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i. Abstract

Idiopathic nephrotic syndrome (iNS), a podocytopathy, is the most common glomerulopathy
in children, characterized by significant proteinuria, hypoalbuminemia, and edema, and is
managed with steroid therapy. Despite the prevalence of iNS, it remains poorly understood, with
no definitive etiology, and no reliable biomarkers for predicting relapse, remission, or long-term
outcome. This thesis investigated the role of podocyte-derived extracellular vesicles (EVs),
particularly large EVs (LEVs), as biomarkers of iNS disease activity, and as indicators of
fundamental biological processes in the podocyte. I used integrated and novel approaches to
further the molecular understanding of iNS, including in vitro models of podocyte stress, an in
vivo rat nephrosis model, and urinary specimens from children with iNS. I identified that irn vitro,
podocytes respond to puromycin aminonucleoside (PAN)-induced injury by increasing
vesiculation, and further that PAN induces a mitochondrial bioenergetic stress linked with
packaging of LEVs with mitochondrial DNA (mtDNA). Prednisolone, the gold-standard
immunomodulatory agent used in pediatric iNS, was shown to attenuate these PAN-induced
impacts in vitro. Lastly, proteomic profiling of LEVs from podocytes, as well as those derived
from urinary specimens from children, revealed hundreds of proteins specific to disease relapse,
as well as PAN-induced podocyte stress. These novel observations suggest that LEVs reflect
dynamic podocyte states which might reflect disease conditions in humans. This work provides
the impetus for future studies directed at further understanding the LEV mtDNA and proteomic

cargo which will offer further insights into iNS pathophysiology.
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Graphical Abstract 1: Extracellular vesicles (EVs) containing mitochondrial DNA (mtDNA) are
released from stressed podocytes.

(1) Nephrotic syndrome (NS) in children has an unclear pathogenesis. (2) Mitochondrial stress
has been linked with proteinuric glomerular diseases, and we hypothesized that mitochondrial
stress is an important driver of NS. (3, 4, 5) We discovered that podocytes with stressed
mitochondria release mtDNA into EVs. The role of mtDNA within LEVs remains unclear, and
future studies are directed at better understanding this. A version of this is published in IJMS

(https://doi.org/10.3390/ijms26157245).
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1 Introduction

1.1 NEPHROTIC SYNDROME

Nephrotic syndrome (NS) is a disease characterized by multiple signs and symptoms which
are the result of injury to the glomerular podocyte [1]. NS is comprised of proteinuria,
hypoalbuminemia, and significant edema, which make up the diagnostic criteria [2—5]. There are
distinct differences, and commonalities, between pediatric and adult NS. Importantly, NS in adults
is most commonly a secondary form, often associated with infection, malignancy, and medication
side effects [6]. However, NS diagnosed as minimal change disease (MCD), the most common
lesion seen in childhood cases, does occur [7]. In children, NS is most commonly idiopathic and
associates with histopathological hallmarks including MCD or focal segmental glomerulosclerosis
(FSGS) [8], discussed further in Chapter 1.5. The overall focus of this thesis will be on NS in

childhood.

1.2 NEPHROTIC SYNDROME OF CHILDHOOD

Childhood NS is the most common glomerulopathy in children [9]. Children present in a
similar fashion to the description above, with significant edema associated with proteinuria and
hypoalbuminemia. Parents often describe foamy urine, due to the degree of proteinuria. While
being the most common glomerulopathy in children, it is still considered a rare disease [8] with an
incidence of ~1.4-6.1 per 100,000 children, worldwide, with significant differences observed due
to ethnical backgrounds [10]. In Canada, the incidence is approximately 1:5,000. A major
classification approach is response to steroids. Importantly, this is a heterogeneous disease where

some children will develop a relapsing-remitting course, and others will have a single episode;



and, following treatment, will not relapse again. Specifically, approximately 40% have a single
episode, or infrequently relapsing NS while up to 60% will have a frequently relapsing course [8].
Underlying reasons for these vastly different courses for the same disease are unclear. Further
complications stem from resistance to the primary form of treatment, steroids, so called steroid
resistant NS (SRNS). Indeed, up to 20% of children with NS will be resistant to steroids. This
resistance can be primary, where it is most likely related to a monogenic disease [11], while in
other cases this is an acquired, secondary resistance to steroids. Genetic NS will be discussed in

the following chapter.

1.3 GENETIC NS IN CHILDREN

As mentioned, monogenic forms of NS in children exist, but are rare. However, these cases
are generally identified if children are diagnosed at an early age (<1 year) or have steroid resistant
disease [11]. Importantly, if caring for a child with NS from a consanguineous family, the chance
of a genetic origin increases substantially to nearly 30% [8]. These monogenic forms result in
structural abnormalities of the podocyte, which are irreparable, and thus not responsive to
immunosuppressive therapy. This becomes obvious after 4-6 weeks of steroids without any clear
histological (if biopsy is available) or clinical response. Further clues to a genetic origin of NS
include altered kidney function, as in most instances non-genetic, so-called idiopathic NS (iNS)
patients have normal kidney function.

Most common genetic findings include mutations in the Nephrin (NPHS1) gene, the so-
called “Finnish Nephrotic Syndrome”, as well as Podocin (NPHS?2); however, other genes have
been identified and showed causal for monogenic forms of NS, including Phospholipase C epsilon

1 (PLCE1), Laminin Subunit Beta 2 (LAMB2), and Wilms Tumour 1 (WT1) [12]. Interestingly,



collagen mutations, though most related to Alport Syndrome, have also been identified as a
monogenic cause of NS [13]. Importantly, particularly for this thesis, is the observation that
mitochondrial genes, including several of the Coenzyme Q genes, are associated with monogenic
forms of NS [14]. This directly supports the role of mitochondria in podocyte health and disease.
Figure 1 outlines several of the monogenic diseases associated with SRNS, of which there are
over 50 [1].

It is clear that several genetic mutations can cause podocytopathies which results in a
steroid resistant form of NS; however, what about the genetics of steroid sensitive NS (SSNS)?
Indeed, the search for genetic associations with SSNS have been ongoing for some time [15];
however, to date, no definitive genetic cause has been identified [8].

While genetic causes of NS are rare, there is a certain phenotype associated with
monogenic forms. The search for a genetic association with SSNS is ongoing; however, has yet to
be identified. What then makes up the significantly larger group of children with NS? Having been
studied for over 60 years, idiopathic nephrotic syndrome (iNS) makes up the most significant

proportion of children diagnosed with NS and is the topic of the next section.

1.4 INS IN CHILDREN

Upwards of 85% of children presenting with iNS between the ages of 1-15 will have SSNS.
Because the associated presentation with SSNS is well known, a biopsy is rarely undertaken, and
if done, reveals the classic histopathology of MCD. The pathophysiology of iNS in children
remains mysterious; however, mounting evidence suggests the immune system plays a role [16].
Indeed, as defined, SSNS is steroid sensitive, and thus the pathomechanism seems to be related to

a process amenable to immunosuppressive therapy. Recent evidence suggests that
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Figure 1. Monogenetic diseases and SRNS

Identification of single-gene causes of steroid-resistant nephrotic syndrome (SRNS) placed the
podocyte at the centre of SRNS pathogenesis because most of the implicated genes are expressed
in podocytes. Foot processes interdigitate with those from neighbouring podocytes, forming the
glomerular slit membrane, which is critical for filtering and retention of protein in the blood-
stream. Its integrity is lost in nephrotic syndrome. Proteins encoded by genes that, if mutated,
cause monogenic SRNS localize to specific subcellular sites of podocytes depicted here. CoQ10),
coenzyme Q10; GBM, glomerular basement membrane; P, paxillin, T, talin; V, vilin. Figure and

figure legend reproduced, with permission, Springer Nature [1].



in certain instances, this may represent an autoimmune disease [ 17—19]. Contrary to these opinions
are questions related to how the anti-Nephrin [20] or anti-Ubiquitin Carboxyl-Terminal Hydrolase
L1 (UCHLT) [21] antibodies, for example, are made, given the podocyte is relatively ‘immune
privileged’. Further, if this is a true immune process, particularly involving antibody-mediated
damage, why is there only minimal evidence of immune complex deposition or inflammatory
infiltrate on biopsy?

In support of the autoimmune, anti-podocyte antibody theory are the countless reports of
children having recurrence of their disease post-kidney transplant, suggesting the trigger for
disease remains present even after removal of failed kidneys. The most impressive example
includes the implantation of a kidney which showed immediate recurrence; however, once
explanted and re-implanted into another patient who did not previously have NS, the kidney did
not show any signs of recurrence, and the patient did not develop NS [22].

While the autoantibody theory gains traction, and undergoes necessary scrutiny, it is
important to recognize previous theories over the past 60 years, including a virally mediated, post-
Epstein Barr Virus induced glomerulopathy [23], or the presence of a ‘circulating factor’ which,
when present, leads to the podocyte effacement seen in biopsy specimens (identified as MCD)
[24]. This circulating factor has been regarded as the proverbial, ‘holy grail’ of iNS, and many
groups have wondered whether it is in fact an antibody (which aligns well with the most recent
autoimmune mechanisms discussed above [17, 21]), a cytokine [25], or potentially extracellular

vesicles [26].



1.5 CLINICAL MANIFESTATIONS, IN-DEPTH BIOPSY FINDINGS, AND
TREATMENT APPROACHES

As briefly mentioned, children with iNS have a very uniform and ‘classic’ presentation
which comprises proteinuria, hypoalbuminemia, and edema. Associated with these signs and
symptoms are hallmark secondary characteristics, which includes hypercholesterolemia [9],
hypercoagulability [27], increased risk of infection [28], increased risk of cardiovascular disease,
and acute kidney injury (AKI) [9]. Importantly, blood pressure differences have been observed,
with children with NS having increases in diastolic blood pressure [29].

