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RUNNING HEAD: Vasohibin-2 peptide vaccine for diabetic nephropathy
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ABSTRACT

Diabetic nephropathy remains the leading cause of end-stage kidney disease in many countries, and
additional therapeutic targets are needed to prevent its development and progression. Some angiogenic
factors are involved in the pathogenesis of diabetic nephropathy. Vasohibin-2 (VASH2) is a novel
proangiogenic factor, and our previous study showed that glomerular damage is inhibited in diabetic
Vash2 homozygous knockout mice. Therefore, we established a VASH2-targeting peptide vaccine as a
tool for anti-VASH2 therapy in diabetic nephropathy. In this study, the preventive effects of the VASH2-
targeting peptide vaccine against glomerular injury were examined in a streptozotocin (STZ)-induced
diabetic mouse model. The mice were subcutaneously injected with the vaccine at two doses 2 weeks
apart and then intraperitoneally injected with 50 mg/kg STZ for 5 consecutive days. Glomerular injury
was evaluated 20 weeks after the first vaccination. Treatment with the VASH2-targeting peptide vaccine
successfully induced circulating anti-VASH2 antibody without inflammation in major organs. Although
the vaccination did not affect blood glucose levels, it significantly prevented hyperglycemia-induced
increases in urinary albumin excretion and glomerular volume. The vaccination did not affect increased
VASH2 expression but significantly inhibited renal angiopoietin-2 (Angpt2) expression in the diabetic
mice. Furthermore, it significantly prevented glomerular macrophage infiltration. The preventive effects
of vaccination on glomerular injury were also confirmed in db/db mice. Taken together, the results of
this study suggest that the VASH2-targeting peptide vaccine may prevent diabetic glomerular injury in
mice by inhibiting Angpt2-mediated microinflammation.

NEW & NOTEWORTHY

This study demonstrated preventive effects of VASH2-targeting peptide vaccine therapy on albuminuria
and glomerular microinflammation in STZ-induced diabetic mouse model by inhibiting renal Angpt2
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expression. The vaccination was also effective in db/db mice. The results highlight the importance of
VASH?2 in the pathogenesis of early-stage diabetic nephropathy and the practicability of anti-VASH2
strategy as a vaccine therapy.

Keywords: Vasohibin-2; peptide vaccine; diabetic nephropathy; albuminuria; macrophages

INTRODUCTION

Diabetic nephropathy is a serious microvascular complication of persistent hyperglycemia and develops
in approximately 40% of patients with diabetes(1). It remains the leading cause of end-stage kidney
disease in most countries despite the availability of novel anti-diabetic agents in the past years. Recent
studies have demonstrated that sodium—glucose transport protein-2 inhibitors, in addition to inhibiting
renin—angiotensin—aldosterone system, successfully delay the progression of diabetic renal injury(2, 3).
However, once the disease progresses to an advanced stage, it is difficult to reverse, highlighting the
importance of early prevention of nephropathy in patients with diabetes.

Various angiogenic factors mediate the development and progression of diabetic nephropathy, making
them candidate targets for the early prevention of nephropathy(4). Vascular endothelial growth factor
(VEGF) is a potent proangiogenic factor involved in the formation of early-phase diabetic glomerular
lesions. Specific anti-VEGF strategies can prevent albuminuria and glomerular lesions in diabetic animal
models. However, anti-VEGF antibody treatment induces glomerular endothelial injury with massive
proteinuria in patients with advanced cancer(5). Therefore, recent studies have focused on alternative
angiogenic signaling pathways in diabetic nephropathy. Activation of angiopoietin-1 (Angpt1)-Tie2
receptor signaling(6) and inhibition of leucine-rich a2-glycoprotein-1-mediated proangiogenic
transforming growth factor (TGF)-B signaling(7) prevent glomerular injury in diabetic animal models.
Furthermore, diabetic glomerular damage and albuminuria are ameliorated in vasohibin-2 (VASH2)-
deficient mice(8). VASH2 was originally identified as a homolog of the antiangiogenic factor vasohibin-1
(VASH1). However, VASH2 exhibits proangiogenic activity by preventing the termination of capillary
sprouting(9). While normally differentiated cells express VASH2 at extremely low levels, cellular
dedifferentiation such as cancer transformation upregulates VASH2 protein expression. In tumor tissues,
VASH2 expression is associated with tumor growth and angiogenesis(10, 11). Renal VASH2 expression is
upregulated in animal models of diabetic nephropathy and acute kidney injury(8, 12). Notably, Vash2
homozygous knockout mice show no obvious phenotypes in contrast to VEGF(8). Thus, anti-VASH2
therapy may be a promising strategy for treating diseases related to abnormal angiogenesis.

