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Abstract

Background. Diabetic nephropathy (DN) is characterized by both albuminuria and relentless
decline in renal function. Podocyte damage/loss and organelle dysfunction play a key role in the
pathogenesis of the complication. Identification of novel mechanisms of podocyte
repair/organelle replacement would be important to effectively target podocyte injury in DN.
Tunneling nanotubes (TNTSs) are membrane channels interconnecting cells and allowing transfer
of subcellular components, including organelles, from donor to recipient injured cells. The
cytosolic protein TNFa-induced protein 2 (TNFAIP2) plays a key role in TNT formation in
various cell types, including podocytes. The general purpose of the present study was thus to
explore the potential relevance of the TNFAIP2-TNT system in the context of DN.

Methods. First, we studied glomerular TNFAIP2 both expression and distribution in renal
biopsies from patients with DN and in the renal cortex of streptozotocin-induced diabetic mice.
Second, we assessed the effect of global TNFAIP2 deletion on functional, structural, and
molecular abnormalities of early experimental DN. Finally, we investigated in vitro in cultured
podocytes whether diabetes-related insults [high glucose (HG), glycated albumin (GA),
mechanical stretch (MS)] affect TNFAIP2 expression, TNT formation, and TNT-mediated
mitochondrial exchange.

Results. TNFAIP2 was overexpressed by podocytes in patients with DN and in experimental
diabetes. TNFAIP2 deletion exacerbated both functional and structural abnormalities of DN.
Specifically, diabetic TNFAIP2-KO mice showed worsening of albuminuria, renal function,
podocyte damage, and glomerular both inflammation and fibrosis. Transplantation of

TNFAIP2** bone marrow cells did not rescue the renal phenotype of diabetic TNFAIP2” mice.



In cultured podocytes, HG induced TNFAIP2 expression, and both HG and GA enhanced TNT
formation in an Akt/PISK/TNFAIP2-dependent manner. GA-induced TNTs were functionally
active as they allowed mitochondrial transfer. Conclusions. Both diabetes-induced TNFAIP2
overexpression in podocytes and worsening of DN in TNFAIP2 KO mice suggest a protective
effect of TNFAIP2 in the context of diabetes. Our in vitro data provide a possible explanation for
the beneficial effects of TNFAIP2, as TNT formation in response to diabetes-related insults was

TNFAIP2-dependent and allowed mitochondrial transfer.



1. Introduction

1.1 Diabetic nephropathy and glomerular damage

The number of people living with diabetes has dramatically increased in the last decades.
According with the International Diabetes Federation, currently almost 500 million adults are
living with diabetes globally and these figures are predicted to reach 700 million by 2045 [1].

Diabetic nephropathy is a microvascular complication of diabetes affecting approximately 30-40%
of type 1 (T1DM) and type 2 (T2DM) diabetic patients. DN is a major cause of end-stage renal
disease (ESRD), requiring renal replacement therapy. Moreover, DN is an important risk factor of
cardiovascular (CV) both morbidity and mortality and most people with DN die because of CV
complications prior to ESRD development [2-4]. Both epidemiological and intervention studies
have demonstrated a central role of both hyperglycemia and hypertension in both the onset and the

progression of the complication [5-10].

Clinical features. DN is characterized both albuminuria and progressive renal function decline,

leading to ESRD. Severely increased and persistent alouminuria (macroalbuminuria) is a hallmark
of overt DN, while a moderate increase in alouminuria (microalbuminuria) is considered an early
phase of the complication and predicts the future development of established DN [11]. Table 1
shows the cut-off values for the definition of micro- and macroalbuminuria. DM patients undergo
annual screening for early detection of albouminuria (starting at diagnosis in T2DM patients and
after 5 years from diagnosis in TLDM patients). Screening is usually performed by measuring the
albumin-to-creatinine ratio (ACR) in a morning urine sample. Because of the variability in

albuminuria at least 2 out of 3 positive tests carried out over a period of 3-6 months are required
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to make the diagnosis of micro-/macro-albuminuria. DN screening also includes the annual
assessment of renal function by measurement of serum creatinine. Glomerular filtration rate
(eGFR) is estimated using the Chronic Kidney Disease Epidemiology Collaboration (CDK-EPI,

https://www.kidney.org/professionals/kdogi/gfr) equation and stratified in 5 stages according to

the National Kidney Foundation. The classification by the Kidney Disease: Improving Global
Outcomes (KDIGO) estimates the patient global risk (both renal and CV) based on both

albuminuria and CKD stages [12].

Table 1. Definition of albuminuria categories

Measure Urinary albumin category
Moderate increase Severe increase
Normal - L e
(micro-albuminuria)  (macro-albuminuria)

é;?gmln Excretion <30 30-299 >300
24 hour-collection mg/24h mg/24h mg/24h
£ loumin Excretion <20 20-199 >200
Overnight collection ug/min Hg/min Hg/min
Albumin-to- <30 30-299 >300
creatinine Ratio ma/ ma/ ma/
Spot sample 9 9/ 99

Histopathological features. Podocyte abnormalities, thickening of the glomerular basement

membrane (GBM), excessive extracellular matrix accumulation in the mesangium, and
tubulointerstitial fibrosis are characteristic features of DN [13]. Podocytes are highly specialized
epithelial cells that wrap around the outer surface of the glomerular capillaries being a key
component of the glomerular filtration barrier. The slit diaphragm - a junction between adjacent
podocyte foot processes - is the ultimate restriction site of the glomerular filtration system that

prevents blood proteins leaking into urine. Downregulation of slit diaphragm proteins, such as
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nephrin and podocin, is found in human DN and pathogenically linked to albuminuria. Other
podocyte abnormalities include cytoskeleton alterations, foot process effacement, reduced
adhesion to the GBM, and podocyte apoptosis [14-16]. The main histopathological features of DN

are shown in Figure 1.

Control (EM)
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Figure 1. Histopathological features of diabetic nephropathy (DN). Top left: Electron
microscope (EM) images of glomerular structural changes in DN compared to control. A indicates
marked expansion of the mesangium; B indicates marked diffuse thickening of the glomerular
basement membrane (to three times the normal thickness in this case). Top right: Periodic acid-
Schiff (PAS) staining of renal biopsy from microalbuminuric type 2 diabetic patient showing mild
mesangial expansion, interstitial fibrosis and tubular atrophy. Bottom: EM and
immunohistochemical staining images showing podocyte alterations in DN as compared to control

subjects: foot process effacement, slit diaphragm reduction and nephrin loss.
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Pathogenesis.

Hyperglycemia. Both epidemiological and intervention studies have proven that hyperglycemia
plays a key role in the pathogenesis of DN. Among them of particular importance were the
Diabetes Control and Complications Trial (DCCT) and the United Kingdom Prospective Diabetes
Study in type 1 and type 2 diabetic patients, respectively [5-7]. In vivo and in vitro studies have
clarified that exposure of mesangial cells to high glucose/hyperglycemia induces cell hypertrophy
and increased production/reduced degradation of extracellular matrix components [17]. In
addition, a high glucose milieu also affects podocytes by inducing nephrin loss, podocyte
apoptosis, and foot processes effacement [18, 19]. The deleterious effects of hyperglycemia are
due to both enhanced glucose entry into glomerular cells via the Glut-1 transporter as well as
increased formation of advanced glycosylation-end products (AGEs). The increased flux of
glucose into cells alters the cellular phenotype through activation of intracellular signaling
molecules/pathways (protein kinase C, aldose reductase pathway, and hexosamine pathway).
Moreover, a number of cytokines, such as transforming growth factor f1 (TGF-f1), connective
tissue growth factor (CTGF), vascular endothelial growth factor (VEGF), monocyte
chemoattractant protein 1 (MCP-1), are induced by high glucose concentrations and contribute to

the glomerular injury by inducing sclerosis, inflammation and enhanced permeability [20, 21].

Hyperglycemia and Organelle Dysfunction. There is increasing evidence that organelle
dysfunction plays an important role in the pathogenesis of DN. Lysosomal alterations have been
reported and autophagy, a lysosomal pathway involved in the removal of damaged organelles, is
altered in diabetic mice and in podocytes exposed to high glucose concentrations [22].
Furthermore, impaired autophagy has been shown to sensitize podocytes toward glomerular

diseases and to contribute to podocyte injury in the diabetic kidney [23]. Mitochondrial
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abnormalities, such as swollen/fragmented mitochondria, altered mitochondrial membrane
potential, and impaired permeability transition, have also been demonstrated in renal cells exposed
to a diabetic milieu and in the kidneys from diabetic animals [24-27]. Moreover, the “unifying
hypothesis” has postulated that excessive generation of mitochondrial superoxide by
hyperglycemia is the primary initiating event that activates all other pathways of glomerular
damage in diabetes [28]. Hyperglycemia-induced mitochondrial oxidative stress can also cause
mutations of mitochondrial DNA (mtDNA). Although mtDNA has a high degree of redundancy,
these mutations may accumulate in terminally differentiated cells, such as podocytes, and lead to

permanent alterations in mitochondrial bioenergetics [29].