Hypercholesterolemia is found in all children with iN§S, and the severity of the dyslipidemia
is directly proportional to the degree of proteinuria [30]. In a study by Ashoor ef al., among the
children with glomerulopathies who had lipids measured, a staggering 71% had dyslipidemia with
62% having hypercholesterolemia [31]. The second leading glomerulopathy in the study with
elevated cholesterol was iNS (labelled here as MCD); with the first being membranous
nephropathy (a rare cause of NS in children). Further, of these children with dyslipidemia, only
9% were prescribed a lipid-lowering agent. This is largely due to the limited use of statins in
children [9], which perhaps may be associated with provider hesitation, and a lack of clear
interventional studies showing benefit. The Ashoor ef al., study [31] identified a high prevalence
of modifiable cardiovascular disease risk factors in primary childhood glomerulopathies with iNS
being one of them.

Often, children present with hypovolemia and require fluid resuscitation, which is
challenging due to hypoalbuminemia, and thus low oncotic pressure. What is paradoxical is these
children are often massively fluid overloaded with significant edema, and therefore a delicate
balance must be struck [3, 32, 33]. As a result, children receive intravenous human albumin

followed by furosemide as a means to both refill the intravascular space but also coax the



interstitial edema fluid back into the vasculature for expulsion in the urine [33]. Indeed, many
studies have interrogated the best approach to this clinical conundrum. Kapur et al., devised an
approach taking into consideration sodium excretion, and aldosterone induction [34]. The
importance of this intricate balance is best evidenced when considering the prevalence of AKI in
children with iNS [35], which is ~30%.

An additional concern for children with iNS includes the heightened risk of infection [28].
Indeed, through overlapping mechanisms of immunodeficiency (in the setting of immunoglobulin
losses from the kidney) and immunosuppression (steroid therapy, and steroid-sparing therapies),
children are at increased risk of opportunistic infections. Lastly, children with iNS are at increased
risk of venous thromboembolism (VTE), again related to the non-specific loss of coagulation-
related proteins in the urine [36]. While infection and VTE are distinct entities, there appears to be
an association between infections and VTE in hospitalized patients with NS [28].

Overall, clinical features of iNS in children are homogeneous in that all children with iNS
will present with proteinuria, hypoalbuminemia, edema, and some degree of
hypercholesterolemia; however, there is some variability in who will present with AKI, infection,
or VTE. Unfortunately, there are no good clinical biomarkers to assist in prognostication in
children with this unique and mysterious disease [37]. I will next discuss another homogeneous
aspect of this disease, which relates to the most common biopsy findings in children with iNS.

A challenging aspect with understanding the histopathology of iNS in children is the fact
that we do not perform biopsies on all children at presentation; rather, most will have a biopsy if
they are not responding to steroids by 4-6 weeks. However, almost universally, when a biopsy is
performed in a child with SSNS, the histopathological diagnosis will be MCD [8]. MCD was first

coined prior to the invention of the electron microscope as it comprises relatively normal appearing



pathology findings on light microscopy. Specifically, children with MCD will often have normal
appearing glomeruli on light microscopy, with the possibility of light IgM positivity [38].
However, overwhelmingly, there is no evidence of immune complex deposition nor
immunofluorescence positivity [2]. On the contrary, in those children with steroid resistance after
4-6 weeks, a biopsy will be performed, usually showing FSGS. In either case, there is distinct and
clear evidence of podocyte effacement on biopsy. In SSNS cases, if pre-treatment, and post-
treatment biopsies were performed, the distinguishing feature would be resolution of podocyte foot
process effacement on the follow up biopsy. It is therefore clear that, as stated earlier, the podocyte
is central to the disease process in children with iNS. Overall, clinical features are somewhat
homogeneous in children with iNS, and this associates with a relatively similar clustering of biopsy
findings; however, what is not homogenous is the response to steroids. We will next discuss
approaches to therapy in children with iNS.

Children presenting with iNS will universally be started on steroid therapy. Usually this is
prednisone, or prednisolone, at a dose of 60 mg/m? daily for 6 weeks (maximum dose 60 mg),
followed by 40 mg/m? (maximum dose 40 mg) every other day for 6 weeks. Next steps are based
on how the child responds to therapy. Unfortunately, while there have been studies in the past
assessing initial response to steroids, time to remission, and other clinical variables, there has yet
to be discovered a definitive clinical marker to predict prognosis or steroid responsiveness in iNS.
If the child responds to steroids, and has infrequent relapses, they will likely go on to have exposure
only to steroids with minimal to no side effects. If frequently relapsing NS (FRNS), or steroid-
dependent NS (SDNS), children will remain on steroids, usually targeting a low-dose, every other
day approach of ~5-10 mg. This associates with an increased risk for sequelae not only associated

with iNS but also with prednisone. Side effects are severe and include poor linear growth, weight



gain, increased appetite, hirsutism, fragile bones, and ocular complications [2]. Should steroid-
induced side effects become a rate limiting step in the ongoing treatment of a child with FRNS or
SDNS, initiation of steroid-sparing therapy is required (Figure 2).

Commonly used steroid-sparing agents include cyclophosphamide, tacrolimus, or
mycophenolate mofetil [2, 38, 39]. Once proteinuria is controlled, there is consideration for B-cell
depleting agents (Figure 2), including Rituximab [40]. Each therapy for iNS comes with a
significant toxicity profile, and thus, children with iNS are at increased risk of treatment side
effects. Importantly, these are closely monitored. An important consideration is for children with
INS who will ultimately be steroid resistant; these children will be exposed to 4-6 weeks of high
dose steroids, and in some instances, likely longer treatment courses to ensure no late response,
without any realized benefit. It is therefore clear that prognosticating factors are needed, and
a biomarker of steroid resistance a priori is urgently needed.

In summary, iNS in childhood has several unifying clinical and histopathological features;
however, the response to therapy greatly differs, particularly the response to steroids. There is no
good biomarker to prognosticate who will respond to steroids, and as such, there is an unmet need
to discover one. In doing so, children destined to have a steroid resistant phenotype will be spared
a considerable amount of ineffective steroids, thus improving their quality of life, and limiting
their exposure to unwanted side effects. We next turn our attention to the cell centrally implicated

in the disease pathogenesis, the podocyte.
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Figure 2. Principal treatments for nephrotic syndrome at diagnosis and follow-up.

After initial therapy with steroids, children are classified as having SSNS or SRNS after at least 8
weeks of therapy. Frequently relapsing SSNS can first be treated with low-dose alternate-day
steroids prior to consideration of steroid-sparing agents. Typically, the steroid-sparing agents
include cyclophosphamide, or levamisole, and if this fails and the child continues to relapse or is
steroid dependent, then a calcineurin inhibitor is often the next agent, or mycophenolate mofetil.
The scarcity of trial evidence has resulted in substantial variation in choice of steroid-sparing
agents based on physicians’ preference, drug availability by country, and cost. SSNS=steroid
sensitive nephrotic syndrome. SRNS=steroid resistant nephrotic syndrome. FRNS=frequently
relapsing nephrotic syndrome. SDNS=steroid dependent nephrotic syndrome. ACE=angiotensin

converting enzyme inhibitor. ARB=angiotensin receptor blocker. Figure and figure legend

reproduced with permission, Lancet, Elsevier [2].
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1.6 THE PODOCYTE

In order to provide a complete overview of the podocyte, we should first start at the level
of the kidney and work our way inwards. The human kidney is a highly specialized organ which
is paramount for human health, and is implicated as the cause of disease, and, as an innocent
bystander during systemic disease. The kidney is separated into cortex and medulla. The cortex
houses the functional tissue for filtration and elimination of waste. Specifically, the glomerulus is
the filtering unit of the kidney, and while contentious, it appears there are approximately 1,000,000
glomeruli per kidney [41]. The glomerulus connects with the tubules which allows for passage of
urine to the medullary pyramids, and subsequently to the confluence of pyramids, the pelvis,
followed by removal into the ureters and bladder. For the purposes of this thesis, the focus will
remain on the glomerulus, and specifically the specialized epithelial cells known as podocytes
(Figure 3).

The glomerulus is comprised of several cell types of varying origins. The podocytes are
terminally differentiated and epithelial in nature [42]. The glomerular filtration barrier includes the
podocyte foot processes which line the outer aspect of the glomerular basement membrane (GBM)
which subsequently abuts with the fenestrated glomerular endothelium. The glomerulus houses a
confluence of capillaries allowing for efficient delivery of blood to the filtration apparatus, made
up of the interdigitating podocyte foot processes effectively forming slit diaphragms [42].

iNS is categorized as a podocytopathy [1], with the understanding that despite the inciting
pathomechanism, the histopathological presentation is that of podocyte structural abnormalities
represented as effacement on biopsy. The podocyte has a cell body, major processes, secondary
processes, and finally, interdigitating foot processes which creates the slit diaphragm. Within the

foot processes, there is copious actin linking adjacent processes [43]. Intermediate fibers make up
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Figure 3. Structure of the nephron, the glomerulus and the filtration barrier.