Peptide vaccines have many potential benefits in preventing chronic diseases. In particular, vaccines can
be mass-produced at a low cost and require infrequent administration, resulting in a substantial
reduction in the healthcare financial burden for chronic diseases. However, vaccines against chronic
diseases need to target self-antigens and not exogenous pathogens; hence, they must overcome
immune tolerance systems and avoid autoimmune injury(13). Peptide-based vaccines targeting self-
antigens induce the production of therapeutic neutralizing antibodies without cytotoxic T cell activation.
For example, peptide vaccines that target angiotensin I, dipeptidyl peptidase-4, and proprotein
convertase subtilisin/kexin-9 effectively and safely prevent hypertension, hyperglycemia, and
hyperlipidemia in experimental animal models(14-16). Considering the anti-tumor effects of anti-VASH2
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neutralizing monoclonal antibody(17), we established a novel peptide vaccine targeting the VASH2 N-
terminal epitope as a tool for anti-VASH2 therapy(18).

We examined the preventive effects of the VASH2-targeting peptide vaccine against the progression of
glomerular injury in a streptozotocin (STZ)-induced diabetic mouse model and obese db/db diabetic
mouse model. The vaccination efficiently induced the production of circulating anti-VASH2 antibody and
suppressed albuminuria and glomerular microinflammation in diabetic mice. Our results suggest the
VASH2-targeting peptide vaccine as a promising preventive strategy against early-stage diabetic
nephropathy.

MATERIALS AND METHODS

Preparation of VASH2 peptide vaccine

As the VASH2 epitope, the N-terminal 1-11 amino acid sequence that is conserved between mice and
humans was selected, and the peptide was synthesized by Peptide Institute Inc. (Osaka, Japan), as
previously described(18). Briefly, the VASH2 peptide was conjugated to keyhole limpet hemocyanin
(KLH) as a carrier protein using the glutaraldehyde method, and the synthetic peptides were purified
using reverse-phase high-performance liquid chromatography (>98% purity). The peptide vaccine was
dissolved in saline with ultrasonication and mixed with an equal volume of complete (for first
injection)/incomplete (for second injection) Freund’s adjuvant (Sigma-Aldrich, St. Louis, MO, USA)
before immunization(19).

Animal experiment

C57BL/6J mice and db/db mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). The mice were fed
standard pellet laboratory chow and provided with water ad libitum at the Department of Animal
Resources of the Advanced Science Research Center at Okayama University (Okayama, Japan). Six-week-
old male C57BL/6J mice were subcutaneously injected VASH2-targeting peptide vaccine mixed with
Freund’s adjuvant (50 pg of the synthetic peptide in 100 uL) at weeks 0 and 2. Two weeks later, diabetes
was induced through the intraperitoneal injection of 50 mg/kg STZ (Sigma-Aldrich) dissolved in 0.1 M
citrate buffer (pH 4.5) for 5 consecutive days as previously described(20). Non-diabetic control mice
were only injected with citrate buffer. At week 8, STZ-treated mice without hyperglycemia (defined as a
non-fasting blood glucose concentration >280 mg/dL) were excluded from subsequent experiments.
Blood glucose levels at week 8 in mice included in this study are presented in Supplemental Table. Less
than 10 pL of blood samples were collected from the tail vein every 4 weeks to determine VASH2
antibody titer. At week 16, 24 h urine samples were collected from the metabolic cages. At week 20,
blood samples were collected from the inferior vena cava, and the kidneys and other organs were
harvested. Finally, the subgroups included 6 non-diabetic mice without vaccination (NDM-V), 7 non-
diabetic mice with vaccination (NDM+V), 9 diabetic mice without vaccination (DM-V), and 9 diabetic
mice with vaccination (DM+V). Six-week-old male db/db mice received the VASh2-targeting peptide
vaccine at weeks 0 and 2 in the same manner as described above. Vaccinated (db/db+V; n = 6) and
unvaccinated (db/db-V; n = 6) mice were also compared. Urine samples were collected at weeks 2, 9,
and 15, and the kidneys were harvested at week 16. The experimental protocols were approved by the
Animal Care and Use Committee of Okayama University (approval no. OKU-2020598 and OKU-2020592).
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Enzyme-linked immunosorbent assay

