduced glomerular and tubular lipid
accumulation.

3.6. Anti-VEGFB/IL22 fusion protein therapy increased insulin
sensitivity in diabetic mice

Hyperglycemia, lipid deposition and inflammatory responses
jointly promote renal insulin resistance and kidney dysfunction23.
To study whether anti-VEGFB/IL22 fusion protein therapy
reduced insulin resistance, we monitored blood glucose fluctua-
tion for 8 weeks and assessed insulin-related signaling by IHC
staining of IRS-1. We found that anti-VEGFB/IL22 fusion protein
and IL-22-Fc treatment could obviously abate blood glucose while
anti-VEGFB antibody treatment did little to lower blood glucose
(Fig. 6D and Supporting Information Fig. S7A. Our data further
suggest that the fusion protein immensely up-regulated the
expression of IRS-1 in the liver, the ameliorative effects of which
were statistically more significant than anti-VEGFB antibody and
IL-22-FFc (Fig. 6C and E). In addition, administration of anti-
VEGFB/IL22 fusion protein markedly stimulated IRS-1 phos-
phorylation and AKT phosphorylation in kidney compared with
anti-VEGFB antibody- and IL-22-FFc-treated mice. Similarly, the
expression of signal transductions of insulin such as p-IRS-1 and
p-AKT was also up-regulated in liver of mice administrated with
the fusion protein, whereas anti-VEGFB antibody and IL-22-FFc
treatment exhibited relatively lighter improvement. Specially, the
phosphorylation of ERK1/2 was prominently triggered by the
fusion protein and IL-22-Fc, but not by anti-VEGFB antibody
(Fig. 6FeI). Furthermore, administration of anti-VEGFB/IL22
fusion protein profoundly decreased the area positive for PAS
staining in comparison with anti-VEGFB antibody-, IL-22-Fc-,
and losartan-treated groups, indicating glycogen deposition
(Fig. 6A and B). Taken together, these data suggest a beneficial
role of combination of VEGF-B antibody and IL-22 in alleviating
insulin resistance and further ameliorating diabetic kidney
diseases.

3.7. Anti-VEGFB/IL22 fusion protein regulated glucose
metabolism-related process, lipid metabolism-related process and
inflammatory responses

To further validate that the therapeutic effect of the anti-VEGFB/
IL22 fusion protein on DN was related to the amelioration of
abnormal glucose metabolism, lipid metabolism and inflammatory
responses, we sequenced the mRNA of kidney tissues from db/m
mice and HFD-fed db/db mice (a diabetes-induced mouse model
of DN) and anti-VEGFB/IL22 fusion protein-treated DN mice. We
found 103 identical upregulated genes and 214 identical down-
regulated genes in anti-VEGFB/IL22 fusion protein-treated mouse
and db/m mice compared with DN mice, shown in Supporting
Information Fig. S8C. Moreover, the heat map result suggest that
the genes prominently altered in DN mice included lipid meta-
bolism process (such as Dgkq and Gpd1), glucose metabolism
process (such as Pck1 and Creb3l3) and inflammatory responses
(such as Chad and Wnt 11) compared with db/m mice (Fig. 7A).
And the genes that were altered upon administration of anti-
VEGFB/IL22 fusion protein in diabetes-induced DN mice also
were related to lipid metabolism process (such as Dgkq and
Gpd1), glucose metabolism process (such as Pck1 and Creb3l3)
and inflammatory responses (such as Chad and Wnt11) (Fig. 7B).
Furthermore, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and gene set enrichment analysis
(GSEA) results further confirmed that the most significantly
altered pathways were lipid metabolism-, glucose metabolism-,
and inflammatory responses-related pathway in db/m mice and
anti-VEGFB/IL22 fusion protein-treated mice (Fig. 7C and D and
Supporting Information Fig. S8A and S8B). More importantly, we
have found JAKeSTAT signaling is obviously enriched in anti-
VEGFB/IL22 fusion protein-treated mice according to GSEA
analysis, indicating that the fusion protein could activate IL-22
signaling pathway and further ameliorate inflammatory re-
sponses. Collectively, these findings suggest potential therapeutic
effects of anti-VEGFB/IL22 fusion protein on DN via regulating
glucose metabolism-related process, lipid metabolism-related
process and inflammatory responses.