The kidney is comprised of functional units, nephrons, each of which is made of a glomerulus and
a tubule. In healthy humans, the average number of nephrons is ~1 million (range 250,000 to <2.5
million). The glomerulus is composed of a tuft of capillaries covered by visceral epithelial cells —
the podocytes — and surrounded by a capsule lined on the inner surface by parietal epithelial cells
(PECs). The latter cell population contains podocyte progenitors, which are motile and
progressively differentiate into podocytes in the region near the vascular pole of the glomerulus.
The vascular pole of the glomerulus includes both the afferent and efferent arterioles (transverse
section). The outermost layer is composed of podocytes adhering to the glomerular basement
membrane (GBM) and interdigitating (longitudinal section), with the slit diaphragm spanning

each gap between pairs of foot processes. The innermost layer is constituted by fenestrated

endothelial cells. Figure and figure legend reproduced with permission, Springer Nature [1].
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the structural components of the remaining podocyte compartments (cell body) [43]. Microtubules
are responsible for the intricate and dynamic intracellular cytoskeletal network of podocytes,
assisting in the cell’s motility, as well as maintaining cell polarity [43]. Podocytes are also
subjected to both tensile and shear stress, given their precise location along the GBM. Specifically,
shear stress is a result of ultrafiltrate exposure, while tensile stress stems from stretching of the
glomerular capillaries [44]. It is therefore clear that podocytes must remain adaptable in the face
of such stressors. Indeed, they are enriched with several mechanosensitive proteins, including Rho-
GTPase interacting proteins, Actin bundling proteins, and focal adhesion complex associated
proteins [44, 45]. As such, the cytoskeletal structure of podocytes is important for appropriate
functioning. Disease processes that interrupt cytoskeletal networks result in a unifying
histopathological process, foot process effacement.

Outside of the structural role that podocytes play as part of the glomerulus is their role as
immune effectors. The podocyte has been shown to possess functional arms of the immune system
[46, 47]. Podocytes exhibit the capacity to recognize and respond to various signaling molecules
associated with inflammation and express several cytokines and their receptors, including
interleukin 1 alpha (IL-1a), IL-1B, and tumour necrosis factor alpha (TNF-a) [48—50]. Moreover,
podocytes express chemokine receptor 1 (CCR1), CCR2, and CXCR4 which play a pivotal role in
immune cell recruitment [49]. Podocytes also express major histocompatibility complex (MHC)
class I and II genes, key components of the adaptive immune system [51]. Lastly, podocytes
possess functional Toll Like Receptors (TLRs), NOD-like receptor pyrin domain-containing
protein 3 (NLRP3), cyclic GMP-AMP synthase — stimulator of interferon genes (cGAS-STING),
Receptor for Advanced Glycation End Products (RAGE), Retinoic acid-inducible gene I (RIG-1),

and Podoplanin (which is pattern recognition receptor (PRR)-like in its interaction with CLEC-2).
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The function of these specific PRRs and their roles as innate immune effectors in podocytes is
summarized in a published review Damage associated molecular patterns and pattern
recognition receptors in the podocyte [52], in the Appendix.

Several key takeaways from this review paper include the importance of specific
mitochondrial DAMPs, particularly mitochondrial DNA (mtDNA), and its role as an intracellular
effector through stimulation of PRRs. This will be further exemplified in Chapter 3. However,
prior to getting to this, it is imperative to introduce the role of the mitochondria in the cell, in health

and disease, and to discuss its importance in the podocyte.

1.7 MITOCHONDRIA IN HEALTH AND DISEASE

Prior to discussing the important roles that mitochondria play in the podocyte, it is
important to review mitochondria themselves. Mitochondria are the ‘powerhouses’ of the cell,
producing ATP as well as many other important biosynthetic intermediates. Beyond the direct
association with bioenergetics, mitochondria have also been identified as important signalling hubs
relating to cellular stress responses and immune mechanisms [53]. Figure 4 provides a broad
overview of the important functions of the mitochondrion.

Mitochondria are derived from a common bacterial ancestor, thought most likely to be an
alpha-proteobacterium [54]. Many of the bacterial genes have been lost, and further, many mito-
chondrial specific proteins are a product of nuclear genes. However, 13 proteins are encoded by
the mtDNA, and their roles are specific to ATP production via oxidative phosphorylation
(OXPHOS) [54]. In addition to this role, mitochondria are also integral to reactive oxygen species

(ROS) signalling; growth and repair signalling, via amino acid metabolites; redox regulation, via
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Figure 4. Multifaceted mitochondrial contributions to cellular homeostasis.

(A) Mitochondria produce cofactors and metabolites to cells and tissues, as well as releasing them
as systemic signals to tune metabolism. Mitochondria are also a storage site for metals and contain
high amounts of B-vitamin derivatives (folates, NAD-forms) and the redox-regulator glutathione.
(B) Mitochondrial-cytoplasmic folate- and one-carbon cycle. Mitochondria have an essential role
in providing forms of folate for the major biosynthetic, anabolic pathways that provide growth
components for the whole cell. Figure and figure legend reproduced without need for permission

(Creative Commons CC-BY). Taken directly from [54].
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NAD/NADH, purine synthesis, regulation of calcium, stress response signalling, and innate im-
munity [54].

Oxidative phosphorylation (OXPHOS) and the production of ATP is by far the most well
described function of mitochondria. The OXPHOS machinery is housed in the inner mitochondrial
membrane and comprises 5 multiprotein complexes (I-V), coupled together with electron carriers
Coenzyme Q, and Cytochrome C [55]. Altogether, there are approximately 85 proteins making up
OXPHOS, some proteins from the nuclear genome, and others from the mitochondrial genome.
The ultimate goal of OXPHOS is to create ATP by moving electrons and protons [55]. It is through
this highly complex pathway that energy for both mitochondria, and the cell, is created.

OXPHOS involves several other complexes with unique roles. Specifically, Complex I
transfers electrons from NADH, while complex II transfers them from FADH>. Both transfer to
Coenzyme Q, which acts like a shuttle, and carries electrons to Complex III [56]. ROS production
is also a result of OXPHOS, specifically thought driven by processes linked to complexes I and III
[57]. ROS can both impact the respiratory chain and is also a product of it. Mitochondrial ROS
(mtROS) can also cause lipid peroxidation, can induce the mitochondrial permeability transition
pore (mPTP), and can lead to Cytochrome C-dependent apoptosis and necrosis [57]. Overall,
mtROS can contribute to mitochondrial dysfunction, which in turn can contribute to worsening
health, or the development of disease. In turn, this process is also thought to be involved in the
aging process. In addition to this, mtROS contributes to redox signalling pathways, impacting not
only itself, but processes in the cytosol and nucleus [57]. Mitochondria are also responsible for
significant biosynthetic processes, and both produce and modify metabolites and cofactors from

the Folate Cycle, the Trans-sulphuration process, the Methyl Cycle; and they are involved in purine
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synthesis. Altogether, this interlinked metabolic fingerprint directly relates to overall cellular ho-
meostasis [54, 57, 58].

Lastly, it is essential to discuss the role mitochondria play in innate immunity and inflam-
matory processes. Importantly, the innate immune mechanisms tie together with those of the po-
docyte, as discussed above (1.7). Specifically, components of the mitochondrial genome are pro-
inflammatory agonists when released either as a result of damage, or physiologically. mtDNA,
RNA, as well as formyl peptides act as damage associated molecular patterns (DAMPs) and bind
pattern recognition receptors (PRRs) thus eliciting downstream biological pathways associated

with interferon responses.

1.8 THE ROLE OF THE MITOCHONDRIA IN PODOCYTE DISEASE: GENETIC
AND IDIOPATHIC NS.

Linking together the bioenergetic and metabolic roles alongside the immune functions of
mitochondria showcases their vital importance to the cell’s overall health and wellbeing, but also,
their role in disease pathogenesis. Podocytes possess mitochondria; however, compared to other,
more highly energetic kidney cells, like proximal tubular cells, the podocyte has a relatively lower
abundance of mitochondria [59]. Despite this, there are several monogenic forms of NS in children
(and adults) which are a result of mitochondrial gene disruptions. Specifically, Coenzyme Q defi-
ciency is associated with a SRNS phenotype, and can be responsive to ubiquinone supplementation
[60]. Most commonly, this associates with a FSGS histopathology. When considering the condi-
tion ‘myopathy, encephalopathy, lactic acidosis, and stroke-like episodes’ (MELAS), the impli-
cated mutation is mitochondrial, and this is recognized as a mitochondrial disease. Coupled with
this presentation are FSGS lesions in the kidney [60]. Further, mutations in Decaprenyl Diphos-

phate Synthase Subunit 2 and mitochondrially encoded tRNA leucine 1 (UUA/G) both result in
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SRNS phenotypes [61]. Mitochondrial DNA mutations can cause SRNS associating with FSGS.
However, what is the role of the podocyte mitochondria in the context of iNS, or SSNS?