Hypertension. Hypertension contributes to the progression of DN and intervention studies have
convincingly shown that anti-hypertensive treatment can slow the progression of the complication
[8-10]. Besides systemic hypertension, the vasodilation of the afferent arteriole in diabetes induces
an increase in glomerular capillary pressure that plays a key role in the glomerular damage. Indeed,
blockers of the renin-angiotensin system (RAS) are particularly effective in delaying the
progression of DN because they can diminish intraglomerular pressure levels [30]. In vitro studies
have clarified the mechanisms whereby glomerular hypertension results in glomerular injury.
Glomeruli have a high degree of compliance; therefore, glomerular hypertension causes pulsatile
glomerular expansion with stretching of glomerular cells. By exposing glomerular cells to
mechanical stretch, mimicking glomerular capillary hypertension, in vitro studies have shown that
mechanical stretch can enhance both TGF-B1 and extracellular molecule production in mesangial
cells [31, 32] and nephrin loss/apoptosis in podocytes [33, 34]. Therefore, glomerular hypertension

mimics and magnifies the deleterious effect of hyperglycemia on glomerular cells.
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Inflammation. Inflammatory processes have been implicated in the pathogenesis and progression
of the renal injury in diabetes [35]. Glomerular infiltration of monocytes/macrophages has been
proven in both human and experimental diabetes. The chemokine MCP-1 is overexpressed by
glomerular cells exposed to a high glucose milieu and mediates glomerular monocyte accrual,
leading to chronic low-grade inflammation [36, 37]. Inflammatory cytokines and in particular
MCP-1 and Tumor necrosis factor o (TNFa) magnify the deleterious effects of high glucose on
both mesangial cells and podocytes and contribute to the development of albuminuria and to renal
function decline. In particular, binding of TNFa to the TNFR1 and TNFR2 receptors, leading to
NF-«B activation, enhances production of extracellular matrix components in mesangial cells and
induces cytoskeleton alteration, nephrin redistribution and loss, and apoptosis in podocytes [38,
39]. Consistent with the hypothesis that micro inflammation is important in the pathogenesis of
DN, studies in animal models of diabetes have proven that blockade of inflammation ameliorates

experimental DN [40, 41].

Treatment. Blood glucose control and RAS blockade with either ACE inhibitors (ACE-1) or
angiotensin Il receptor antagonists (ARB) are effective in reducing DN onset/progression.
Additionally, there is evidence that sodium-glucose cotransporter 2 inhibitors (SGLT2i) have an
anti-proteinuric and renoprotective effect even in patients already treated with RAS inhibitors,
though the underlying mechanism/s have not been fully clarified [42]. Despite improvement in
DN treatment, a proportion of patients still progress to more advanced stages of the disease. There

is, thus, the need to find novel targets for intervention.
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1.2 Tunneling nanotubes (TNTs) and TNFa-induced protein 2 (TNFAIP2)

Structural and functional features of TNTs. Tunneling nanotubes (TNTSs) are a novel mechanism

of cell-to-cell communication. TNTs are membranous straight bridges, interconnecting cells. They
have a F-actin and/or microtube backbone, are 50-500 nm wide, and span distances up to several
cell diameters. TNTSs lack adhesion to the substrate, and this distinguishes TNTs from filopodia
[43] (Figure 2). The formation of either TNTs or filopodia appears to be mutually exclusive: when
the molecular machinery required for filopodia formation (CDC42-IRSp53-VASP) is activated,
TNTs formation is inhibited; on the contrary, when the actin regulatory protein Esp8 promotes

TNT formation, filopodia assembling is suppressed [44].

Figure 2. Representative image of three cells interconnected by tunnelling nanotubes (TNTS).

The image shows bridging-like straight membranous channels connecting cells over distances

spanning up to several cell diameters, being 50-500 nm wide, and lacking adhesion to the substrate.
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Role of TNTs in pathophysiological contexts. TNTs have been demonstrated in several cell types

in vitro, such as monocytes/macrophages, endothelial, cancer, immune, and stem cells [43]. Cells
form TNTs de novo in response to stress — including serum starvation, hypoxia, and oxidative
stress - suggesting that TNTs may serve as a survival mechanism. However, TNTs are also
involved in physiological processes, such as osteoclast differentiation [45], electrical coupling and
calcium signaling [46]. The mechanisms for TNT direction guidance have not been clarified yet;
however, in astrocytes both the calcium binding protein S100A4 and the RAGE receptor have been

implicated in TNT guidance [47].

TNTs mediate the exchange of various factors, such as ions, nucleic acids, and proteins. TNT-
mediated calcium signaling contributes to communication between neurons [46] and dendritic cells
use TNT connections for intercellular exchange of antigens [48]. At variance with other
intercellular communication system TNTSs also allow exchange of organelles, including lysosomes
and mitochondria [43, 49, 50]. TNT-mediated mitochondria transfer was observed in several cell
types, including endothelial cells, bone marrow-derived stromal cells, astrocytes [51-53], and
mesenchymal stem cells (MSCs). Of interest, mitochondrial transfer from MSCs to recipient cells
can even rescue mitochondrial respiration in recipient mitochondrial-depleted cells [50, 54, 55].
Likely, the ability to replace dysfunctional organelles via TNTs is an important survival

mechanism and is particularly relevant in terminally differentiated cells.

However, TNTs may also contribute to cell damage. In fact, TNTs can favor the spreading of
viruses, such as HIV, herpes and influenza viruses, prions and bacteria [56-58]. Moreover, an
increasing number of studies have shed light on the deleterious role of TNTSs in cancer. Indeed,
malignant cells take advantage of TNTs to drive tumor both formation and progression, and to

acquire chemoresistance [59]. Finally, in neurodegenerative diseases, TNTs allow spreading of
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deleterious components, such as prion-like proteins, polyglutamine aggregates, a-synuclein,

facilitating propagation of protein misfolding [49, 60, 61].

In vivo relevance of TNTs. TNTs are very sensitive to light, mechanical stresses, and chemical

fixation procedures, making it difficult to identify and visualize TNTs in living tissues. Despite
these technical issues, recent studies succeeded in the identification of TNT-like structures either
in vivo or in situ. By labeling cells with GFP and using lattice-light sheet microscopy, Parker et al
visualized TNTSs interconnecting breast cancer metastatic cells in murine brain slides [62]. Another
study demonstrated that glioblastoma cell lines implanted in brain surgical lesions developed
functionally active TNTs [63]. Recently, Alarcon-Martinez et al. provided in vivo evidence of the
existence of TNTs interconnecting pericytes in the mouse retina. By using two-photon laser-
scanning microscopy, mito-Dendra2 mice, and calcium indicators, the Authors also showed
mitochondria traveling along TNT-like structures and demonstrated that TNT-mediated calcium

waves mediate cell-to-cell communication in the living retinas [64].

Central role of TNFAIP2 in TNT formation. TNFa-induced protein 2 (TNFAIP2), also known as

B94 or m-Sec is a cytoplasmic protein of 73 kDa. It was first identified as a primary response gene
induced by TNFa in human umbilical vein epithelial cells (HUVEC), but interleukin 1-f and LPS
can also induce TNFAIP2 mRNA expression in this cell type. During embryonic mouse
development, TNFAIP2 has been identified in several tissues, including the myocardium, the liver,
and the kidney [65]. Post-natal expression of TNFAIP2 was predominantly found in lymphopoietic
tissues, mononuclear progenitor cells, and mature peripheral monocytes. In addition, a testis-
specific truncated form of TNFAIP2 transcript was identified in the acrosomal compartment of

mature sperm [66].
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In 2009 Ohno et al. demonstrated a central role for TNFAIP2 in TNT formation. Indeed, they
showed that TNFAIP2 is required for TNT formation in Raw264.7 macrophages and that
TNFAIP2 induces TNTs by interacting with RalA and the exocyst complex, a downstream effector
of Ral [67]. In particular, TNFAIP2 interacts with the plasma membrane via the N-terminal region
and recruits active RalA to extend the plasma membrane protrusion via the positive charged C-
terminus [68]. The signaling molecules leading to TNFAIP2-depedent TNT formation has not been
fully elucidated; however, p53 and the Akt/PI3K/m-TOR signaling pathway have been involved
[69]. The importance of TNFAIP2 in TNT development has been demonstrated several other cell

types, including immune, HeLa, and HEK293T cells [70].

1.3 Role of the TNFAIP2-TNT system in the kidney

We recently demonstrated that the TNFAIP2-TNT system plays an important role in focal
segmental glomerulosclerosis (FSGS) [71]. In FSGS, podocyte injury/loss is an early event,
leading to the development of proteinuria. This is followed by glomerular scarring that is both
focal and segmental in distribution. We found that TNFAIP2 is overexpressed by podocytes in
kidney biopsies from patients with FSGS as well as in experimental FSGS (Adriamycin (AD)-

induced nephropathy).