The VASH2 antibody titer in the serum was determined using enzyme-linked immunosorbent assay
(ELISA) as previously described(21). Briefly, mouse VASH2 peptide (Peptide Institute Inc.) was coated on
96-well Immuno Plates (Thermo Fisher Scientific, Waltham, MA, USA). After the wells were blocked with
phosphate buffered saline (PBS) containing 5% skim milk for 2 h, serum samples diluted 100-fold to
312,500-fold were placed on the wells and then incubated overnight at 4°C. The wells were washed and
incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG antibody (GE Healthcare,
Buckinghamshire, UK) for 3 h at room temperature. HRP-conjugated anti-mouse 1gG1, 1gG2a, 1gG2b, and
IgG2c antibodies (all purchased from Abcam, Cambridge, UK) were used to determine the antibody
titers of IgG subclasses. After washing, the wells were incubated with 3,3’,5,5’-tetramethyl benzidine
(Sigma-Aldrich) as a chromogenic substrate for 30 min, and the reaction was terminated with 0.5 N
sulfuric acid. The absorbance of each well was measured at 450 nm using an iMARK microplate reader
(Biorad, Hercules, CA, USA). The antibody titer is expressed as dilution ratio with half-maximal binding.

Blood and urine examination and blood pressure measurement

Blood glucose levels in the venous blood samples were measured using a glucometer (Glutest Neo;
Sanwa Kagaku, Nagoya, Japan). Serum and urine creatinine, urine albumin, blood urea nitrogen (BUN),
and hemoglobin Alc (HbAlc) levels were measured by Oriental Yeast Co., Ltd. (Tokyo, Japan). Urine
albumin excretion was normalized to urine creatinine concentration. Arterial blood pressure was
measured using a programmable sphygmomanometer (BP-98A; Softron, Tokyo, Japan).

Histology and Immunohistochemistry

Formalin-fixed, paraffin-embedded sections (4 um thickness) were stained with periodic acid-Schiff
(PAS) and Masson’s trichrome for the kidneys and hematoxylin and eosin (HE) for the other organs.
Thirty glomerular images were obtained at 200x magnification from each PAS-stained kidney section,
and the areas surrounded by glomerular capillary tufts were measured using cellSens imaging software
(Olympus, Tokyo, Japan) to determine the mean glomerular cross-sectional tuft area (G,). The mean
glomerular volume (Gy) was calculated as G, = B/k x (GA)3/2, where B = 1.38 is the shape coefficient for
spheres, and k = 1.1 is the size distribution coefficient(22, 23). Mesangial and interstitial areas were
guantified as aniline blue-stained areas inside and outside the glomeruli, respectively, on sections
stained with Masson’s trichrome (200x magnification) using cellSens imaging software. These areas
were expressed as the percentage of blue-stained areas in the glomerular tuft and extra-glomerular field
areas, respectively.

Paraffin-embedded kidney sections were deparaffinized and treated with 3% H,0, for 10 min to
inactivate endogenous peroxidase activity. Subsequently, sections were incubated overnight at 4°C with
rat anti-Mac-2 (lectin galactoside-binding soluble 3) antibody (Cedarlane, Burlington, Ontario, Canada)
or goat anti-tumor necrosis factor (TNF)-a antibody (R&D Systems, Minneapolis, MN, USA). After being
washed with PBS, the sections were incubated with the immune-peroxidase polymer Histofine Simple
Stain Mouse MAX PO (Rat) or Mouse MAX PO (G) (Nichirei Bioscience, Tokyo, Japan). ImnmPACT DAB
(Vector Laboratories, Burlingame, CA, USA) was used as the chromogen. Nuclei were counterstained
with hematoxylin. The number of Mac-2-positive cells was counted at 400x magnification in at least 30
glomerular images per section(24).
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Electron microscopy

Each kidney cortical tissue was fixed with 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, and
then embedded in EPON epoxy resin. Ultra-thin sections were imaged using a transmission electron
microscope (H-7650; Hitachi, Tokyo, Japan) at the Central Research Laboratory of Okayama University
Medical School. In the magnified images, the widths of slit diaphragms, defined as the distances
between neighboring foot processes, were measured using Imagel software as previously described(23).

Immunoblotting

Recombinant mouse VASH2/small vasohibin-binding protein (SVBP) was provided by New Industry
Creation Hatchery Center, Tohoku University (Sendai, Japan). Total protein was extracted from whole
kidney tissue using RIPA lysis buffer (Santa Cruz Biotechnology, Dallas, TX, USA). The recombinant and
extracted proteins were separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions and transferred onto nitrocellulose membranes using the iBlot2 dry blotting system
(Thermo Fisher Scientific). Serum samples from vaccinated mice were diluted 1:250. Anti-mouse
intercellular adhesion molecule-1 (ICAM-1; Proteintech, Rosemont, IL, USA), anti-angpt2 (Abcam), and
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Merck Millipore, Burlington, MA, USA)
primary antibodies were used. Peroxidase-conjugated anti-mouse or anti-rabbit antibodies (Cell
Signaling Technology, Danvers, MA, USA) was used as secondary antibodies. Enzyme activity was
detected using the ECL Western blotting detection kit (GE Healthcare), and images were obtained using
ImageQuant LAS 4000 (GE Healthcare). The density of the bands was determined using ImagelJ software.