The literature is sparse related to mitochondrial dysfunction in childhood iNS. A study
from the 1980’s revealed that mitochondrial swelling was observed in 24/45 renal biopsies taken
from a mixed population of people with iNS. Limited information is available to outline the sig-
nificance, and most of these altered mitochondria were present in tubular cells [62]. Another study
sought to determine the role of Prohibitin 2 (PHB2) as a mitochondrial protective entity in iNS
[63]. Exome sequencing of 5 patients with FRNS revealed a heterozygous PHB2 polymorphism
in 1 patient, thought perhaps related to the frequently relapsing nature of the disease. However, the
value of this observation remains contentious. Aside from this observation, there are few other
studies linking mitochondria and iNS. There are some in vitro studies linking the mitochondria to
podocyte injury in models of iNS, but none do so in a definitive manner.

iNS in children remains a mysterious disease with an unclear fundamental mechanism lead-
ing to podocyte effacement. What is most challenging clinically is the inability to predict who will
respond to steroids, and who will not. The podocyte is centrally implicated in this condition. Po-
docytes have diverse roles, both structurally, and as immune effectors. Mitochondria are present
in podocytes but are sparse when compared to more energy-dependent cells, like proximal tubules.
Despite this, mitochondria are implicated in genetic NS with less clear roles in the pathogenesis
of iNS. Mitochondria themselves have specific bioenergetic roles, and it is therefore clear that
through mutation of a mitochondrial gene there would likely be catastrophic failure of the cell,
including podocytes. However, given the sparse nature of mitochondria in podocytes, perhaps their
role is less important for energy requirements, but more important in signalling and immune mech-

anisms?
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Because iNS is a remitting condition (those that are medication-responsive and non-ge-
netic), it is tempting to hypothesize that perhaps the mitochondria in podocytes are stressed, re-
sulting in an intermittent immune-mediated effacement (through PRR engagement) that is respon-
sive to immune suppression. Therefore, understanding and studying the immune effector role of
the podocyte, particularly with respect to mitochondria in a non-classic role (immune mediator,
not bioenergetic powerhouse) might uncover novel mechanistic pathways underlying iNS. Signal-
ling within, and between cells is important when considering these disease pathways. Cells are
capable of autocrine, paracrine, and endocrine signalling using extracellular vesicles (EVs). EVs,

and their links to iNS, podocytes, and mitochondria will be discussed next.

1.9 EVS

EVs are important mediators of a variety of inter- and intra-cellular processes linked to
their ability to communicate in an auto-, para-, and endocrine-like manner. Further, they are not
limited in their role as physiological communicators but are also emerging biomarkers of a variety
of diseases [64]. In truly defining EVs, there are several unifying features, as highlighted by the

minimal information for studies of EVs (MISEV2023) paper [65]. In summary, EVs:

e Are released from cells

e Are delimited by a lipid bilayer

e Cannot replicate on their own

Importantly, defining EVs stems directly from their properties and methods of biogenesis.

Broadly, definitions include exosomes for those EVs originating from the endosomal system,
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Ectosomes or Large EVs (LEVs) for those originating from the plasma membrane, and apoptotic
bodies for those EVs originating from dying cells. Newer forms of EVs have been uncovered in
recent years and include exophers and blebbisomes. Exophers range in size from 2 to 15 pm, and
contain organelles, protein complexes, and protein aggregates [66]. Initially, when observed to
remove neurotoxic components from neurons of C. elegans, they were deemed as waste disposal
units. However, they may play a role during embryo development [66]. Blebbisomes, another form
of EV which is enriched in organelles and possesses cell-like properties [67], was recently
described. These blebbisomes are ~20 pm, are membrane delimited, and themselves exhibit
blebbing behavior. They also were shown to possess functional organelles, including the
multivesicular endosome; however, they did not possess a nucleus [67]. While MISEV2023
advises against the use of this nomenclature in a silo, for the purposes of clarity and ease, this
thesis will use the term LEVs in later chapters made up of already submitted or published papers.
LEVs are traditionally thought to be 100 — 1000 nm in size, bud from the parent cell of origin, and
retain characteristics of the parental cell of origin [64]. As such, LEVs represent a unique
biomolecule which may be utilized as a biomarker, and in the context of diseases of the kidney,
can be obtained from urine and thus can act as a liquid biopsy.

Prior to discussing the roles of LEVs in childhood iNS, we will first review the role of EV's
in kidney disease, working our way towards childhood iNS. Indeed, the role of EVs in kidney
disease is unclear, and several clinical and in vitro studies have been performed attempting to
delineate their role [67]. The role of serum EVs in kidney disease is less well understood. Many
studies link serum EVs with underlying vascular damage or note that the EVs are related to the
plethora of serum cells including platelets, leukocytes, monocytes and T- and B-cells [64].

Contrarily, urine is specifically enriched with EVs thought to arise directly from urine-facing

20



kidney cells from the nephron through to the bladder. The next section will therefore discuss

urinary EVs in the context of kidney disease.

1.10 URINARY EVS IN KIDNEY DISEASE

Urinary EVs were first identified in the 1980’s [68], although their complex role is not
fully elucidated even today [69]. It is clear that EVs released from urine-facing cells could
potentially provide insights into both physiological and pathological processes if collected and
examined (Figure 5). Indeed, EVs as biomarkers have been studied in the context of kidney
fibrosis, systemic lupus erythematosus (SLE) activity, post-kidney transplant graft monitoring, and
risk of AKI following kidney transplantation [69]. Each of these indications reveals the unique
characteristics of EVs relating to their source. Of particular importance, for example in lupus,
would be whether there is a signal in urinary EVs that would allow for diagnosis of tubular or
podocyte damage in advance of a clinical flare, or without the need for an invasive kidney biopsy.
Perez-Hernandez et al. investigated urinary exosomal microRNAs in patients with SLE and
identified that urinary exosomal miR-146a is the most discriminatory for active SLE [70]. By
comparing the urinary exosomes between control individuals, those with SLE without nephritis,
and those with SLE nephritis, they were able to differentially identify which miR was most specific
to active disease. This is just a single example of how a urinary EV population could be exploited
in the face of disease. Next, a multi-target approach was taken whereby Dwivedi et al. explored
the use of genome wide mRNA profiling of urinary EVs and created a ‘stress score’ to help in the
prediction of long-term reductions in kidney function in patients with diabetic kidney disease [71].
Indeed, their stress score included 6 different genes (Glutathione Peroxidase 3, GPX3; NADPH

Oxidase 4, NOX4; Methionine Sulfoxide Reductase B and A, MSRB, MSRA; Heat-responsive
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protein 12, HRSP12, and Alpha-crystallin B chain, CRY AB) which was strong enough to identify
patients who remained normoalbuminuric but were showing early decline in kidney function.
While too advanced for the clinic, this work highlights both the unmet need to develop more
predictive biomarkers in kidney disease, and the utility of urinary EVs in non-invasive disease
research.

Regarding the use of EVs in NS, there are fewer studies with less clear results. A non-EV
urinary biomarker risk score thought predictive for SRNS was developed and validated in adults,
using the Nephrotic Syndrome Study Network (NEPTUNE) cohort [72]. The authors had previ-
ously identified 5 urinary biomarkers, neutrophil gelatinase-associated lipocalin (NGAL), vitamin
D binding protein (VDBP), Fetuin-A (FetA), Transthyretin (TTR), and alpha-1 acid glycoprotein
2 (AGP2), which were associative with steroid resistance in children. Using this same signature,
but with a new cohort of adult patients with NS, the authors showed the biomarker risk score
predicted development of steroid resistance with AUC 0.79 [72]. This same group then applied a
similar approach investigating a 1-B glycoprotein (A1BG), specifically a 13.8 kDa fragment found
in the urine of children with NS. Indeed, they found that this 13.8 kDa fragment was found in 7/19
patients with SRNS, and in none of the SSNS patients and none of the controls [73]. Previous to
this, urinary CD80 concentration was identified as a potential non-invasive diagnostic marker in
children with SSNS [74]. While these studies do not highlight the use of EVs, there is a precedent
to study urine from patients with NS as a means to determine steroid resistance, or as a marker of
disease activity. It is possible that some of these markers were present within urinary EVs when
identified in the above studies; however, this is speculation. When considering true urinary EV
studies in nephrotic syndrome, there are few, especially in children. One is a study by Santorelli

et al. whereby this group examined urinary EVs and found specific protein signatures using gel
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electrophoresis that discriminated clinical subgroups, namely those steroid sensitive, and steroid
resistant [75]. Chen et al. reported that certain urinary EV miRs were increased in children with
nephrotic syndrome when compared to healthy controls [76]. Another study is our own, where we
discovered that podocyte-specific large EVs were increased in the urine of children with iNS [77].

Please see Chapter 2 for the full manuscript.

1.11 EV CONTENT

While the above studies identified miRNA species within EVs from children with iNS,
there are other biomolecules present inside EVs. Indeed, EV content is cell specific and can be
enriched under times of physiological or pathological cellular stress. Under physiological condi-
tions, EVs may represent auto-, para-, or endocrine effectors, and thus would be enriched with
biomolecules most applicable to the signal of interest. As an example, EVs have been implicated
in enhancing coagulation, allowing for their participation in hemostasis [78]. Interestingly, these
same pro-coagulant capabilities can be harvested opportunistically by tumour cells, thus increasing
the risk of coagulopathies under pathological conditions [78]. This serves simply as an example of
how EVs can carry physiological signals, and further, how they can be pathological under other
circumstances.

EVs are generally enriched with a variety of proteins, regardless of the cell of origin, in-
cluding cytoskeletal, cytosolic, heat shock, and plasma membrane proteins [78]. While there have
been some studies linking specific proteomic profiles of EVs to specific cells, it remains unclear
whether protein cargo can be used to classify an EV’s origin. What is commonly accepted is a
description of the EVs being studied (cell culture or biological fluid origin), how they were isolated

or enriched, and which protein markers were probed for [65]. What is unanimously accepted is
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that it is not only miRNA cargo that is enriched in EVs, but also RNA, protein, DNA, and lipids
[79]. The following section will discuss proteins and mtDNA.