To clarify if TNFAIP2 overexpression in FSGS was either a compensatory/protective response to
injury or a mechanism of glomerular damage, we generate a TNFAIP2 knockout (KO) mouse.
TNFAIP2-KO mice on a Balb/c genetic background were viable, fertile and grew normally.
However, TNFAIP2 deletion led to the spontaneous development of FSGS with aging. Indeed,

glomerulosclerosis affected some, but not all glomeruli, fulfilling the definition of focal glomerular
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lesions and led to a relentless renal function decline. Podocyte injury, resulting in podocytopenia
and albuminuria, occurred prior to the development of visible renal lesions by light microscopy.
Activated CD44"-PECs that have been proposed as a diagnostic tool to identify patients with FSGS

were found in both the Bowman’s capsule and the glomerular tuft.

Both TNFAIP2-KO mice and primary podocytes from TNFAIP2- animals showed mitochondrial
abnormalities, such as reduced mtDNA copy number, downregulation of mitochondrial
transcriptions factors/genes (TFAM, COX1, ND4L), and altered mitochondria bioenergetics. This
suggests that lack of mitochondrial exchange via TNTs secondary to TNFAIP2 deficiency may
functionally link TNFAIP2 deletion to renal injury. Consistent with this hypothesis, we found that
stressed podocytes (exposed to either serum deprivation or AD) form TNTs in TNFAIP2-
dependent manner. Moreover, TNT-mediated mitochondrial transfer can occur between podocytes
and is enhanced towards podocytes exposed to insults inducing mitochondrial dysfunctions.
Finally, re-expression of TNFAIP2 not only re-established podocyte ability to form TNTs and
exchange mitochondria, but also rescued podocytes from mitochondrial dysfunction, nephrin
downregulation and apoptosis. This work showed the importance of the TNFAIP2-TNT in FSGS,
but it is unknown whether this system is also of relevance in other kidney diseases, including DN
(Figure 3). As reported above, Balb/c TNFAIP2-KO mice spontaneously develop FSGS; however,
the Balb/c strain is prone to develop FSGS [72], likely because of a mutation in the PRKDC gene
that is important in mitochondrial genome repair [73]. Therefore, we cannot exclude the possibility
that deletion of TNFAIP2 in other murine strains and in particular in C57BL6, which are resistant

to FSGS development may result in a more benign renal phenotype.
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1. TNFAIP2 is overexpressed by

podocytes in both human and
experimental FSGS \

6. Re-expression of TNFAIP2 . .
vassiiEs TNT formation 2. TNFAIP2 genetic deletion (KO)
wiloehondriai exchange’, causes spontaneous development
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Figure 3. Role of the TNFAIP2-TNT system in the kidney. The flow-chart reports the main
experimental evidences indicating the protective role of the TNFAIP2-TNT system in focal
segmental glomerulosclerosis (FSGS). These evidences suggested a possible role for the

TNFAIP2-TNT system also in diabetic nephropathy (DN).
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2. Aim of the study

Diabetic nephropathy (DN) is characterized by both albuminuria and relentless decline in renal
function. Podocyte damage/loss plays a key role in the pathogenesis of the complication and
identification of novel mechanisms of podocyte repair is important to target podocyte injury in
DN.

Tunneling nanotubes (TNTSs) are membrane tunnels interconnecting cells and allowing transfer of
organelles from donors to injured recipient cells. The cytosolic protein TNFa-induced protein 2
(TNFAIP2) is crucial for TNT formation in various cell types, including podocytes. We have
recently reported that TNFAIP2 is overexpressed by podocytes in FSGS and that blockade of the
TNFAIP2-TNT system by knocking down TNFAIP2 induces the spontaneous development of
FSGS in Balb/c mice. The general purpose of the present project is to explore the potential
relevance of the TNFAIP2-TNT system in the context of DN. Specifically, our aims were:

1. to assess glomerular TNFAIP2 expression in human kidney biopsies from patients with
DN and in a murine model of DN;

2. toestablish if global TNFAIP2 deletion affects both structural and functional alterations of
DN in the streptozotocin (STZ)-induced murine model of diabetes and to clarify the
underlying mechanisms;

3. to clarify in vitro whether podocyte exposure to diabetes-related insults affects TNT
formation and this occurs in a TNFAIP2-dependent manner.

4. toexplore whether diabetes-induced TNTs are functionally active and mediate intercellular

organelle exchange.
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3. Research Design and Methods

3.1 Human study

Archival Serra’s fluid-fixed paraffin-embedded kidney biopsies were provided by the Department
of Internal Medicine of Genoa University. Kidney sections from type 2 diabetic patients with either
incipient (n=3, 30-300 mg/24h) or overt nephropathy (n=12, persistent proteinuria >0.5 g/24h)
were studied. Sections from diabetic patients showed glomerular alterations and the histological
features of DN; kidney biopsies presenting a different pattern of damage such as vascular and
interstitial damage were excluded from the study. Normal renal tissue was obtained from subjects
(n=8), who underwent surgery for localized grade | hypernephroma, and used as control tissue.
Samples were selected based on the absence of proteinuria and glomerular abnormalities as
assessed by both light and immunofluorescence microscopy. The study was approved by the
Ethical Committee of Genoa University, all procedures were in accordance with the Helsinki
Declaration, and an informed consent was obtained from all subjects.

Hypertension was defined as a blood pressure >140/90 mmHg on at least three different occasions.
Twenty-four—hour urinary protein content was measured using the pyrogallol-red method in three
separate urine collections. Serum creatinine was assessed using the Jaffé method. All clinical
procedures were conducted in accordance with the Helsinki Declaration. Creatinine clearance was
estimated using the Cockcroft-Gault formula, and glycated haemoglobin measured by ion-

exchange chromatography technique.
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3.2 Animal study

Male C57BL6 were purchased from Charles River Laboratories Italia. Animal studies were
approved by the Ethical Committee of the Turin University and both housing and care of laboratory
animals were in accordance with the Italian law. Animals were maintained on a normal diet under

standard animal housing conditions.

Generation of TNFAIP2 knockout (KO) mice on a C57BI6 genetic background.

Mice with global TNFAIP2 deletion (TNFAIP2-KO) were kindly provided by Prof. Ohno H
(Riken, Japan). To generate TNFAIP2 KO mice, the target vector containing a 4-kb genomic
sequence (promoter), neomycin resistance (NeoR) cassette floxed at both ends, a 3.5-kb genomic
fragment (intron5-exon10) and the HSV-tk gene, was constructed with pBluescript 11 SK (+). The
linearized targeting vector was inserted into B6;129 hybrid embryonic stem cells. The correctly
targeted cells were screened by long range-PCR. Chimeric mice were bred with C57BL6 mice to
obtain germline-transmitted animals. The obtained heterozygous were then crossed with
transgenic mice expressing a CAG promoter-controlled Cre recombinase to remove the NeoR
gene, and backcrossed to C57BL/6 mice for 8 generations before inter-crossing to obtain

homozygous. TNFAIP2 deletion was confirmed by Southern blot analysis.

Genotyping. Genomic DNA was extracted and purified from mouse-tail tissue using the PureLink
Genomic DNA kit (Thermo Fisher Scientific). Genotyping was performed by traditional semi-
quantitative PCR, using the following primers:

TNFAIP2 WT 5’TCTCCTTCTTCTTCGCAGACTC3’

TNFAIP2 KO 5’TGAAGCTACAAACTGCTCTGCC3’

TNFAIP2-common 5’GGTCCTGGTGTTTTTACTGGAC3’
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After an initial denaturation at 94°C for 2 minutes, the DNA was amplified for 35 cycles with the
following PCR protocol: denaturation at 98°C for 10 seconds, annealing at 60°C for 30 seconds,
and elongation at 68°C for 1 minute. PCR products were resolved in a 2% agarose/TBE gel
containing ethidium bromide and digital images captured using the Gel Doc XR system (Bio-Rad,

Milan, Italy).

Streptozotocin-induced diabetes. Diabetes was induced in eight-week-old mice by intraperitoneal
injection of streptozotocin (STZ) diluted in citrate buffer, pH 4.5 (55 mg/kg body weight/day),
delivered in five consecutive daily doses. Mice that were sham injected with sodium citrate buffer
were used as controls. Diabetes onset was confirmed by blood glucose levels >250 mg/dL four
weeks after the first STZ dose. Before euthanasia, blood samples were collected via saphenous
vein puncture on alert 4-h-fasted animals. Glucose levels were measured using a glucometer
(Accu-chek; Roche, Milan, Italy) and glycated hemoglobin by quantitative immunoturbidimetric
latex determination (Sentinel Diagnostic, Milan, Italy). Systolic blood pressure (SBP) was
assessed by tail-cuff plethysmography. Urinary albumin was measured by enzyme-linked
immunosorbent assay (Bethyl Laboratories, Milan, Italy) in 18-h urine collections as either
albumin excretion rate (AER, pug/18h) or albumin-to-creatinine ratio (ACR pg/mg). For 18-h urine
collection, animals were individually housed into metabolic cages where water and food were
accessible ad libitum. Creatinine clearance was calculated from serum and urine creatinine
concentrations, as determined by HPLC according to the Animal Models of Diabetic
Complications Consortium (ADMCC) guidelines [74]. Twelve weeks after diabetes onset, mice
were Killed by decapitation. The kidneys were rapidly dissected, weighed, and processed for

subsequent analyses. Half a kidney was formalin-fixed and paraffin-embedded for light
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microscopy analyses and the other half was OCT-included and snap-frozen in liquid nitrogen. The
second kidney was stored at -80°C for RNA and protein analyses. In all experimental groups, some

kidneys were used for glomeruli isolation.