Real-time polymerase chain reaction

RNA extraction from renal cortical tissues and cDNA preparation were performed using the RNeasy Mini
Kit (Qiagen, Chatsworth, CA, USA) and SuperScript Il Reverse Transcriptase (Thermo Fisher Scientific) in
accordance with the manufacturers’ protocols. The cDNA was added to Fast SYBR Green Master Mix
(Applied Biosystems, Foster City, CA, USA) using specific oligonucleotide primers, as shown in Table 1.
Quantitative real-time polymerase chain reaction (PCR) was performed using the StepOnePlus Real-Time
PCR System (Applied Biosystems). The amount of PCR product was normalized to Actb mRNA levels.

Statistical analysis

All values are expressed as the mean + standard deviation (SD). One-way analysis of variance (ANOVA)
with post-hoc comparisons using Tukey’s test was employed for intergroup comparisons and t-test was
employed for two-group comparisons using JMP version 17 software (SAS Institute Inc, Cary, NC, USA).
Statistical significance was considered at P < 0.05.

RESULTS

Induction of circulating anti-VASH2 antibody by treatment with the VASH2-targeting

peptide vaccine

The VASH2 peptide vaccine was subcutaneously injected twice at an interval of 2 weeks. As shown in
Figure 1A, the vaccination successfully induced serum anti-VASH2 antibody titers >1:10,000. The VASH2
antibody titer peaked at 8 and 12 weeks after the first injection in the non-diabetic and diabetic mice,
respectively. In both non-diabetic and diabetic mice, an average VASH2 antibody titer of >1:10,000 was
maintained for 20 weeks. Immunoblot assay results demonstrated that the VASH2 antibody induced in
the blood by the vaccination can directly bind to mouse VASH2 protein (Fig. 1B). Furthermore, IgG
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subclass analysis showed that the anti-VASH2 antibody in the blood was predominantly IgG1 rather than
IgG2 in both non-diabetic and diabetic mice (Fig. 1, C and D), suggesting that the vaccination caused a
Th2-dominant immune response. The vaccine-induced immune response did not cause recognizable
inflammatory infiltration in any major organs, including the kidney, heart, lung, liver, pancreas, or aorta
(Fig. 2, A—F). No TNF-a-positive cells were observed in these major organs compared with in the positive
control of normal spleen (Supplemental Fig. S1).

Effects of VASH2-targeting peptide vaccine on diabetic glomerular alterations

Compared with the non-diabetic mice, the STZ-treated diabetic mice showed significantly lower body
weight and significantly higher blood glucose and HbA1c levels (Fig. 3, A—C). Notably, the vaccination did
not affect the body weights, blood glucose levels, and HbAlc levels in both non-diabetic and diabetic
mice (Fig. 3, A-C). Furthermore, no significant differences in systolic blood pressure were found among
the four groups (NDM-V; 119.2 + 5.6, NDM+V; 117.8 + 5.5, DM-V; 119.6 + 10.0, DM+V; 123.9 + 11.1
mmHg). BUN and serum creatinine levels were significantly higher in the diabetic mice than in the non-
diabetic mice. The vaccination decreased these renal parameters in the diabetic mice, but the effect was
not statistically significant (Fig. 3, D and E). By contrast, hyperglycemia markedly increased urinary
albumin excretion, and the vaccination significantly decreased albuminuria in the diabetic mice (Fig. 3F).

In terms of glomerular histology, the diabetic mice showed greater glomerular volume, which
manifested as glomerular hypertrophy, than in the non-diabetic mice. The vaccination significantly
prevented glomerular hypertrophy in the diabetic mice (Fig. 4, A and B). Moreover, electron microscopy
revealed that the vaccination improved the shortened length of the slit diaphragm between neighboring
foot processes in the diabetic mice, but the effect was not statistically significant (Fig. 4, C and D). In the
diabetic mice, both the glomerular mesangial area and interstitial fibrous areas on kidney sections
stained with Masson’s trichrome were increased, and vaccination significantly prevented the diabetes-
induced expansion of mesangial and interstitial areas (Supplemental Fig. S2).