When considering EVs originating from the kidney and urogenital tract, much work has
been done to interrogate the functional importance of released EVs, as described above. Consid-
ering a focus on cargo, several examples exist outlining specific cargo that points to a cellular
origin. Specifically, kidney tubular cells were shown to release EVs with functional aquaporin 2
[80]. In another interesting study in patients with FSGS, urinary EVs were isolated and shown to
have increased amounts of WT1, a podocyte marker [81]. Aside from protein markers in the EVs,
there are also some studies examining the presence of mtDNA within EVs as markers of cellular
and mitochondrial stress [82]. mtDNA has been described within EVs in the context of aging [82]
and malignancy [83], most often. However, it has also been shown as marker of gestational diabe-
tes in a rodent model [84]. Cellular stress, and indeed mitochondrial stress, has been shown to lead
to extrusion of mtDNA, as well as other mitochondrial parts (or whole, intact mitochondria) [85].
The purpose of packaging mtDNA, and in fact, the mechanism behind how mtDNA exits mito-
chondria and is packaged remains quite elusive [86]. Given the role of mitochondria in supporting
energy-dependent processes within cells, and the fact that podocytes have robust cytoskeletal net-
works, I examined the role of mitochondrial stress in podocytes in a model of iNS and discovered
that mtDNA is extruded into LEVs. This is the topic of Chapter 3, which is published in The
International Journal of Molecular Sciences. Further, Chapter 4 is a study aimed at determining
differences in the hPod proteome in an experimental model of iNS, with comparisons to urinary

LEVs from children with iNS. This paper is under review at Disease Models & Mechanisms.
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1.12 OVERALL OBJECTIVES AND HYPOTHESES

Taken together, iNS in children is both a homogeneous and heterogeneous disease depend-
ing on which aspect is analyzed. Children present in a usual fashion, with significant proteinuria
and hypoalbuminemia, which leads to edema. Complications are uniform, however which children
will develop these complications is unclear. What is heterogeneous about this disease is the re-
sponse to steroids. There is a clear unmet need to develop a biomarker which is not only capable
of better diagnosing nephrotic syndrome in children but is specifically able to classify their re-
sponse to steroids a priori or be used as a marker to predict relapse or remission. Beyond this,
using podocyte-derived EVs will also allow for a deeper fundamental understand of podocyte bi-
ology at times of injury. Urinary proteins have been studied and linked back to urine facing cells
of interest in the urogenital tract, and these proteins have provided an impetus for future studies
looking at improving diagnostic approaches to disease. However, only some of these studies have
used EVs. Podocytes which are urinary facing glomerular epithelial cells secrete EVs into the
urine, and the natural course of flow allows for isolation, purification, and enumeration from the
urine. The podocyte is the centrally implicated cell in nephrotic syndrome and histopathology re-
veals effacement during nephrotic syndrome. This represents podocyte stress which can lead to
the release of EVs. Further, different stresses can lead to the enrichment of specific cargo inside
EVs. Mitochondrial stress can lead to the extrusion of mtDNA and packaging into EVs. I therefore
hypothesized that LEVs from children with iNS will be enriched in the urine during times of
relapse, will be measurable, and will contain mtDNA, a reflection of podocyte mitochondrial
stress. This mitochondrial stress will be measurable in vitro. Further, the proteomic profile
of the urinary LEVs will differ between relapse and remission in children with iNS.

I have addressed this overarching hypothesis through 3 aims across 3 chapters.
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Chapter 2: Children with iNS were enrolled into my prospective study. I collected urine
specimens during times of relapse and remission (paired samples per patient). I collected
appropriate anthropometric and clinical data. Thereafter, using Flow Cytometry, we
showed that children with iNS have increased levels of podocyte-specific LEVs in their
urine. Chapter 2 is published in the journal Nephrology, Dialysis, Transplantation.
Chapter 3: Next, knowing that increased podocyte-specific LEV levels in the urine were
indicative of relapse, and understanding that podocyte LEVs are released during times of
stress, | next used an in vitro and in vivo approach to study this observation under experi-
mental conditions. We identified that hPod LEVs are enriched with mtDNA following
treatment with puromycin aminonucleoside (PAN). This associates with mitochondrial
stress as evidenced by increased mitochondrial ROS (mtROS), a decreasing mitochondrial
membrane potential (MMP), and evidence of a bioenergetic stress on Seahorse analysis.
The presence of mtDNA within LEVs was also observed in a murine model of nephrosis.
Next, we examined mtDNA levels in LEVs from children with iNS and observed that this
too is increased during relapse. Chapter 3 is published in The International Journal of Mo-
lecular Sciences.

Chapter 4: Lastly, given the observation the mtDNA is packaged into LEVs in a human
cell culture model, is also found in a murine nephrosis model, and was seen to differentiate
relapse versus remission in children with iNS, I next applied LEV proteomics using both
an in vitro and human urine sample model. The proteomic cargo differed greatly between
relapse and remission samples, thus providing the impetus for future mechanistic bi-
omarker studies targeting early prediction of steroid responsiveness. Chapter 4 is submitted

to Disease Models & Mechanisms.
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Pediatric idiopathic nephrotic syndrome (iNS), commonly described histopathologically as
minimal change disease, is one of the most common glomerular diseases in children'.
Complicating this condition is the lack of a clear etiology, with several competing
pathomechanisms, including autoimmune?, infectious®, and aberrant cellular signalling' currently
being investigated. Clinically, this disease is more commonly observed in males, is diagnosed
when children are of toddler age, and presents with proteinuria and hypoalbuminemia, and usually
significant edema. Children with INS will usually have relapsing and remitting disease
necessitating steroid therapy, and sometimes, steroid-sparing intensified immunosuppression'.

There are no well characterized prognostication tools, nor specific biomarkers of relapse and

remission currently in use.

Extracellular vesicles (EV) are small, membrane-bound structures released from cells*. A
subpopulation of ~100-1000 nm large EVs (LEVs, historically termed microparticles or
microvesicles) are comprised in large part of EVs actively shed from their parent cell of origin
retaining their characteristics. LEVs contain biologically active cargo, as well as signalling
molecules associated with their membranes®. Podocyte LEVs have been shown as markers of pre-
albuminuric glomerular injury in mouse models®, and were elevated in the urine of pre-albuminuric
type 1 diabetic patients®. Urinary EVs have been investigated in pediatric iNS, and it was shown
that certain EV protein signatures might discriminate steroid resistance from steroid sensitive
disease’. Further, it was shown that some miRNAs were increased in EVs isolated from children

with iNS8. However, in both instances, there was no specificity towards LEVs, nor the podocyte.

As such, we sought to quantify urinary podocyte-derived LEVs in a consecutively enrolled

cohort of 14 pediatric patients with iNS, all of whom contributed a relapse sample, and a remission
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sample. We first characterized the LEVs from patients using western blot analysis and nanoparticle
tracking analysis (NTA). We then assessed the levels of both total and podocyte-specific LEVs in
the matched urine samples using flow cytometry. We identified urinary, podocyte-specific LEVs
by flow cytometry targeting both Annexin V (to label vesicles) as well as Podoplanin (to label

podocyte-specific vesicles).

We enrolled 14 children with iNS into this study. At the time of enrolment, all children had
minimal change disease (ten biopsy confirmed, four clinically suspected). Our cohort is
heterogeneous (reflective of the patient population seen in the clinic) in that four were steroid
sensitive and ten were steroid dependent. Of these ten, four required Tacrolimus, three were on
mycophenolate mofetil, and three were treated with cyclophosphamide which induced remission.
The median age was 8 years [IQR 4, 13], with 4/14 patients (29%) being female. Using groupwise
and pairwise comparisons, there was no difference in renal function during relapse, or during
remission (p>0.05). Additionally, there were no differences in either systolic blood pressure or
diastolic blood pressure, or their Z-scores, between relapse and remission (p>0.05). The protein to
creatinine ratio was significantly higher in relapse (p<0.001) using both groupwise and pairwise
comparisons (Table S1).

In order to confirm isolation of LEVs, western blotting for positive and negative markers
of EVs was performed. We observed enrichment of flotillin, with absence of calnexin and tumour
susceptibility gene (TSG)-101, consistent with an LEV enriched isolation. Urinary total LEVs
were also assessed using NTA, as described previously®. The mean total LEV size on NTA was
112 (£25) nm. Those in relapse had LEVs 106 (£23) nm in diameter, while those in remission

had LEVs 118 (£26) nm in size (p>0.05).
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The median total LEV value for all patients was 4.15x10° LEVs/mmol of Cr [IQR
1.39x10%, 10.8x10°%]. For those in relapse, total LEV value was 13.5x10% LEVs/mmol of Cr [IQR
4.83x10%, 41.1x10°%] and for those in remission, 2.36x10% LEVs/mmol of Cr [0.72x10°, 4.18x10°]
(p < 0.01). Wilcoxon matched pairs signed rank test yielded a significant difference, with the
relapse sample LEV levels being higher than in remission (p < 0.01, Figure 1A).

We observed differences in the amounts of podocyte-specific LEVs in the urine from
patients in remission, compared to relapse, with those in relapse having significantly higher median
values. The median podocyte-specific LEV value for all patients was 5.87x10° LEVs/mmol of Cr
[IQR 0, 35.7x10%]. For those in relapse, the value was 22.8x10° LEVs/mmol of Cr [IQR 1.11x103,
74.6x10°], while for those in remission, it was 0 LEVs/mmol of Cr [0, 14.7x10%] (p < 0.01).
Similarly, we employed Wilcoxon matched-pairs signed rank test and observed statistically
significant differences between podocyte-specific LEVs, with those in relapse having higher LEV
levels compared to those in remission (p < 0.02, Figure 1B).