Glomerular Isolation. Deeply anesthetized animals were perfused at a constant flow rate (8ml/min)

with an HBSS solution containing 8x107 surface-inactivated magnetic beads (Dynabeads,
Invitrogen, Milan, Italy). The kidneys were removed, finely minced, digested for 30 minutes at
37°C in a solution containing collagenase (1 mg/ml) and DNAse (100 U/ml), and then passed
through a 100 um mesh. Cell suspensions were collected by centrifugation and glomeruli gathered
using a magnetic particle concentrator and then repeatedly washed to remove tubules. Purity was

assessed by light microscopy.

Bone marrow (BM) transplantation study. Eight-week-old male TNFAIP2-KO and WT mice were

used as bone marrow (BM) donors. BM cells were flushed from tibial and femoral cavities under
sterile conditions, filtered through 70 um nylon meshes (BD Biosciences, Milan, Italy), and then
transplanted without further purification or in vitro expansion. Before transplantation, recipient
male mice, aged 8 weeks, underwent whole body-irradiation (8 Gy). After 24 hours, post-irradiated
mice were injected with 2.0x10° BM cells via the tail vein. TNFAIP2-KO mice received a BM
transplant from either WT (KO-c"T; n=5) or KO (KO-cK®; n=5) animals and WT recipients from
WT-cT; n=5) animals. DNA was isolated from blood cells (DNeasy Blood and Tissue Kit,

Qiagen, Milan, Italy) and chimerism confirmed by PCR.

Apoptosis. Apoptotic cells were detected on renal cortical sections by transferase-mediated dUTP
nick end-labeling (TUNEL) assay (ApopTag In Situ Apoptosis Detection Kit, Millipore, Billerica,
MA). Results were expressed as the number of positive cells per glomerulus (at least 20 random

glomeruli).

26



3.3 In vitro study

Cell culture. Conditionally immortalized human podocytes were kindly provided by Prof. Saleem.
Cells, were cultured and expanded at 33°C, 5% CO, in RPMI medium, containing 10% fetal calf
serum (FCS), 100U/mL of penicillin/streptomycin, 2mM L-glutamine, insulin, transferrin and

sodium selenite. Subsequent experiments were performed using podocytes differentiated at 37°C.

Diabetes-related insults. Conditionally immortalized human podocytes were exposed to high

glucose concentrations (HG, [glucose] = 30mM), glycated-albumin (GA 1.2ug/ml) for 48h, or
mechanical stretch for 24h. Cells exposed to normal glucose concentrations (NG= 10 mM made
iso-osmolar with mannitol), vehicle, or cultured in a hemodynamic stable environment were used
as controls. In a subset of experiments, the Akt inhibitor VIII (1 uM) and the PI3K inhibitor

(LY294002, 50 uM) were also added.

sh-RNA. Conditionally immortalized human podocytes (3x10°) were transfected using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific) with a plasmid construct
encoding TNFAIP2-specific sh-RNA (shRNA: 5’-
GATCCGACTGCTGGAGGCCACATTCCTGT-3’,  scramble  negative  control:  5°-
GCACTACCAGAGCTAACTCAGATAGTACT-3’) cloned in a pGFP-V-RS vector
(ExactHuSH, OriGene Technologies Inc). Knockdown efficiency was assessed by western

blotting.

TNTs. To visualize plasma membrane and TNTSs, podocytes were labeled with 5 pg/ml of WGA
conjugated with Alexa Fluor®-488 (Thermo Fisher Scientific, Milan, Italy) in HBSS for 10
minutes at 37°C. The number of cells connected by straight WGA-labeled structures that did not

adhere to the substrate, as assessed by Z-stack, and with diameter smaller than 1 um was counted
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in blind and results expressed as percentage of total counted cells (at least 150 cells). To visualize
TNT actin-based backbone, podocytes were labeled with Cell-Light Actin RFP (Molecular Probes,
Thermo Fisher Scientific, Milan Italy), and then co-cultured with podocytes exposed to normal

glucose concentrations (NG = 10 mM).

Mitochondrial transfer. Cell-Tracker Blue CMAC Dye (Molecular Probes, Thermo Fisher
Scientific, Milan lItaly), a cytoplasmic dye suitable for long-term cell tracing, was used at SuM
concentration to label recipient cells. Donor cells were labeled with Mitotracker Red dye (Thermo
Fisher Scientific) at the concentration of 25 nM.

Recipient cells were pre-treated with GA (1.2 pg/ml) and then co-cultured with donor cells at a
ratio of 1:1 in IbiTreated p-dish for 24 hours. Fluorescence was used to visually assess
mitochondrial transfer. To control for TNT-independent transfer, the two cell populations were
separately seeded into a 2 Well Ibidi Culture-Insert, sharing the same culture medium. After cell
attachment, the insert was removed and the two populations co-cultured for 24 hours under gentle

shaking.

3.4 Microscopy

Light Microscopy. Paraffin-embedded renal sections were stained using Periodic acid—Schiff

(PAS). Mesangial area was analyzed (percentage of glomerular area) from digital pictures of 15—
20 glomeruli per kidney per animal using the Axiovision 4.7 software (Milan, Italy).

Electron Microscopy. Renal cortex pieces (1 mm?®) were fixed in 2% glutaraldehyde, 4%

paraformaldehyde in phosphate buffer 0.12 mol/l for 4 h at room temperature, postfixed in 1%

osmium tetroxide for 2 h, dehydrated in graded ethanol, and embedded in Epon 812. Ultrathin
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sections (70 nm thickness) were obtained with a Leica EM UCG6 ultramicrotome, counterstained
with uranyl acetate and lead citrate, and examined with an Energy Filter Transmission Electron
Microscope (EFTEM, ZEISS LIBRA® 120) equipped with an yttrium aluminium garnet (YAG)
scintillator slow scan charge-coupled device (CCD) camera (Sharp eye, TRS, Moorenweis,

Germany).

Fluorescent and DIC microscopy. A Zeiss APOTOME 2 system equipped with an incubator for

live cell imaging/time-lapse microscopy and Nomarski optics for differential interference contrast
(DIC) microscopy was used in TNT studies. DIC microscopy was used to avoid TNT phototoxic

damage. Sequences of optical planes (Z-stack) were acquired for reconstruction in the x-z plane.

3.5 mRNA analysis

Total RNA was extracted and purified from renal cortex, isolated glomeruli, and podocytes using
the Trizol reagent (Invitrogen, Milan, Italy). One or two pg of RNA underwent reverse
transcription into cDNA using the High-Capacity Reverse Transcription kit (Applied Biosystems,
Monza, Italy). TNFAIP2, podocin, nephrin, TGF-1, LY6C2, MCP-1, CCR2 mRNA expression
was quantitatively analysed by real time-PCR using the Applied Biosystems TagMan reagents and
pre-developed assays [Tnfaip2 (MmO00447578_ml), Nphs2 (Mm00499929 m1l), Nphsl
(MmO00497828_m1), Tgfbl (MmO00441724_m1), Ly6c2 (Mm00841873_m1), Ccl2
(Mm00441242_m1), Ccr2 (Mm00438270_m1)]. Relative quantification was carried out using the
2"22Ct method. Results were normalized to the expression of appropriate housekeeping genes

(HPRT, WT-1, 18S, GAPDH).
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3.6 Protein analysis

Immunohistochemistry. Immunohistochemistry was performed in 4 um-paraffin sections of

formalin-fixed tissue. After antigen retrieval in a citrate buffer (0.01M, pH=6.0), sections were
exposed to 3% H-O: to neutralize endogenous peroxidase activity and endogenous avidin-binding
sites were blocked by sequential incubation with 0.1% avidin and 0.01% biotin. Sections were then
incubated with 3% bovine serum albumin (BSA) for blocking the aspecific binding sites. Sections
were then incubated overnight at 4°C with primary antibodies directed against TNFAIP2 (Santa
Cruz Biotechnology), rabbit anti-podocin (Sigma-Aldrich), rat anti-MAC-2 (Cederlane), and
rabbit anti-p57 (Santa Cruz Biotechnology). After washing with PBS, sections were exposed to
secondary biotinylated-labelled antibodies (swine anti-rabbit and rabbit anti-mouse from DAKO
and goat anti-rat, from Jackson Immuno Research Laboratories) for 1 hour, followed by incubation
with horseradish peroxidase (HRP)-conjugated streptavidin (DAKO) for 1 hour. 3,3’-
diaminobenzidine (DAB) was used as a chromogen substrate for HRP. Sections were visualized
with an Olympus-BX4l microscope and digitized with a high-resolution camera (Carl Zeiss,
Germany). On average 30 randomly selected glomeruli from both outer and inner cortex were
assessed per mouse. Results were expressed either as the number of positive cells/glomerular area

or as percentage area of positive staining per glomerulus.