3.8. Anti-VEGFB/IL22 fusion protein protected against
diabetes-induced liver injury

There was a strong correlation between metabolic disorders and
diabetes complications24. Moreover, the liver has been widely
considered to have significant effects on metabolic diseases.
Therefore, we asked whether diabetes-induced liver injury was
improved after anti-VEGFB/IL22 fusion protein therapy, which
might have further beneficial effects on diabetes complications.
We found that anti-VEGFB/IL22 fusion protein and IL-22-Fc
administration prominently reduced diabetes-induced increases
in serum levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), whereas anti-VEGFB antibody only
displayed partial mitigation (Fig. 8D). Moreover, H&E staining
analysis suggest that administration of anti-VEGFB/IL22 fusion
protein obviously ameliorated diabetes-induced hepatocellular
necrosis compared with anti-VEGFB antibody- and IL-22-Fc-
treated mice. oil red O staining results demonstrated that diabetes
could trigger lipid accumulation in the liver, which was mean-
ingfully relieved by the fusion protein injection and partly reduced
by anti-VEGFB antibody or IL-22-Fc treatment (Fig. 8A and C).
Immunoblotting analysis indicates that anti-VEGFB/IL22 fusion
protein therapy completely reversed diabetes-induced over
expression of NLRP3 inflammasome and cleaved caspase-1 in
comparison with anti-VEGFB antibody and IL-22-Fc treatment
(Fig. 8B and E). These results indicate that the anti-VEGFB/IL22
fusion protein improved diabetes-induced liver injury, which
further protected against the progression of DN.
4. Discussion

Although DN is treated by strictly lowering blood glucose, blood
pressure, and blood lipids and protecting renal function, it is still
the most common cause of ESRD25. Therefore, novel treatment
strategies that target the pathogenesis of DN and prevent pro-
gression towards ESRD are urgently needed. In our work, con-
firming a close correlation between the progression of DN and



Figure 7 mRNA-seq analysis results validate that anti-VEGFB/IL22 fusion protein regulated glucose metabolism-related process, lipid

metabolism-related process and inflammatory responses. (A) Heat map of meaningfully altered lipid metabolism-related genes, glucose

metabolism-related genes and inflammation-related genes in db/m mice versus DN mice. (B) Heat map of meaningfully altered lipid metabolism-

related genes, glucose metabolism-related genes and inflammation-related genes in DN mice and anti-VEGFB/IL22 fusion protein-rescued DN

mice. (C) KEGG pathway analysis of lipid metabolism-related genes, glucose metabolism-related genes or inflammation-related genes in

diabetes-induced DN mice and db/m mice. (D) KEGG pathway analysis of lipid metabolism-related genes, glucose metabolism-related genes or

inflammation-related genes after anti-VEGFB/IL22 fusion protein treatment in db/db mice.
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Figure 8 Reduced liver injury and inflammation generation in db/m mice after anti-VEGFB/IL22 fusion protein therapy. (A) Representative

images of H&E staining and images of oil red O staining (scale bar: 100 mm, 200 � ; 50 mm, 400 �). (B) and (E) Immunoblotting and quantitative

analysis of the expression of NLRP3 and cleaved caspase-1 in the liver (n Z 3e5). (C) Quantification of oil red O analysis of liver sections

(n Z 3). (D) Measurements of serum ALT and serum AST (n Z 5e7). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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increased VEGF-B levels as well as decreased IL-22 levels, a
bifunctional anti-VEGFB/IL22 fusion protein combining a VEGF-
B antibody and IL-22 was first expressed and purified. We pro-
vided evidence that this fusion protein not only ameliorated
glomerular and tubular lipid deposition by reducing the expression
of FATP4 but also reduced oxidative stress, mitochondrial
dysfunction and inflammatory responses, which further prevented
the progression of DN.
Recent studies have indicated that abnormal lipid metabolism
and ectopic neutral lipid accumulation play a potential role in the
progression of DN. Accumulation of neutral lipids in the renal
tubules might induce tubulointerstitial fibrosis, yet glomerular
fatty acid (FA) uptake might lead to podocyte death and insulin
resistance26e29. Lowering VEGF-B signaling could improve
glomerular lipid accumulation and re-sensitize podocytes to in-
sulin signaling8. Moreover, we and others14,30 have suggested that
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IL-22 is beneficial for ameliorating lipid metabolic disorders. As
expected, anti-VEGFB/IL22 fusion protein can play relatively
better role in reducing glomerular and tubular lipid accumulation
via combining VEGF-B signaling reduction and IL-22, indicating
that anti-VEGFB/IL22 fusion protein might be a potential mech-
anism in reducing lipotoxicity, proteinuria and renal fibrosis in
diabetic kidneys.