The key results from this study include the confirmation that LEVs, and specifically
podocyte-derived LEVs, can be obtained and quantified from the urine of children with iNS, and
that they are differential markers of relapse and remission. To date, only a few studies have
evaluated urinary EVs in the context of iNS in children. Santorelli et al’, employed a non-specific
approach to assessing total EVs isolated by ultracentrifugation. This qualitative assessment of EVs
was limited to sodium dodecyl sulfate polyacrylamide gel electrophoresis with a ruby protein gel
stain, allowing for characterization of protein profiles, but the inability for confirmation of specific
EV subpopulations (small vs. LEVs), or for absolute quantification. Further, Chen et al®, looked
specifically at “exosomes” and their contents, with the focus on miRNA. They were able to identify

five miRNAs elevated in urinary “exosomes” from children with relapse. However, neither group
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commented on attempts to specifically enrich for LEVs, the quantities of the EVs being released

during iNS relapse, nor did they specifically look at podocyte-derived EVs.

Previous work from our group showed that LEVs are found in the urine of normotensive
patients with Type 1 diabetes®, in the absence of albuminuria, suggesting that these molecules may
act as an early biomarker of podocyte dysfunction in diabetes. We have shown here that urinary
podocyte-derived LEVs can differentiate relapse and remission in children with iNS and may act
as early-warning markers of disease. The implications for this are far reaching and may impact our

approach to diagnosis and treatment of children with iNS.

This present study is limited by its small sample size but is strengthened by the use of
matched samples, and its prospective nature. While we are unable to determine the ‘normal’ LEV
number in the urine of these children, we can compare their relapse states to their remission states.
Another strength of this study was the lack of significant renal insufficiency in any of the patients
which might confound the podocyte-derived LEV numbers. Future studies are aimed at uncovering

mechanisms leading to podocyte-derived LEV formation, release, and their cargo.
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Figure 6. Figure 1. Paired comparison of large extracellular vesicles (LEVs) from urine samples
from patients when in relapse and remission.
Panel A: total LEVs (all Annexin V positive events). Panel B: Podocyte specific LEVs (all Annexin

V+ and Podoplanin+ events). All LEV numbers were corrected to urine creatinine (mmol/L). * p

< 0.05, ** p<0.01.
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Supplementary Table:
Table 1. Table S1. Anthropometric and clinical variables for the 14 patients enrolled in this study,

stratified by their relapse or remission samples.

UPrCr, urinary protein to creatinine ratio.

n
Age (median [IQR])

Sex (female %)

Weight (median [IQR])
Height (median [IQR])
Systolic BP (median [IQR])
Systolic BP Z-score (mean
(SD))

Diastolic BP (mean (SD))
Diastolic BP Z-score (mean
(SD))

UPrCr (median [IQR])
Creatinine (mean (SD))

47

Overall

28
8 [4, 13]

8 (29)
2718, 47]
128 [102, 155]
100 [95, 105]
0.30 (1.3)

65 (10.7)
0.95 (1.0)

0.06 [0.02, 0.51]
39 (12.2)

Relapse

14
8 [4, 12]

4 (29)
2719, 47]
128 [103, 150]
97 [95, 104]
0.55 (1.2)

66 (10.4)
1.04 (1.0)

0.62 [0.20, 1.12]
40 (12.8)

Remission

14
8 [4, 12]

4 (29)
2718, 47]
127 [104, 156]
102 [96, 105]
0.05 (1.3)

65 (11.3)
0.86 (1.1)

0.01 [0.01, 0.03]
39 (12.1)

value

1

1
0.647
0.836
0.662
0.308

0.763
0.660

<0.001
0.845



Supplementary Material

Methods

Recruitment of patients

Patients were consecutively recruited from the Children’s Hospital of Eastern Ontario Pediatric
Nephrology Clinic and in-patient service, following Research Ethics Board approval (CHEO REB
18/168X). A Redcap database is in use for storage of appropriate biochemical, anthropometric,
clinical and laboratory data for analysis. In some instances, blood work or anthropometric
information was not obtained, and urine samples were simply dropped off. In this case, for
example, the Cr from the time point before, and the time point after the urine drop off date were

averaged. In all cases, the Cr was normal.

Patient Characteristics:

Patient samples were divided based on relapse, with a urine protein to creatinine ratio

(UPrCr) > 0.05 g/mmol and remission, characterized by a UPrCr < 0.05 g/mmol.

Urine sample processing

Urine samples were collected and centrifuged at 2,500 x g, to pellet any cellular debris or
sediment, within 4 hours of collection. The supernatant was then frozen at -80°C until used for

down-stream experimentation.

Extracellular vesicle isolation
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Urine samples were thawed on ice and then centrifuged again at 2,500 x g, for 10 minutes.
Three hundred microliters were then aliquoted and subjected to a large extracellular vesicles
(LEVs) ultracentrifugation spin, which is 20,000 x g for 20 minutes at 4°C. LEVs were then
resuspended in 50 microlitres of phosphate buffered saline that had been filtered using a 0.1

micrometer filter.

Flow Cytometry

LEVs resuspended in filtered PBS were quantified at the University of Ottawa Flow
Cytometry and Virometry Facility, using the Cytoflex Flow Cytometer (Beckman Coulter Inc,
Indianapolis, IN). We used ApogeeMix beads (Apogee Flow Systems, Hertfordshire, UK) for an
appropriate gate size. We specifically used FITC-Annexin V (1:50; Biolegend, San Diego, CA) to
identify LEV events, and APC-conjugated podoplanin antibody (1:100; Biolegend) for podocyte-
specific LEVs. Samples were then analyzed using FlowJo™ version 7.6.5 (FlowJo, LLC, Ashland,
OR). We defined LEVs as 100-1000 nm in size and having greater Annexin V positivity than the

negative controls.

Nanoparticle Tracking Analysis

LEV size was assessed using nanoparticle tracking analysis (NTA). The ZetaView PMX110
Multiple Parameter Particle Tracking Analyzer (Particle Metrix, Meerbusch, Germany) was used.
We employed size-mode analysis using ZetaView software (version 8.02.28). The already
resuspended LEVs in filtered PBS were diluted to the working range of the system. Prior to
analysis, the system was calibrated using polystyrene beads (105 nm). We then analyzed the total

urinary LEVs at 11 camera positions with 2-second video length at 21°C.
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Western Blot Analysis

LEVs which were resuspended in radioimmunoprecipitation assay (RIPA) buffer
following isolation were subjected to western blot analysis. The following primary antibodies were
used: anti-flotillin (1:1000, Abcam, Cambridge, UK), anti-tsg-101 (1:500, Systems Biosciences,
Palo Alto, CA, USA), anti-calnexin (1:500, Abcam). Following incubation overnight, the
membranes were washed in tris-buffered saline with tween-20 (TBS-T) thoroughly with gentle
agitation, and then were incubated in the appropriate horseradish peroxidase-conjugated secondary
antibodies (1:2000) for 1 hour at room temperature. Thereafter, immunoreactivity was assessed by

chemiluminescence.

Statistical Analysis

Continuous variables were summarized as mean (SD) for normally distributed data, or
median [IQR] if non-normally distributed. Normality was assessed using the Shapiro-Wilk
test. Group differences in LEVS between proteinuria and non-proteinuria were assessed using
Student's t-test for normally distributed variables or the Wilcoxon rank-sum test for non-normally
distributed variables. For paired comparisons, Wilcoxon matched pairs signed rank test was
employed. A p-value of < 0.05 was considered as statistically significant. All tests were performed

using statistical software R (version 1.1.456) and Prism (version 9.4.1).
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Abstract

Idiopathic childhood nephrotic syndrome is a common glomerulopathy comprised of proteinuria,
hypoalbuminemia, and edema. Podocyte dysfunction is central to this disease process.
Extracellular vesicles are released from stressed cells and can represent a molecular snapshot of
the parent cell of origin. We previously showed that urinary large extracellular vesicles (LEVs)
derived from podocytes are increased in patients with nephrotic syndrome relapse. Here, we
investigated the role of mitochondrial DNA (mtDNA) within LEVs both in vitro and in vivo,
revealing the novel finding that podocytes release LEVs containing mtDNA, driven by
mitochondrial stress. A puromycin aminonucleoside nephrosis rat model showed foot process
effacement on electron microscopy, and urinary LEVs with significantly increased mtDNA.
Prednisolone which drives remission in nephrotic syndrome in children, attenuated mitochondrial
stress and reduced the amount of mtDNA content within LEVs. Lastly, urinary LEVs from
children with nephrotic syndrome also contain mtDNA, and it is the podocyte LEV-fraction which
is preferentially enriched. Overall, these data support a potential mechanism of podocyte

mitochondrial stress in non-genetic, idiopathic pediatric nephrotic syndrome.
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Introduction

Idiopathic nephrotic syndrome (iNS) is a prevalent glomerulopathy in children and is comprised
of proteinuria, hypoalbuminemia, and edema (7), with the most common being minimal change
disease (MCD). Several etiologies of MCD have been proposed, and many implicate different
components of the immune system; however, our understanding of downstream signalling within

the podocyte, in the context of MCD, and other glomerulopathies, is still significantly lacking.

Podocytes are terminally differentiated epithelial cells and are indispensable as key
members of the glomerular slit diaphragm (2, 3). Indeed, podocytes act not only as support
structures for appropriate filtration; they have also been shown as robust communicators with the
underlying glomerular slit diaphragm and are capable of antigen presentation and signalling via

common immune pathways (4-8).