Immunofluorescence. Sections were fixed in cold acetone for 5 minutes and blocked in 3% BSA.

Subsequently, sections were incubated overnight with primary antibodies: rabbit anti-podocin
(Sigma Aldrich), guinea pig anti-nephrin (PROGEN, Germany), and rabbit anti-fibronectin
(Sigma-Aldrich). Following washing with PBS, FITC-conjugated secondary antibodies (swine

anti-rabbit, DAKO; goat anti-guinea pig, Santa Cruz Biotechnology) were incubated for 1 hour.
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Results were expressed as percentage of positively stained tissue within the glomerular tuft. On
average, 30 randomly selected glomeruli from both outer and inner cortex were assessed per

mouse.

Double immunofluorescence. Paraffin sections of formalin-fixed tissue underwent antigen

retrieval in citrate buffer. Sections were blocked with avidin-biotin solutions and 3% BSA and
then incubated overnight at 4°C with a primary antibody made in rabbit and directed against
TNFAIP2 (Santa Cruz Biotechnology). After washing with PBS, sections were subsequently
incubated with a biotin-labelled secondary antibody (DAKO, swine anti-rabbit biotinylated) for 1
hour and AlexaFluor-488-conjugated avidin (Thermo Fisher Scientific, Italy) for 1 hour. After
further blocking in 3% BSA, sections were incubated with a primary antibody against
synaptopodin (mouse monoclonal, PROGEN, Germany) for 18 hours at 4°C, followed by
incubation with an RPE-conjugated secondary antibody (DAKO, rabbit anti-mouse-RPE).
Digitalized images were color-combined and assembled into photomontages by using Adobe

Photoshop (Universal Imaging Corporation, West Chester, PA).

Protein extraction and immunoblotting. Podocytes were homogenized in a modified RIPA buffer

containing 0.5% (vol/vol) NP40, 0.5% (wt/vol) sodium deoxycholate, 0.1% (wt/vol) sodium
dodecyl sulphate (SDS), 10 mM EDTA, and protease inhibitors (aprotinin, leupeptin and PMSF,
purchased from Sigma-Aldrich). After sonication and a 45-minute incubation in ice, protein
extracts were obtained by centrifugation at 12,000xg for 20 minutes at 4°C. Total protein
concentration was determined using the DC Protein Assay kit (Bio-Rad, Italy). Equal amounts of

protein samples were separated by electrophoresis on a SDS polyacrylamide gel and electro-
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transferred to a nitrocellulose membrane (all equipment and reagents used for immunoblotting
were purchased from Bio-Rad, Italy). Following blocking in 5% non-fat milk/TBS (pH=7.6),
membranes were incubated with a primary antibody made in rabbit and directed against TNFAIP2
(Santa Cruz Biotechnology) overnight at 4°C. After washing with TBS, membranes were probed
with a secondary HRP-linked antibody (Amersham, donkey anti-rabbit-HRP) for 1 hour. Detection
was performed using the chemiluminescent substrate Super Signal PICO (Euroclone, Italy) and
visualized using a Bio-Rad Gel-Doc system. Band-signal intensities were quantified by

densitometry. Tubulin was used as a loading control.

3.7 Statistical analysis.

Data were expressed as means = SEM, geometric mean (25™-75™ percentile), and fold change over
control. Non-normally distributed variables were log-transformed prior to the analyses. Data were
analyzed by the Student’s t test or ANOVA, as appropriate. Least significant difference test was

used for post-hoc comparisons. Values of P<0.05 were considered statistically significant.
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4. Results

4.1 TNFAIP2 expression in human diabetic nephropathy

TNFAIP2 expression was studied in renal cortex sections obtained from patients with DN and non-
diabetic control subjects (Table 2). TNFAIP2 was weakly expressed in normal renal cortex, but
TNFAIP2 staining was significantly increased in patients with DN. Semi-quantitative analysis
revealed a fourfold increase in the percentage positive area compared to controls. Of interest an
increased TNFAIP2 expression was also observed in kidney biopsies from patients with
microalbuminuria. This suggests that TNFAIP2 upregulation is an early event in the natural history
of the complication (Figure 4A, B). In patients with DN, the pattern of staining suggested a
predominant podocyte distribution and this was confirmed by colocalization of TNFAIP2 and

synaptopodin staining in double immunofluorescence (Figure 4C).

Table 2. Clinical parameters of non-diabetic control subjects and patients with diabetic
nephropathy (DN)

Controls DM

n 8 15
Age (years) 65.4+6.3 66.5+2.8
Sex (Male/Female) 6/2 11/4
Diabetes duration (years) - 19.5+0.7

Systolic bood pressure(mmHg) 120+£2.2 143+46

Diastolic blood pressure (mmHg) 65+3.1 83+4.2

Serum creatinine (mg/dl) 1+£01 21104
Proteinuria (g/24 h) - 21+05
Hypertension (%) - 100
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Figure 4. TNFAIP2 expression in human diabetic nephropathy. (A) Glomerular TNFAIP2
protein expression was assessed by immunohistochemistry in renal cortex sections from control
subjects (n=8) and patients with either incipient (DM-micro, n=3) or overt diabetic nephropathy
(DM-macro, n=12) [podocyte (arrowheads)] (original magnification 200X, scale bar=100 pm).
Focal segmental glomerulosclerosis (FSGS) sections were used as a positive control. (B) The
percent area of positive staining, quantified by a computer-aided image analysis system, is shown
in the graph (*p<0.001 DM vs. controls). (C) Double immunofluorescence for TNFAIP2 and the
podocyte marker synaptopodin was carried out on renal sections from DM patients. Merged
images showed co-localization (original magnification 200X, scale bar=100 pm).
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4.2 TNFAIP2 expression in experimental diabetes.

TNFAIP2 expression was assessed in an animal model of diabetes (STZ-induced diabetes). After
12 weeks of diabetes, TNFAIP2 protein expression was greater in diabetic (DM) compared to non-
diabetic (ND) mice (Figure 5A, B). Podocytes were the predominant glomerular cell type
overexpressing TNFAIP2, as confirmed by staining for both TNFAIP2 and podocin on serial renal
cortex sections (Figure 5C). Consistent with this, TNFAIP2 mRNA levels were almost threefold

higher in the glomeruli from diabetic animals (Figure 5D).
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Figure 5. TNFAIP2 expression in experimental diabetic nephropathy. (A) Representative
immunohistochemistry images of glomerular TNFAIP2 protein expression in renal cortex sections
from non-diabetic (ND) and diabetic mice (DM) after 12 weeks of diabetes (magnification 400X,
scale bar=50 um). (B) Quantification of the percentage of glomerular TNFAIP2-positive staining
is reported in the graph (n=5 mice per group; *p<0.001 DM vs. ND). (C) Staining for podocin and
TNFAIP2 on serial renal cortical sections obtained from DM mice, showing a predominant
podocyte distribution (magnification 400X, scale bar=50 pm). (D) TNFAIP2 mRNA levels were
measured in glomeruli isolated from both ND and DM mice by real time-PCR and corrected for
the expression of the housekeeping gene HPRT (n=5 mice per group; *p<0.001 ND vs. DM).
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4.3 Generation of global TNFAIP2 KO mice (C57BL6 background)

TNFAIP2-knock out (KO) mice on a Balb/c background (FSGS prone strain) spontaneously
develop FSGS. To clarify if this effect was strain-dependent, we generated TNFAIP2-KO mice on
a C57BL6 genetic background (FSGS resistant strain) [75-77] (Figure 6).

Homozygotes TNFAIP2-KO C57BL6 mice were viable, born at normal Mendelian ratios, and
grew normally. At variance with Balb/c mice, these animals had a normal renal phenotype, even
after long-term follow-up, and at 26 weeks of age there was no difference in ACR between WT

and TNFAIP2-KO mice (WT 25.76 £ 2.09 vs. KO 29.01 + 1.32; mean = ESM, p=NS).
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Figure 6. Schematic illustration of the strategy for generating TNFAIP2-KO mice by deletion

of gene exons 1 to 5.