Altered renal expressions of angiogenesis-related factors by VASH2-targeting peptide

vaccine

Renal Vash2 mRNA expression was significantly higher in the diabetic mice than in the non-diabetic mice
(Fig. 5A), whereas Vashl mRNA expression was lower in the diabetic mice than in the non-diabetic mice
(Fig. 5B). The vaccination did not affect renal VASH1 and VASH2 expression in both non-diabetic and
diabetic mice (Fig. 5, A and B). SVBP serves as a secretory chaperone that contributes to the activity of
VASH1 and VASH2 on angiogenesis(25). No differences in Svbp mRNA expression were fund among the
four groups (Fig. 5C). Consistent with previous reports(5), the present findings showed that renal VEGF
expression was significantly higher in the diabetic mice than in the non-diabetic mice, but vaccination
did not significantly affect this parameter (Fig. 5D). Furthermore, renal Angptl expression was
significantly lower in the diabetic mice than in the non-diabetic mice, but the vaccination did not
significantly affect this parameter (Fig. 5E). By contrast, renal angiopoietin-2 (Angpt2) expression was
higher in the diabetic mice than in the non-diabetic mice, and the vaccination significantly prevented the
increased renal Angpt2 expression in the diabetic mice (Fig. 5F). Increased protein levels of Angpt2
induced by hyperglycemia were also prevented by vaccination (Supplemental Fig. S3).
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Inhibitory effects of VASH2-targeting peptide vaccine on glomerular microinflammation
Similar to Angpt2 expression, glomerular Mac-2-positive macrophage infiltration was also higher in the
diabetic mice than in the non-diabetic mice. The vaccination significantly reduced the number of
glomerular Mac-2-positive cells in the diabetic mice (Fig. 6, A and B). Moreover, it significantly
prevented the diabetes-induced increase in renal ICAM-1 expression (Fig. 6C). These results indicate that
circulating anti-VASH2 can suppress Angpt2-related endothelial destabilization and hyperpermeability,
thereby inhibiting glomerular microinflammation.

Renal effects of VASH2-targeting peptide vaccine in type 2 diabetic db/db mice

Finally, the beneficial effects of VASH2-targeting vaccine observed in the STZ-induced diabetic model
were examined in type 2 diabetic obese db/db mice. In the vaccinated db/db mice, the VASH2 antibody
titer increased to an average of 1:14,820 at week 16. No significant differences in body weight or HbAlc
levels were observed between the non-vaccinated and vaccinated db/db mice (Fig. 7, A and B). In
addition, no significant differences were observed in BUN, serum creatinine, or creatinine clearance
levels between the two groups (Fig. 7, C—E). Urinary albumin excretion was significantly increased in
non-vaccinated db/db mice at weeks 15 and 21 than in those at week 2, and vaccination prevented the
increase in urinary albumin excretion at weeks 15 and 21 (Fig. 7F). Furthermore, glomerular hypertrophy
and mesangial expansion were significantly ameliorated by vaccination of the db/db mice (Supplemental
Fig. S4). Thus, the preventive effects of VASH2-targeting vaccine against diabetic glomerular injury were
confirmed in a type 2 diabetic mouse model.

DISCUSSION

In the present study, subcutaneous injection of the VASH2-targeting peptide vaccine successfully
induced circulating anti-VASH2 antibody without organ inflammation and prevented albuminuria in both
STZ-induced type 1 diabetic mice and type 2 diabetic db/db mice.

Vaccines have long been used as a preventive strategy against various infectious diseases. Recently, this
strategy has been applied to prevent and/or treat chronic diseases such as hypertension by targeting
pathogenic self-antigens. Vaccines targeting self-antigens must overcome the intrinsic immune
tolerance system to induce the production of effective neutralizing antibodies. VASH2-targeting peptide
vaccine utilizes KLH as a carrier protein containing a strong T cell epitope. In the present study, although
the VASH2-targering peptide vaccine markedly elevated the serum anti-VASH2 antibody titer in both
non-diabetic and diabetic mice, the elevation of the antibody titer was obviously delayed at week 8 in
the diabetic mice compared with the non-diabetic mice. This delay might be attributed to acute
hyperglycemia in the diabetic mice. Another potential cause was STZ injection, considering a previous
report that the agent is directly toxic for T cells(26). No delay has been observed in diabetic db/db mice
treated with a KLH-based prorenin peptide vaccine(27). However, a high anti-VASH2 antibody titer was
maintained until the end of the study in both groups. Adjuvants strongly affect immune responses to
vaccination(28). Freund’s adjuvant, a water-in-oil emulsion, commonly induces a Th1 rather than Th2
immune response. In the present study, VASH2-targeting peptide vaccine with Freund’s adjuvant
induced a Thl response. Although the Thl immune response may be associated with autoimmune
disorders, VASH2-targeting peptide vaccine did not induce obvious inflammation in major organs.
Similar to the results of a previous report(16), the findings of the present study proved the favorite
safety and practicality of the KLH-based peptide vaccine.