Inflammatory responses have also been widely considered to
be a major factor in the progression of diabetic renal complica-
tions, indicating that the reduction in inflammatory responses
could ameliorate diabetic-induced proteinuria and kidney dam-
age31,32. Moreover, a recent study indicated that activation of the
NLRP3 inflammasome contributes to inflammatory responses,
further resulting in the progression of DN33e36. Furthermore, we
and others have suggested that IL-22 was beneficial for amelio-
rating inflammatory responses and accelerating kidney regenera-
tion. IL-22 gene therapy could protect against the development of
DN by inhibiting NLRP3 inflammasome activation and reducing
renal fibrosis15,30,37,38. In the current investigation, we demon-
strated that the anti-VEGFB/IL22 fusion protein noticeably
reduced the activation of the NLRP3 inflammasome by lowering
ROS generation and preventing mitochondrial dysfunction in the
diabetic kidney, indicating that the beneficial effects of the fusion
protein on DN might be due to ameliorating inflammatory re-
sponses. Notably, thus far, there is no definite evidence that
VEGF-B is closely related to inflammatory responses. However,
our data indicate that reducing VEGF-B signaling could alleviate
NLRP3 inflammasome activation and further decrease IL-1b
expression mediated by cleaved caspase-1, so the further rela-
tionship between VEGF-B signaling and inflammatory responses
will be explored in the future studies.

Insulin resistance and insulin deficiency is well known to react
on the progression of DN. A recent study suggested that decreased
VEGF-B signaling could ameliorate glucose tolerance and restore
insulin sensitivity5. Moreover, IL-22 is reported to improve
metabolic disorders and insulin resistance in diabetes30. Our data
suggest that the anti-VEGFB/IL22 fusion protein played a better
role in ameliorating insulin resistance, which might be due to the
beneficial effects of the fusion protein in protecting the liver. The
liver is recognized as the main organ involved in metabolism and
is closely related to metabolic disorders. Therefore, we hypothe-
sized that in addition to its own effects in re-sensitizing the kid-
neys to insulin signaling, the anti-VEGFB/IL22 fusion protein
could also reduce insulin resistance by improving liver function
and alleviating liver injury, further protecting against DN. More-
over, considerable evidence proves that serum fatty acid levels
could intensely promote insulin resistance; conversely, increased
insulin resistance accelerates hepatic lipid accumulation by acti-
vating insulin receptor kinase, phosphorylating IRS-1/IRS-2 and
upregulating p-AKT39e43. In addition, inflammatory responses
had a crucial effect on the pathogenesis of insulin resistance and
the development of diabetes by upregulating IL-1b and TGF-a
levels44e47. In the present study, the beneficial effects of the anti-
VEGFB/IL22 fusion protein in improving glucose metabolism and
insulin resistance might be exerted by reducing renal lipid depo-
sition and inflammatory responses. Furthermore, the positive ef-
fects of the fusion protein in ameliorating diabetes-induced renal
lipotoxicity and inflammatory responses might be due to increased
insulin sensitivity. Thus, we suggest that ectopic lipid accumula-
tion, inflammatory responses and increased insulin resistance were
interrelated and interacted with each other, which ultimately
promoted the development of DN.

5. Conclusions

A noteworthy increase in circulating VEGF-B levels and a
remarkable decrease in circulating IL-22 in DN patients, which
were strongly related to the progression of DN, were found.
Furthermore, our data provide evidence that the anti-VEGFB/IL22
fusion protein could ameliorate renal dysfunction and alleviate
kidney injury in diabetic mice. We suggest that the important
effects of the fusion protein on DN are mediated by reducing
ectopic lipid accumulation, inflammatory responses and insulin
resistance in diabetic mice, indicating that the bifunctional anti-
VEGFB/IL22 fusion protein might be an effective therapeutic
strategy for DN.
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