4.4 Effect of TNFAIP2 deletion on metabolic and physiological parameters.

Diabetes was induced in both WT and TNFAIP2-KO C57BI6 mice by STZ administration. After
12 weeks of diabetes, blood glucose and glycated hemoglobin levels were similar in diabetic

TNFAIP2-KO and WT mice. In addition, TNFAIP2 deletion did not alter body weight and kidney
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weight-to-body weight (KW/BW) ratio. Finally, no difference was observed in systolic blood

pressure (BP) among groups (Table 3).

4.5 Effect of TNFAIP2 deletion on albuminuria and renal function

There was a significant increase in ACR in DM compared to ND animals after 12 weeks of
diabetes. TNFAIP2 deletion did not affect albuminuria in controls, but markedly increased
albuminuria in DM animals. Furthermore, a significant reduction in creatinine clearance was

specifically observed in diabetic TNFAIP2-KO mice compared to the other groups (Table 3).

Table 3. Metabolic and physiological parameters in wild type and TNFAIP2-KO mice

ND-WT ND-KO DM-WT DM-KO

Body Weight (g) 3020097 28.92+1.73  21.65% 1312 20.80 £ 0.86°

Blood Glucose (mg/dl) 136.20+2.80 150.70+8.30  403.30+40.1%  382.50 +23.90?

Glycated Hb (%0) 4.75+0.15 5.12+0.10 10.92 £ 0.55% 11.41 £0.33%

Systolic BP (mmHg) 108.00 £3.20  105.00 +3.10 103.00 +£1.30 106.00 + 2.50

KW/BW ratio 6.61+0.32 5.45+0.21 757 +2.11° 7.45+0.42°
ACR (pg/mg) 36.80+7.70 28.80+7.90 68.20+14.00°  144.10 * 36.50°
Cr CI (ml/min) 0.43 £ 1.37 0.40 £ 3.20 0.31+3.74 0.17 + 0.050¢

Data are expressed as mean + ESM; ND: non-diabetic; DM: diabetic; KW/BW kidney weight/body weight;
ACR albumin-to-creatinine ratio; Cr Cl creatinine clearance; 3p<0.001; °p<0.05 DM groups vs. ND groups;
p<0.05 DM-KO vs. DM-WT; %p<0.05 DM-KO vs. others.
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4.6 Podocyte abnormalities

To clarify the underlying mechanism of the detrimental effect of TNFAIP2 deletion, we assessed
podocyte abnormalities. We found a significant downregulation of both podocin and nephrin in
DM mice and this effect was exacerbated by TNFAIP2 deletion. On the contrary, lack of TNFAIP2
did not affect podocin/nephrin expression in ND mice (Figure 7A, B). Both podocin and nephrin
MRNA levels were diminished in DM mice and this effect was even greater in DM TNFAIP2-KO
animals (Figure 7C).

Diabetes-induced podocyte foot process effacement was enhanced in DM mice lacking TNFAIP2
(Figure 7D), as assessed by electron microscopy. The number of both podocytes and apoptotic
podocytes was similar in DM and ND animals in this model of early DN; however, in diabetic
mice, TNFAIP2 deletion reduced the number of differentiated podocytes, and enhanced the

number of apoptotic podocytes (Figure 7E, F).
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Figure 7. Effect of TNFAIP2 deficiency on diabetes-induced podocyte abnormalities Renal
cortex samples from ND-WT, ND-KO, DM-WT, and DM-KO mice were studied 12 weeks after
diabetes onset. Podocin and nephrin both protein and mRNA expression were assessed by
immunofluorescence and real time-PCR, respectively. Representative immunofluorescence
images of podocin and nephrin (A) are shown (magnification 400X, scale bar=50 um) and (B)
quantification of glomerular staining reported in the graph (n=5-6 mice per group; *p<0.001 DM
groups vs. ND groups; #p<0.05 DM-KO vs. DM-WT). (C) Nephrin and podocin mRNA levels
were measured by real-time PCR in total renal cortex and corrected for the expression of the WT-
1 gene (n=5 mice per group; *p<0.001 DM groups vs. ND #p<0.05 DM-KO vs. DM-WT). (D)
Electron microscopy images showing glomeruli from ND-WT, DM-WT and DM-KO mice. The
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extent of foot processes effacement was greater in DM-KO than in DM-WT animals
(magnification 3200X). (E) Apoptosis was assessed by TUNEL assay (green) and nuclei
counterstained with DAPI (magnification 400X, scale bar=50um). The percentage of apoptotic
cells is shown in the graph (n=6 mice per group; *p<0.001 DM-KO vs. others). (F) Representative
immunohistochemistry images of p57 staining are shown (magnification 400X, scale bar=50 pm).
The graph shows the number of podocytes (p57-positive cells) per glomerulus (n=6 per group;
*p<0.001 DM-KO vs. others).

4.7 Mesangial expansion and glomerulosclerosis

Histological assessment by PAS staining revealed a mild mesangial expansion and scattered
tubulointerstitial damage in DM mice. The degree of glomerular injury was greater in DM
TNFAIP2-KO mice. Indeed, a more prominent mesangial expansion was observed by both light
and electron microscopy (Figure 8A-C). Furthermore, diabetes-induced fibronectin protein
expression was exacerbated in DM mice lacking TNFAIP2 (Figure 8D, E). Similarly, mMRNA
expression of the pro-sclerotic cytokines TGF-B1 was greater in DM TNFAIP2-KO compared to

DM WT animals (Figure 8F).
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Figure 8. Effect of TNFAIP2 deletion on diabetes-induced glomerular structural
abnormalities and expression of markers of fibrosis. Renal cortex samples from ND-WT, ND-
KO, DM-WT, and DM-KO mice were studied 12 weeks after diabetes onset. (A) Representative
PAS staining images (magnification 400X, scale bar=50um) and (B) quantitation of
glomerulosclerosis are shown (n=6 mice per group; *p<0.001 DM groups vs. ND groups; #p<0.05
DM-KO vs. DM-WT). (C) Electron microscopy images showing a more prominent mesangial
expansion in the glomeruli from DM-KO mice compared to DM-WT mice. (D)
Immunofluorescence images of glomerular fibronectin are shown (magnification 400X, scale
bar=50um) and (E) quantification of glomerular staining is reported in the graph (n=6 mice per
group; *p<0.001 DM groups vs. ND groups; #p<0.05 DM-KO vs. DM-WT). (F) TGF-f1 mRNA
levels were measured by real-time PCR in total renal cortex and corrected for the expression of
the housekeeping gene HPRT (n=5; *p<0.001 DM groups vs. ND; #p<0.05 DM-KO vs. DM-WT).
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4.8 Inflammation

The number of glomerular cells positive for the macrophage marker MAC-2 was greater in DM
than ND animals. The absence of TNFAIP2 further increased diabetes-induced macrophage
accrual without affecting glomerular macrophage infiltration in ND mice (Figure 9A). The
expression of both LY6C2 and MCP-1 was significantly increased in DM mice and this effect was
exacerbated by TNFAIP2 deletion (Figure 9B, C). Diabetes did not alter expression of the MCP-
1 receptor CCR2; however, CCR2 overexpression was observed in diabetic TNFAIP2-KO mice
(Figure 9D).

TNFAIP2 is highly expressed by monocytes/macrophages and inflammation plays a key role in
DN; therefore, we performed a bone marrow (BM) transplantation study to assess the potential
role of TNFAIP2 expressed in BM cells on the renal phenotypes of DM TNFAIP2-KO mice
(Figure 9E). Transplantation of BM cells from WT mice to KO mice did not rescue the renal
phenotype of diabetic TNFAIP2-KO mice as both albuminuria and glomerulosclerosis were
similar in DM-KO-cX® and DM-KO-c"T (Table 4 and Figure 9F, G). This indicates that BM-
derived cells did not play a major role in the enhanced glomerular injury observed in DM

TNFAIP2-KO mice.