277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

In contrast to its homolog VASH1, VASH2 was originally identified as a proangiogenic factor. VASH2 is
secreted by cancer cells and promotes tumor angiogenesis. In the skin flap model, preventing the
termination of angiogenesis at the sprouting front has been determined to be a potential mechanism of
the proangiogenic action of VASH2. Unfortunately, the detailed mechanisms by which VASH2 affects the
vascular endothelium have not been determined, and the candidate receptor(s) for extracellular VASH2
in endothelial cells have not yet been identified. Abnormal angiogenesis and various angiogenic factors
are involved in the pathogenesis of diabetic nephropathy(4). In the present study, increased renal
VASH2 expression was associated with increased urinary albumin excretion and glomerular hypertrophy
in the diabetic mice, similar to the previously reported adverse effects of increased VEGF(5). However,
the anti-VASH2 antibody induced by the VASH2-targeting peptide vaccine did not affect renal VASH2
expression, suggesting that the anti-VASH2 antibody only inhibited the action of circulating or
extracellular VASH2. The vaccination also exerted no significant effects on the renal expressions of
VASH1, VEGF, and Angptl in the diabetic mice. Notably, the vaccination significantly prevented the
diabetes-induced upregulation of renal Angpt2 expression. Angpt2 antagonizes the action of Angptl on
the Tie2 receptor and destabilizes endothelial cells by enhancing their sensitivity to VEGF(29). Its
expression level in normal kidneys is extremely low, whereas Angpt2 expression is upregulated in kidney
disease. Indeed, Angpt2 mRNA levels are elevated in glomeruli isolated from patients with diabetes(30).
Restored Angpt1 expression and Tie2 activity reduce albuminuria in diabetic mice(6, 30). Thus, Angpt2 is
considered an aggravating factor in diabetic nephropathy. Furthermore, Angpt2 expression is involved in
the regulation of inflammation-related signaling in various inflammatory diseases such as inflammatory
bowel disease(31) and associated with vascular endothelial inflammation in diabetes mellitus(32).
Specifically, it upregulates ICAM1 expression in endothelial cells(33), and accelerates inflammatory
infiltration. Recent evidence has suggested that Angpt2 inhibitors can block macrophage infiltration in a
renal fibrosis model(34). Considering that Angpt2 is mainly released from endothelial cells, we speculate
that the anti-VASH2 antibody may prevent Angpt2 expression in glomerular endothelial cells, leading to
the suppression of ICAM1 expression and macrophage infiltration.

Although the VASH2-targeting peptide vaccine prevented albuminuria and glomerular
microinflammation in the diabetic mice, these beneficial effects appeared modest compared with those
previously observed in diabetic Vash2 homozygous knockout mice(8). One possible reason for this
difference is that a higher anti-VASH2 antibody titer is required to completely prevent the pathogenic
effects of VASH2 in diabetes. Another reason may be related to the intracellular effects of VASH2, in
addition to its proangiogenic properties. Overexpression of VASH2 causes epithelial-to—-mesenchymal
transition in cancer cells(35) by promoting TGF-B signaling(36). In diabetic Vash2 knockout mice,
reduced mesangial matrix expansion can be mediated by inhibiting the activation of TGF-f signaling
related to VASH2 upregulation in mesangial cells(8). Furthermore, recent studies have proposed a-
tubulin detyrosination as a novel biological role of VASH2 and VASH1(37, 38). Detyrosination is the
posttranslational modification in the C-terminus of a-tubulin, and the tyrosination/detyrosination cycle
can alter the structure and function of microtubules(39). VASH2 increases detyrosinated a-tubulin in
cardiomyocytes, leading to impaired cellular contractility(40). Thus far, the association of a-tubulin
detyrosination and diabetic nephropathy has not been established. Theoretically, anti-VASH2 antibody
induced by the vaccination could block the proangiogenic effect of extracellular VASH2 but not inhibit its
intracellular actions, including TGF- signal activation and a-tubulin detyrosination. The results of the
present study demonstrated that the VASH2-targeting peptide vaccine significantly prevented
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albuminuria and glomerular microinflammation by inhibiting the pathogenic effects of extracellular
VASH2.