Mitochondria are responsible for energy production in the form of ATP, and they maintain
their own circular DNA (9). They also act as signalling hubs, contributing to important immune
crosstalk within the cell (10). The podocyte has fewer mitochondria than tubular cells, for example,
which has prompted some groups to hypothesize that podocytes are less reliant upon mitochondria
for energy needs (71). A study by Brinkkoetter et al., (11) revealed that perturbation of
mitochondrial biogenesis, inducing defective fission-fusion capacity, and reduced stability in
mitochondrial DNA (mtDNA) did not lead to a pathologic phenotype under physiological and non-
stressed conditions. Contrarily, other groups showed that changes to mitochondrial aerobic
respiration does lead to a pathologic phenotype seen in diseases such as diabetic kidney disease
and focal segmental glomerulosclerosis (72). It is therefore tempting to hypothesize that podocytes
rely on anaerobic respiration during times of stability, but switch to a mode requiring more energy,

and thus become more dependent on mitochondria, during times of stress. With regards to their
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roles in immune signalling, mitochondria can respond to exogenous stimuli, and when damaged,
can secrete damage associated molecular patterns (DAMPs), including mtDNA, which interact
with pattern recognition receptors (PRRs) (73). These PRRs include the cyclic GMP-AMP
synthase—stimulator of interferon genes (cGAS-STING), and Toll-like Receptor 9 (TLR9) (13),

all of which are found within podocytes.

Extracellular vesicles (EVs) are small, membrane-enclosed effector molecules released
from cells. Some EVs are actively shed from their parent cell of origin, are ~100-1000 nm in size,
and are preferentially isolated following a 20,000x g centrifugation (called large extracellular
vesicles (LEV) here-forward) (74). LEVs retain characteristics of the parent cells and are packaged
with biomolecules including DNA. LEVs are released from stressed cells and can act as liquid
biopsies. Indeed, we showed recently that children with iNS have elevated levels of podocyte
LEVs in their urine during relapse, and these podocyte LEVs are reduced to near-zero during

remission (15).

The role of mitochondria, and particularly of mtDNA in the pathogenesis of MCD is an
underexplored area of research. The content of EVs has been studied extensively, and lately, there
has been a particular interest in mtDNA within EVs (including plasma EVs and monocytic EVs)
reflecting mitochondrial stress (716—18). We therefore sought to determine if mtDNA was present
in LEVs from human podocytes (hPods) in vitro as a marker of mitochondrial stress. We used
puromycin aminonucleoside (PAN) as a podocyte toxin and accepted cellular model of nephrosis

as it also induces mitochondrial stress (719-23).

We discovered that mitochondrial oxygen consumption rate is increased in hPods in the
presence of PAN, and this associates with a marked increase in mtDNA within LEVs from hPods,

hinting at a possible unique mechanism of podocyte injury in iNS. We next observed mtDNA
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within urinary LEVs from rats following treatment with PAN, associating with podocyte foot
process effacement on electron microscopy (EM) and significant proteinuria. Lastly, in a cohort
of children with iNS we observed elevated levels of mtDNA in urinary LEVs, and preferentially
those from podocytes, during relapse. We show here for the first time the novel use of digital
droplet PCR (ddPCR) in the quantification of mtDNA in urinary LEVs from children with iNS,

possibly representing a novel approach to disease monitoring.

Results

PAN induces global oxidative stress in hPods which impacts PRR gene expression levels:
Following PAN treatment, mean MDA levels were elevated when compared to control hPods
(P=0.01), indicating that PAN treatment induces oxidative stress in podocytes in vitro. Next, we
assessed the impact of PAN treatment on PRR gene expression, including TLR9 and cGAS-
STING. PAN increased TLRY (P<0.05; Figure 1A), cGAS (P<0.05; Figure 1B), and STING

(P<0.01; Figure 1C) mRNA levels, relative to control.

IL-18 mRNA levels are increased, but IL-6 levels are decreased, and TNF-alpha levels are
minimally increased following PAN treatment: We next looked at downstream inflammatory
signatures associated with PRR signalling and discovered that 24-hours of PAN treatment leads to
an upregulation of IL-18 mRNA compared to control (P<0.0001; Figure 1D). IL-6 was decreased
significantly (P<0.0001; Figure 1E) and TNF-alpha mRNA levels were borderline increased

(P=0.059, Figure 1F).
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PAN treatment led to an increase in mitochondrial-specific ROS at 1 hour, but not 24-hours:
We observed that following a 1-hour PAN treatment, there was an obvious spike in mitoROS
production when compared to control (P<0.05; Figure 2A); however, this was attenuated by 24-

hours (P>0.05; Figure 2A).

PAN induced an acute bioenergetic stress that subsides over time. Oxygen consumption was
then monitored to assess the impact of PAN on mitochondrial bioenergetics. Acute 1h exposure of
hPods to PAN induced a rapid increase in baseline respiration indicating that PAN’s impacts on
mitochondria are immediate. This was caused by stimulation of oxidative phosphorylation
(OXPHOS), as evidenced by an increased oligomycin-sensitive respiration. Furthermore, PAN
also induced a significant increase in OXPHOS-independent mitochondrial respiration, pointing
to an increased proton leak through the inner membrane. Maximal respiration induced by
uncoupling with the protonophore CCCP was also increased following 1h treatment with PAN. In
contrast, aside from a mildly increased proton leak, no discernable differences in mitochondrial

respiratory parameters were observed following 24h exposure to PAN.

Bioenergetics were also assessed by monitoring mitochondrial membrane potential (MMP)
with TMRE. As shown in Figure 2C, MMP followed a downward trend after 1h exposure to PAN
and became significantly lower after 24h hours. Altogether, these results suggest that PAN induced

a rapid and robust bioenergetic stress that subsided over time.
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Protein levels of Complexes I-V of the electron transport chain and total mitochondrial mass,
fission, and fusion machinery are seemingly unaffected by PAN treatment: We next sought to
evaluate differences in oxidative phosphorylation proteins using a total OXPHOS western blot
antibody cocktail. We did not observe differences in protein expression for each complex between

control and 24-hour PAN treatments (data not shown).

We next assessed the impact of 24-h PAN treatments on TOM20 (total mitochondrial
mass), DRP1 (fission), and MFN1 (fusion). We initially observed a decrease in MFNI1 protein
expression relative to control; however, this observation was attenuated when normalizing for total

mitochondrial mass (MFN1/TOM20) (data not shown).

hPod proteomics revealed differences in other mitochondrial proteins following 24-hours of
PAN treatment: We next applied GPF-DIA proteomics to the hPods treated with PAN to
specifically determine changes to mitochondrial proteins in a more sensitive manner. Specifically,
we identified 4531 total proteins, of which, 727 were differentially abundant proteins following
PAN treatment. Next, utilizing MitoMiner (https://www.mrc-mbu.cam.ac.uk/research-resources-
and-facilities/mitominer), a mitochondrial protein database, we determined that 82 differentially
abundant proteins were mitochondrial in nature, and of those, 58 were upregulated, and 24 were
downregulated (Figure 2D). Many of the proteins were associated with the electron transport chain,
the mitochondrial membrane, mitochondrial inner membrane, and the mitochondrial matrix,
among others (Figure S1A, B). Specifically, we observed significant upregulation of 58 proteins,
including voltage dependent anion channel (VDACs) 1 (P<0.05), 2 (P<0.001), and 3 (P<0.05;
Figure 2D) and several mitochondrial ribosomal proteins (MRPLs), including MRPL19 (P<0.05),

MRPL34 (P<0.05), and MRPL44 (P<0.05). TFAM was also significantly upregulated (P=0.02)
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following PAN treatment. We also observed 24 significantly downregulated mitochondrial

proteins. Altogether, this suggests that PAN-injury leads to mitochondrial stress.

LEVs from stressed hPods are enriched in mtDNA following treatment with PAN: Having
established that mitochondrial stress is present in hPods treated with PAN, we next hypothesized
that mtDNA would be present in hPod-LEV's and would associate with hPod injury. We therefore
assessed for the presence of two mitochondrial genes within LEVs from hPods (ND2 and COX2).
Following preliminary studies showing a similar trend in both genes (data not shown) we focused
on a single gene, ND2. The LEV-ND2 gene content was higher following 24-h PAN treatment
(P=0.0002) compared to control (Figure 3A). We next explored whether LEVs from the urine of

rats treated with PAN contained mtDNA.

SD rats are susceptible to PAN treatment, are grossly albuminuric after PAN treatment, and
have significant podocyte foot process effacement on EM: Following treatment with PAN, there
were no obvious differences between the control animals and those treated with PAN at Day 0.
However, at the time of euthanasia and organ harvesting (Day 9), it was apparent that those animals
who received PAN had ascites (data not shown). At endpoint (Day 9), urinary ACR was elevated
in those animals who received PAN compared to control animals (P<0.05; Figure 3B).
Representative transmission EM images revealed classic podocyte ultrastructure in control animals
(Figure 3B), while those treated with PAN had significant podocyte foot process effacement

(Figure 3B).
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Urinary LEVs from SD rats treated with PAN have increased levels of mtDNA: We next
isolated urinary LEVs from both PAN-treated and control rats. Relative to control animals, at day
9, PAN-treated rat urinary LEV mtDNA levels were ~1000 fold higher (P=0.0087, Figure 3C).
Importantly, there was not enough urine to do podocyte-specific LEV pulldowns to determine the
relative amounts of mtDNA in total LEVs versus podocyte-specific LEVs. Given the above
observations, we next returned to our patient cohort and examined mtDNA levels in urinary LEVs

from children with iNS.