Table 4. Metabolic and physiological parameters in the BM transplantation study

ND-WT-cWT  ND-KO-ck°  DM-WT-cWT DM-KO-cK° DM-KO-cWT

BW (g) 26.02 £ 0.33 26.42£0.51 22.19+£0.83* 21.77 £0.75% 22.85+1.52%
BG (mg/dl) 124.2 + 3.64 123.4 + 3.07 381.0+1.15° 397.0+11.70° 384.0 +34.90°
Glycated Hb (%0) 4.82+0.19 5.06 £0.12 10.48 +0.25° 10.64 + 0.26° 10.54 +0.31°
SBP (mmHg) 11420 +£5.27  111.20 +£4.59 108.80 £1.15 112.60 £1.60 1114177
KW/BW ratio 5.85+0.01 5.99+0.01 7.29 £ 0.56° 7.40 £0.10° 7.30 £ 0.64°
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19.60 22.12 51.46¢ 87.63° 84.87¢

AER (ug/18h)
(18.80-19.10)  (20.20-22.30)  (34.90-66.00)  (77.60-107.90) (64.30-117.20)

Data are expressed as mean £ ESM or geometric mean (25°-75° percentile); ND non-diabetic; DM diabetic;
SBP Systolic Blood Pressure; BW body weight; BG blood glucose; KW/BW kidney weight/body weight;
AER Albumin Excretion Rate; 3p<0.05 °p<0.001; ®p<0.01 DM groups vs. ND groups; 9p<0.05 DM-WT-c"T
vs. ND groups; ¢p<0.05 DM-KO-cK® and DM-KO-cWT vs. DM-WT-cVT,
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Figure 9. Markers of inflammation and chimeric animals. Renal cortex samples from ND-WT,
ND-KO, DM-WT, and DM-KO mice were studied 12 weeks after diabetes onset. (A) Glomerular
macrophage accrual was evaluated by counting the number of MAC-2 positive cells per
glomerulus (n=6 mice per group; 8p<0.001 DM-WT vs. ND groups; *p<0.001 DM-KO vs. others).
(B-D) LY6C2, MCP-1, and CCR2 mRNA levels were measured in the renal cortex obtained from
ND-WT, DM-WT, and DM-KO animals by real time-PCR and corrected for the expression of the
housekeeping gene HPRT (n=5 mice per group; *p<0.001; 8p<0.001; #p<0.05 DM-WT vs. ND-
WT; #p<0.05 DM-KO vs. DM-WT). (E) Schematic illustration of the protocol used for generating
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chimeric mice. Recipient WT and TNFAIP2-KO mice were sub-lethally irradiated, and then
reconstituted with BM from either WT (WT-c"T; KO-cWT) or TNFAIP2-KO (KO-cX©) mice. (F)
PCR genotyping of peripheral blood cells from chimeric animals. M: marker; NTC: no template
control (G) Representative images of PAS staining of renal cortex sections from DM TNFAIP2-
KO mice transplanted with BM cells from either KO or WT animals. (magnification 200X, scale
bar=100um).

4.9 Effect of diabetes-related insults on TNFAIP2-TNT system in cultured
podocytes

We have previously reported that podocytes exposed to serum deprivation and Adriamycin form
TNTSs via a TNFAIP2-dependent mechanism [71]. Herein, we assessed if diabetes-related insults
also induce the TNFAIP2-TNT system in cultured podocytes.

An over two-fold increase in TNFAIP2 both protein and mRNA expression were observed in high
glucose (HG)-treated podocytes as compared to control cells (Figure 10A, B, C). By contrast, no
changes in TNFAIP2 mRNA levels were observed in podocytes exposed to either glycated-

albumin (GA) or mechanical stretch (Figure 10D, E).

Podocyte formed TNT-like structures (Figure 11A) that fulfill the morphological criteria of TNTS,
including the presence of an actin backbone (Figure 11B) and the lack of contact to the substrate
(Figure 11C, D). Exposure to both GA and HG resulted in a greater number of podocytes connected
by TNTs as compared to controls and this effect was abolished by TNFAIP2 silencing (Figure
11E, F, G). Additionally, treatment with either the Akt inhibitor VIII (1 uM), or the PI3K inhibitor

LY-294002 (50 uM) prevented the high glucose-induced TNT formation (Figure 11H).
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Figure 10. TNFAIP2 expression in cultured podocytes exposed to diabetes-related insults.
(A, B) TNFAIP2 protein expression was assessed in podocytes exposed to HG (30mM) or normal
glucose concentrations (NG = 10mM) for 48h. Representative immunoblotting image (tubulin was
used a loading control) and results of densitometry analysis are shown (n=3; *p<0.001 HG vs.
NG). TNFAIP2 mRNA levels were measured by real-time PCR in podocytes exposed to (C)
NG/HG for 48h (n=3; *p<0.001 HG vs. NG), (D) glycated-aloumin (GA, 1.2 ug/ml) for 48h (n=4,
p=ns), and (E) mechanical stretch (10% elongation) for 24h (n=3, p=ns). 18s/GAPDH were used

as housekeeping genes.
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Figure 11. TNFAIP2-dependent TNT formation in cultured podocytes exposed to diabetes-
related insults.

(A) Podocytes pre-exposed to high glucose (HG) were stained with WGA Alexa Fluor-488 to
reveal TNTSs. A representative image showing a TNT-like channel, interconnecting two podocytes,
is shown (magnification 630X, scale bar=50um). (B) The image shows that TNTs bridging
podocytes contain actin. Actin was labeled with Cell-Light Actin-RFP (magnification 630X, scale
bar=50um). (C) Serial Z-stack images, acquired with a step-size of 0.25 um proved that TNTs did
not adhere to the substrate. In panel D, colors represent the Z-depth (depth coding; red: bottom,
blue: top). (E) Podocytes were transfected with either TNFAIP2 shRNA (TNFAIP27) or a mock

plasmid (TNFAIP2**) and knockdown efficiency assessed by immunoblotting (tubulin was used
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a loading control). (F-G) Cells were exposed to either GA or HG for 48h, stained with WGA
Alexa-488, and analyzed by fluorescent live cell microscopy to reveal TNTs (magnification 630X,
scale bar=50um). As shown in graphs F and G, the percentage of podocytes connected by one or
more TNTs was enhanced by both GA and HG and almost abolished by TNFAIP2 silencing [(HG
experiments. n=3; *p<0.001 TNFAIP2**HG vs. TNFAIP2**NG; #p<0.01 TNFAIP2"HG vs.
TNFAIP2**NG); (GA experiments. n=3; *p<0.001 TNFAIP2**GA vs. TNFAIP2**Vehicle;
#p<0.01 TNFAIP27"GA vs. TNFAIP2**Vehicle)]. (H) Podocytes were exposed either to NG or
HG in the presence or absence of either the AKT VIII inhibitor (1uM) or the PI3K inhibitor LY -
294002 (50 uM) for 48h, stained with WGA Alexa-488, and analyzed by fluorescent live cell
microscopy. The graph shows the percentage of podocytes connected by one or more TNTs (n=3;
*p<0.001 HG vs. others).

4.10 TNT-mediated transfer of mitochondria between cultured podocytes

To test if TNTs interconnecting podocytes in vitro were functionally active, we focused on
mitochondria. To induce podocyte damage, Cell-Tracker-Blue-labeled podocytes (recipient cells)
were exposed to GA and then co-cultured with donor podocytes labeled with mitochondria (Red
MitoTracker).

Red fluorescent mitochondria were found along TNTs and in the cytosol of recipient blue cells,
indicating mitochondrial transfer (Figure 12A). By contrast, no transfer was observed when TNT
formation was prevented by physical separation of donor and recipient cells sharing the same

culture medium (Figure 12B).
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Podo Blue-GA

Figure 12. TNTs allow mitochondrial transfer between podocytes. (A) Podocytes stained with
Cell-Tracker Blue were pre-exposed to glycated albumin (GA, 1.2 pg/ml) for 48 hours and then
co-cultured with donor podocytes labeled with MitoTracker. The image shows RFP-mitochondria
within the TNT and in the cytosol of a blue-stained recipient podocyte (magnification 630X, scale
bar = 50 um). (B) GA-treated podocytes and normal donor podocytes containing MitoTracker-
labeled mitochondria were separately seeded in a two-well Ibidi culture insert. After removal of
the insert, the two populations were co-cultured for 24 hours. As shown in the representative

image, RFP-labeled mitochondria were not observed in recipient cells.
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5. Summary of results

Human study

Cortical kidney biopsies
analysis:

To assess TNFAIP2
glomerular expression in
human DN

1 TNFAIP2 expression in DN patients
(including microalbuminuric)

1 TNFAIP2 expression particularly in
podocytes (colocalization with synaptopodin)

Animal studies

STZ-induced diabetes
mouse model (C57BI/6):

To assess TNFAIP2
glomerular expression in
experimental DN

1 TNFAIP2 expression and mRNA levels in
DM mice (12 weeks after DM onset)

1 TNFAIP2 expression particularly in
podocytes (colocalization with podocin)

TNFAIP2 global KO
mouse model (C57BI/6):

To study the effects of
TNFAIP2 genetic
deletion on the functional,
structural, and molecular
alterations of DN

PHYSIOLOGICAL AND METABOLIC
PARAMETERS
(Results: DM-KO compared to DM-WT):

- 1ACR

- | CrCl

RENAL TISSUE ANALYSES
(Results: DM-KO compared to DM-WT):
- PODOCYTE ABNORMALITIES
(] expression of slit diaphragm
proteins, 1 foot process effacement,
| podocyte number, and 1 podocyte
apoptosis)
- 1 GLOMERULOSCLEROSIS
(T mesangial expansion, 1 expression
of fibronectin, T mMRNA levels of
TGF-p1)
- 1 INFLAMMATION
(1 glomerular macrophage accrual; 1
MRNA levels of Ly6c2; MCP-
1/CCR2)
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Chimeric mice:

To evaluate the
contribution of BM-
derived cells on the renal
phenotype of DM-KO
mice

TNFAIP2 deletion from BM cells

does not contribute to the functional and
structural alterations observed in DM-KO
mice (AER and PAS staining: DM-KO-
cX© = DM-KO-c"T)

In vitro studies

Cultured podocytes:

1. To test if DM-
related insults
induce the
TNFAIP2-TNT
system

2. Totestif TNTs
interconnecting
podocytes in vitro
are functionally
active

- 1 TNFAIP2 expression after exposure
to HG

- 1 number of podocytes connected via
TNTSs after exposure to either HG or
GA

- HG/GA-induced TNT formation is
TNFAIP2-dependent

- HG-induced TNT formation is
mediated by PI3K and AKT

- TNTs mediate transfer of
mitochondria from donor podocytes
to recipient podocytes pre-exposed to
GA
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6. Discussion

This study provides evidence that TNFAIP2 is overexpressed by podocytes in both human and
experimental DN. Of interest, glomerular TNFAIP2 overexpression was also observed in patients
with microalbuminuria, though the number of patients was very small. This suggests that
TNFAIP2 induction may be an early event in the natural history of human DN. Consistent with
this hypothesis, an increase in glomerular TNFAIP2 was also found in an early phase of
experimental diabetes.