This study had some limitations. First, this study revealed the preventive but not therapeutic effects of
the VASH2-targeting peptide vaccine. In the study on db/db mice, mild albuminuria was observed at the
time of the second vaccination, suggesting that this peptide vaccine may have a therapeutic effect on
albuminuria in diabetic mice. However, appropriate evaluation of the therapeutic effects requires
vaccination after urinary albumin excretion reaches its peak level. A disadvantage of vaccine therapy is
the lack of immediate effects. Indeed, the peak anti-VASH2 antibody titer was reached 12 weeks after
the first vaccination in the diabetic model. Thus, a substantially longer experimental period is required
to demonstrate the therapeutic effects, which are initiated after increased urine albumin excretion, of
the VASH2-targeting peptide vaccine. Long-term hyperglycemia causes marked polyuria in conjugation
with bladder dysfunction in diabetic mice(41), leading to the development of hydronephrosis. Thus, this
animal model may not clearly demonstrate the therapeutic effects of the vaccine. Second, we could not
determine whether the VASH2-targeting peptide vaccine lowered the blood concentration of VASH2. In
contrast to VASH1, which is constitutively expressed in endothelial cells, VASH2 is barely expressed in
differentiated cells. Therefore, the blood concentration of VASH2 is extremely low, except in patients
with poorly differentiated malignant tumors. Although only one clinical study has determined plasma
VASH2 levels in patients with esophageal cancer(42), the blood concentration of VASH2 is difficult to
accurately measure in mice because standardized methods are lacking. Furthermore, the main source(s)
of circulating VASH2 has not been determined in normal subjects without malignancy. Finally, the
mechanisms by which VASH2 regulates Angpt2 expression in endothelial cells remains unclear. As the
receptor and downstream signaling of VASH2 in endothelial cells have not been identified, clarifying the
detailed mechanisms involved in in vitro experiments is currently challenging. This issue is should be
addressed in future studies.

In conclusion, treatment with the VASH2-targeting peptide vaccine prevented albuminuria and
glomerular microinflammation in murine models of early-stage diabetic nephropathy possibly by
inhibiting Angpt2 and ICAM-1 expression. Although pathogenic roles of VASH2 warrant further
investigation, the anti-VASH2 strategy developed in this study may still be used to treat other renal
diseases involving Angpt2-mediated microinflammation.
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FIGURE LEGENDS

Figure 1. Induction of anti-VASH2 antibody by subcutaneous injection of the VASH2-targeting peptide
vaccine. A: Serum anti-VASH2 antibody titer determined by ELISA in both non-diabetic and diabetic mice
treated with the VASH2-targeting peptide vaccine. Antibody titer was expressed as dilution ratio with
half-maximal binding. B: Immunoblot for VASH2 showing the direct binding of serum anti-VASH2
antibody with mouse full-length VASH2 protein. Recombinant mouse VASH2/SVBP protein (10, 20, and
30 pg) was loaded, and diluted serum (1:250) from a vaccinated mouse was used as primary antibody.
Arrow indicates VASH2/SVBP complex (61 kDa), and arrowhead indicates VASH2 alone (41 kDa). C, D:
IgG subclasses of anti-VASH2 antibody induced by the vaccination in non-diabetic (€) and diabetic (D)
mice. n = 6 for non-diabetic mice with vaccination (NDM+V) and n = 9 for diabetic mice with vaccination
(DM+V). Each column shows the mean * SD.

Figure 2. Representative images of major organs from NDM-V and NDM+V groups. All organs were
harvested at week 20. A: Kidney, B: Heart, C: Lung, D: Liver, E: Pancreas, F: Aorta. Kidney tissues were
stained by PAS and the other tissues were stained by HE (original magnification: 100x). No apparent
inflammatory infiltration was observed in all organs.

Figure 3. Preventive effect of the VASH2-targetng peptide vaccine on urinary albumin excretion in
diabetic mice independent of blood glucose levels. A—C: Body weight loss (A), hyperglycemia (B), and
increased HbA1c level (C) were confirmed in diabetic mice compared with non-diabetic mice. The
vaccination did not affect these parameters. D, E: Blood urea nitrogen (D) and serum creatinine (E)
levels were significantly higher in diabetic mice than in non-diabetic mice. Differences in the renal
function parameters between diabetic mice with and without the vaccination did not reach statistical
significance. F: Urinary albumin excretion was markedly increased in diabetic mice, and the vaccination
significantly prevented hyperglycemia-induced albuminuria. n = 6 for NDM-V, 7 for NDM+V, 9 for DM-V,
and 9 for DM+V. *P < 0.01 versus NDM-V, *P < 0.05 versus DM-V. Each column shows the mean + SD.