Our in vitro data showing that exposure of podocytes to high glucose concentrations increased
TNFAIP2 expression provides a potential mechanism whereby diabetes enhances podocyte
TNFAIP2 expression. TNFAIP2 is also overexpressed by podocytes in patients with FSGS [71].
This raises the possibility that TNFAIP2 induction is a common response to podocyte injury in
various chronic glomerulopathies.

We have previously reported that TNFAIP2 deletion induces the spontaneous development of
FSGS in Balb/c mice. However, TNFAIP2-KO mice on a C57BL6 background did not show any
renal abnormality. This suggests that development of a renal phenotype in TNFAIP2-KO mice is
strain-dependent. Differences in the susceptibility to develop FSGS between the Balb/c and the
C57BL6 strain have been previously reported [73, 78]. For instance, Adriamycin induces FSGS in
Balb/c mice, while C57BL6 are resistant to FSGS development [79]. On the other hand, in diabetic
C57BL6 mice lack of TNFAIP2 worsened both albuminuria and renal function, implying that
diabetes-induced glomerular injury is required to disclose the renal protective effect of TNFAIP2

in the C57BL6 mouse strain.
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Diabetic mice lacking TNFAIP2 had an increase in nephrin/podocin downregulation, foot process
effacement, and podocyte apoptosis/loss, providing a potential mechanism for the worsening in
diabetes-induced albuminuria. In this early model of experimental diabetes, renal function was still
normal in diabetic WT mice. However, a significant renal function loss was observed in diabetic
TNFAIP2-KO animals. Enhanced expression of fibrosis markers and glomerulosclerosis in
diabetic TNFAIP2-KO mice likely contributed to early renal function decline.

Importantly, body weight, blood glucose levels, glycated hemoglobin, and systolic blood pressure
were similar in WT and TNFAIP2 KO diabetic mice, indicating that the effects observed were
independent of both metabolic and hemodynamic factors.

Inflammatory processes have also been implicated in the pathogenesis of DN [35]. Deletion of
TNFAIP2 exacerbated diabetes-induced glomerular inflammation as shown by both increased
glomerular monocyte accrual and MCP-1/CCR2 overexpression. However, transplantation of BM
cells from TNFAIP2-KO mice in WT animals and vice versa did not modify the phenotype of
recipient diabetic animals. This together with the observation that TNFAIP2 overexpression
occurred predominantly in podocytes in both human and experimental DN suggests that TNFAIP2
deletion in podocytes rather than in immune/inflammatory cells played a major role in
exacerbating DN.

Worsening of DN in TNFAIP2 KO mice suggest that TNFAIP2 has a protective role in the kidney
and that podocyte TNFAIP2 overexpression in DN is a mechanism to counteract podocyte injury.
Our in vitro experiments aimed to investigate the underlying mechanisms of the protective effect
of TNFAIP2 suggest that TNFAIP2-dependent TNT formation may be involved. TNTs are
membrane channels bridging distant cells and allowing intercellular exchange of various cargos

[43, 46, 49}. We found that exposure of podocytes to either high glucose or glycated-albumin
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(GA) enhanced the formation of intercellular membrane bridges that fulfilled the morphological
criteria for the definition of TNTs. Specifically, these membranous structures were straight,
exhibited a width of less than 0.5 um and a length of several cell diameters, and contained a F-
actin/tubulin backbone [43]. These structures did not adhere to the substrate, as assessed by Z-
stack reconstruction, and this is a specific feature of TNTs that differentiate them from filopodia
[44]. TNTs have been described in various cell types in vitro, including podocytes [71]; however,
herein we provide the first evidence that diabetes-related insults can induce TNT formation. TNTs
form de novo predominantly from stressed cells and our results demonstrates that the cellular stress
induced by podocyte exposure to high glucose and GA is sufficient to trigger TNT formation.
Importantly, diabetes-induced TNT-formation in podocytes was almost abolished in TNFAIP2™
podocytes, indicating a TNFAIP2-dependent effect. Consistent with this, previous studies have
shown that TNFAIP2 cooperates with the RalA small GTPase and the exocyst complex to trigger
F-actin polymerization and TNT formation [67, 70]. However, dependency on TNFAIP2 for TNT
formation is cell-type specific and we have previously shown that TNT formation in tubular
epithelial cell is independent of TNFAIP2 [71]. Diabetes-induced TNT formation was also
prevented by Akt and PI3K inhibition, suggesting an important role of these intracellular signaling
molecules in regulating TNT formation in podocytes.

At variance with other cell-to-cell communication system, TNTs allows the exchange of cellular
organelles, including mitochondria and lysosomes [43, 49, 50, 61]. This is of relevance in the
context of diabetes because organelle dysfunction plays an important role in the pathogenesis of
DN. To provide evidence that diabetes-induced TNTs were functionally active and could allow
replacement of dysfunctional organelles, we focused on mitochondria as TNFAIP2 deletion

induces mitochondrial alterations in Balb/c mice and horizontal TNT-mediated mitochondrial
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transfer occurs in Adriamycin-treated podocytes. Our in vitro results confirmed that exposure of
podocytes to GA induced mitochondrial transfer between podocytes via TNTs. Although
mitochondria are quite large, recent studies using correlative cryoelectron microscopy confirmed
that mitochondrial transfer through TNTSs is feasible as mitochondria can enlarge TNTSs, creating
a bulge [80].

TNT-mediated horizontal mitochondrial transfer in diabetic podocytes is of potential functional
relevance as mitochondrial abnormalities, such as swollen/fragmented mitochondria, altered
mitochondrial membrane potential, and impaired permeability transition, have been demonstrated
in renal cells exposed to a diabetic milieu and in the kidneys from diabetic animals. Moreover, the
unifying hypothesis postulates that excessive generation of mitochondrial superoxide by
hyperglycemia is the primary initiating event that activates all other pathways of glomerular
damage in diabetes. Finally, hyperglycemia-induced mitochondrial oxidative stress can cause
mtDNA mutations that can accumulate in terminally differentiated cells, such as podocytes,
leading to alterations in mitochondrial bioenergetics [24-29].

Whether TNT-mediated mitochondrial transfer can rescue recipient podocytes remains to be
established. However, studies in other cell types showed that transferred mitochondria ameliorate
mitochondrial performance of recipient cells and even restore aerobic respiration in cells lacking
mitochondria [50, 52-55]. Moreover, we have previously demonstrated in podocytes that TNT-
mediated mitochondrial transfer ameliorates injury of podocytes exposed to Adriamycin/serum
deprivation [71]. On the other hand, intercellular exchange of mitochondria via TNTs may be less
effective as a protective mechanism in pathological conditions, such as diabetes, in which all cells

are exposed to an identical dangerous milieu.
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Although the deleterious effect of TNFAIP2 deletion in DN is likely mediated by prevention of
TNT-mediated exchange, other TNT-independent mechanisms cannot be excluded. Indeed,
TNFAIP2 interacts with small GTPases, regulating actin dynamics that are crucial for podocyte
function in DN [67] Moreover, TNFAIP2 is also a downstream target of retinoic acid and

TNFAIP2 deficiency may be involved in retinoic acid-induced podocyte differentiation [39].

In conclusion, diabetes induces TNFAIP2 expression in podocytes. In experimental DN, lack of
TNFAIP2 magnifies podocyte damage, glomerulosclerosis, and renal dysfunction. This suggests
that podocyte TNFAIP2 overexpression in diabetes is a compensatory mechanism aimed to limit
diabetes-induced glomerular injury. In vitro experiments have provided a possible explanation for
the beneficial effects of TNFAIP2. Indeed, exposure to diabetes-related insults induced TNT
formation between podocytes via a TNFAIP2-dependent mechanism. Moreover, TNTSs bridging

podocytes were functionally active as they allowed the transfer of mitochondria.
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