Figure 4. Effects of the VASH2-targeting peptide vaccine on histological and ultrastructural alterations in
the glomeruli. A: Representative light microscopic images of glomeruli from non-diabetic mice with or
without vaccination and diabetic mice with or without vaccination (PAS staining). Scale bars indicate 50
um. B: Diabetes-induced increase in glomerular volume was significantly prevented by treatment with
the VASH2-targeting peptide vaccine. C: Representative transmission electron microscopic images of
glomerular capillary tufts from non-diabetic mice with or without vaccination and diabetic mice with or
without vaccination. Scale bars indicate 1 um. D: Decrease in slit diaphragm width observed in diabetic
mice was prevented by treatment with the VASH2-targeting peptide vaccine (not significant). n = 6 for
NDM-V, 7 for NDM+V, 9 for DM-V, and 9 for DM+V. *P < 0.01 versus NDM-V, *P < 0.05 versus DM-V.
Each column shows the mean £ SD.

Figure 5. Effects of the VASH2-targeting peptide vaccine on the mRNA expressions of angiogenesis-
related factors in the kidney. A—C: Vash2 mRNA expression (A) increased whereas Vashl mRNA
expression (B) decreased in diabetic mice. Treatment with the VASH2-targeting peptide vaccine did not
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affect Vash2 and Vash1 expression, and no difference in Svbp expression (C) was found among the four
groups. D: Vegfa mRNA expression was increased in diabetic mice, and treatment with the VASH2-
targeting peptide vaccine had no effect on Vegfa expression. E, F: Angptl mRNA expression (E)
decreased whereas Angpt2 mRNA expression (F) increased in diabetic mice. Treatment with the VASH2-
targeting peptide vaccine significantly prevented Angpt2 upregulation by hyperglycemia. n = 6 for NDM-
V, 7 for NDM+V, 9 for DM-V, and 9 for DM+V. *P < 0.01 versus NDM-V, *P < 0.05 versus DM-V. Each
column shows the mean £ SD.

Figure 6. Preventive effects of the VASH2-targeting peptide vaccine on glomerular microinflammation.
A: Representative glomerular images of immunohistochemistry for Mac-2 in non-diabetic mice with or
without vaccination and diabetic mice with or without vaccination (original magnification, 400x). Arrows
indicate Mac-2-positive cells. In the negative control (NC) images, the primary antibody was replaced
with normal rat IgG. B: Diabetes-induced increase in the infiltration of glomerular Mac-2-positive
macrophages was significantly prevented by treatment with the VASH2-targeting peptide vaccine. C:
Immunoblot for ICAM-1 and GAPDH. Each lane was loaded with 40 pg protein. Densitometry of the
immunoblot normalized to GAPDH. n = 6 for NDM-V, 7 for NDM+V, 9 for DM-V, and 9 for DM+V. *P <
0.01 versus NDM-V, *P < 0.05 versus DM-V. Each column shows the mean * SD.

Figure 7. Preventive effect of the VASH2-targeting peptide vaccine on urinary albumin excretion in
db/db mice. A, B: The vaccination did not affect body weight (A) and HbA1c (B) in db/db mice. C—E: No
significant differences were observed in BUN (C), serum creatinine (D), and creatinine clearance levels
(E) between db/db mice with and without the vaccination. F: Urinary albumin excretion was significantly
increased in the db/db-V group but was not in the db/db+V group in the period of weeks 2t021.n=6
for each group. *P < 0.05 versus week 2. Each column shows the mean * SD.

TABLES

Table 1. Primer sequences for real-time PCR

Gene Forward Reverse

Vash2 GGCTAAGCCTTCAATTCCCC CCCATTGGTGAGATAGATGCC
Vash1 CTGTCATGCTAGCCACCCATC CCTCAGTACCCAGTCTCTAGGCTTC
Svbp CAGAAATCTGCCCAGCAGGAG CGGCTGCATCTGCTTACAGAAC
Vegfa AACCCATTCCTGGCCCTGA GATCCACAAAGCATGCCATGTC
Angpt1 CCGAGCCTACTCACAGTACGACAG TGAAATCGGCACCGTGTAAGA
Angpt2 TGGTGGGCACAGGTTATCATC CATTCACCAACATGGCGCTTA
Actb CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA




Vasohibin-2-targeting peptide vaccine
against diabetic nephropathy

METHODS

® Vasohibin-2 (VASH2)-targeting peptide
vaccine was subcutaneously injected at
two doses 2 weeks apart

® Diabetes was induced by intraperitoneal
injection of streptozotocin (STZ; 50mg/kg)
for 5 consecutive days
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4.Diabetic with vaccine (DM+V; n=9)

OUTCOME Prevention of diabetes-induced glomerular damage by
treatment with VASH-2-targeting peptide vaccine

® \VASH2-targeting peptide vaccine successfully induced circulating anti-VASH2 antibody

® The vaccination significantly reduced albuminuria in diabetic
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CONCLUSION VASH2-targeting peptide vaccine is an useful tool
for preventive strategy against early-stage diabetic nephropathy
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