Mitochondrial DNA is enriched in LEVs from patients with MCD: We compared the
biochemical parameters between 11 patients when they were in relapse vs. remission, and no
significant differences were observed in renal function or blood pressure between these states (75).
LEVs were isolated from urine samples provided by children with nephrotic syndrome enrolled in
this prospective study. We previously showed that urinary, podocyte-specific LEVs were increased
in the urine of children with nephrotic syndrome relapse. Using both qPCR and ddPCR, we show
here that the mtDNA is present in total urinary LEVs and associates with disease relapse in MCD.
The mean copy number per 10,000 total LEVs was 2.9 (= 3.1) in relapse and 0.92 (£0.6) in

remission (p<0.05; Figure 3D).

mtDNA is markedly increased in urinary podocyte LEVs compared to all other urinary
LEVs: We next pooled relapse urine samples, and separately, remission urine samples. LEVs were
isolated and treated with DNase and then subjected to magnetic bead conjugation with Anti-

Podoplanin antibody to select for podocyte-specific LEVs. We then isolated the DNA from the

59



LEVs and performed ddPCR to quantify mtDNA copy number. We observed that total urinary
LEVs increased approximately 33-fold in relapse, and this was coupled to a 4-fold increase in
mtDNA copies per LEV. Podocyte-specific LEVs increased approximately 9-fold, with a 3-fold
increase in mtDNA copy number per LEV. Relatively, we observed more mtDNA species per LEV

from podocytes.

Prednisolone decreases oxidative stress, hPod LEV-mtDNA content, and mitochondrial
stress in vitro: Lastly, given its role as the gold standard therapy for children with iNS, and the
presence of glucocorticoid receptors on podocytes, we assessed the effectiveness of prednisolone
treatment in our cell culture model. When reanalyzing our data from figures 2 and 3, we observed
that pre-treatment with prednisolone inhibited the production of mitoROS following a 1-hour
treatment with PAN (P<0.05; Figure 4A). Further, pre-treatment of hPods with prednisolone
attenuated the change in some but not all mitochondrial bioenergetic parameters observed in
response to PAN (Figure 4B). Specifically, prednisolone treatment dampened the rise of ATP
dependent and maximal OCR observed in response to PAN treatment without significantly
affecting proton leak, basal and non-mitochondrial OCR (Figure 4B). Lastly, prednisolone pre-

treatment attenuated the packaging of mtDNA into LEVs (Figure 4C).

Discussion

The key findings from this study include the novel discovery of mtDNA within LEVs from
stressed podocytes in vitro, a recapitulation of these findings in a rat nephrosis model, and lastly,
the observation that urinary LEVs from children with iNS and relapse have increased mtDNA
compared to remission. Using podocyte-specific magnetic beads, we showed that there was

enrichment of mtDNA in podocyte EVs compared with other urinary EV populations. We
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previously showed that podocyte-specific LEVs are increased in the urine from children with NS
during times of relapse, and that these LEV levels were drastically reduced in remission (75). The
presence of mtDNA within non-podocyte EVs has been described by our group (24) and others

(25, 26); however, this is the only description of LEV-mtDNA in podocytes to our knowledge.

Herein, we have further linked the early production of mitoROS and early increases in
OCR followed by later findings of mitochondrial membrane depolarization in hPods treated with
PAN. This suggests that PAN may induce mitochondrial stress at an early time point leading to an
initial overactive phenotype, perhaps related to compensation as a result of cellular stress (27).
Indeed, after 1 hour of PAN treatment, we observed increases in ATP dependent, basal, and
maximal OCR when compared to control cells. The timing aligns with an early increase in
mitoROS, which may be a result of the increase in mitochondrial OCR. Interestingly, there is an
increase in proton leak after 1 hour of PAN, relative to control, which may be an attempt to buffer
ROS production (28), and the persistence of a mild proton leak at 24-hours ties together with the
lower MMP at 24-hours and might represent a mild, yet persistent signature of cell stress and

bioenergetic dysfunction.

In association with these changes, we have observed that PRR genes are induced,
suggesting an increase in mtDNA within the cytosol. Within the podocyte, there is ample evidence
that cytosolic mtDNA elicits immune responses via inherent immune pathways, including cGAS-
STING and TLR9 (6, 29-32). Herein, we describe increases in TLR9 and cGAS-STING mRNA
levels following treatment with PAN. We further confirmed that PAN induces oxidative stress in

hPods which associates with the induction of TLRY, and cGAS-STING mRNA expression.

Ultimately, expression of the downstream effector IL-1p is induced. This is consistent with prior
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reports by Mitrofanova et al., who showed that podocytes express all components of the cGAS-

STING signalling pathway (30).

Our results suggest that PAN-induced podocyte injury leads to extrusion of mtDNA into
the cytosol with subsequent packaging into LEVs. The process by which mtDNA is released from
mitochondria is not completely elucidated; however, it is thought that this can occur either via
transport pores in the outer mitochondrial membrane (33), or, via fission events that cause mtDNA
to leak from the mitochondria into the cytosol (34). We posit that in the context of PAN-induced
podocyte injury that this occurs via mitochondrial membrane pores as we did not see any changes
in fission and fusion machinery. It is therefore possible that our novel finding of mtDNA within
podocyte LEVs may represent a unique self-preservation mechanism. Importantly, our work shows
that preventative treatment with prednisolone led to a decrease in mitoROS and attenuated
increased OCR in the context of CCCP treatment. This is perhaps not surprising given that
podocytes express the glucocorticoid receptor (35). In turn, prednisolone treatment of podocytes
prior to injury with PAN led to a marked reduction in the amount of LEV-mtDNA. Consistent with
this, we saw similar reductions in LEV-mtDNA from the urine of children with nephrotic

syndrome who entered remission following treatment with prednisone.

We next sought to determine if LEVs are packaged with mtDNA in a rodent model of
nephrotic syndrome, the PAN-nephrosis model (36, 37). Indeed, the SD rats in our cohort were
significantly nephrotic, with ascites, and elevated urinary ACR. Coupled with this significant
proteinuria was an ~1000-fold increase in LEV-mtDNA species when compared to control animals
injected with saline. To our knowledge, this is the first time that LEVs have been isolated from rat

urine and their mtDNA content examined. While the direct mechanism of mtDNA packaging
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remains elusive, this appears to be a conserved mechanism, observed in both human podocytes

and this murine model, as well as in children with iNS.

Our paper is not without limitations. Much of this work was performed using conditionally
immortalized hPods which may not accurately reflect the glomerular environment. Further, we
were unable to determine whether the mtDNA-containing urinary LEVs in our rat model were of
podocyte origin. Conversely, the strengths of this paper include the use of in vitro and in vivo
studies, as well as human specimens to describe a conserved mechanism associated with podocyte
stress in iNS. Much work remains to understand how the mtDNA is extruded from hPod
mitochondria. Our proteomic data hints at a potential mechanism, specifically, VDAC1. We
observed increases in VDACI levels in the cellular proteome, indicating an increase in protein
expression following PAN treatment. Given reports that VDACI can interact with mtDNA, and
VDAC oligomers have been shown to form mitochondrial pores to release mtDNA fragments, we
speculate this may represent the mechanism by which mtDNA is extruded from mitochondria into
the cytosol in living cells (33). By showing that LEV-mtDNA levels are increased in podocytes in
vitro, in the urine of rats with nephrotic syndrome, and then in children with iNS, we have provided

a foundation for future mechanistic studies.

In summary, the key findings from this study include the novel discovery of mtDNA within
LEVs from stressed podocytes in vitro, in a rat nephrosis model, and in children with iNS. Our
data suggests that early mitochondrial stress drives an increase in OCR, in this model, with
subsequent mitochondrial membrane depolarization. We posit that this results in mtDNA extrusion
which triggers packaging into LEVs for release. Prednisolone appears to prevent this process from

happening; however, it remains unclear whether it is possible to more specifically target the
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mtDNA release. Future studies should seek to identify the mtDNA extrusion pathway to better

understand this response in the setting of pediatric iNS.

Methods

Sex as a biological variable: All children (after consent or assent) presenting with iNS were
enrolled consecutively and prospectively without consideration for sex. In the rat model, 6 animals

(3 male, 3 female) were controls, and 6 animals (3 male, 3 female) were treated with PAN.

Patient Cohort: Children (both males and females) with nephrotic syndrome were prospectively
and consecutively enrolled from the Children’s Hospital of Eastern Ontario (CHEO), Ottawa,
Canada. The study was approved by the CHEO Research Institute Research Ethics Board (Protocol
18/168X) and is in accordance with the Declaration of Helsinki. Enrolment is ongoing, and for all
patients enrolled, informed consent was obtained. Fifteen patients were initially enrolled, but one
was excluded due to a missing urine sample. A further three patients were subsequently shown on
follow up biopsy to have focal segmental glomerulosclerosis lesions and were thus excluded. This
cohort contains 11 children with MCD on biopsy, or clinically suspected MCD in the absence of
a biopsy. These children were heterogeneous in their presentation and response to steroid therapy.
Following enrollment, clinical, biological, and anthropometric information was captured, and a
urine sample was collected. Urine samples were subsequently collected from children again once

they entered remission (defined as a urine protein to creatinine ratio of < 0.05 g/mmol).
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LEV Isolation: LEVs were isolated using sequential centrifugation as described previously (75,
39). Briefly, urine or cell culture media was centrifuged at 2,500 x g for 10 minutes, the supernatant
was then collected and centrifuged at 20,000 x g for 20 minutes to pellet LEVs. These LEVs were
resuspended in sterile, pre-filtered (0.1 um) phosphate buffered saline (PBS) and frozen at -80°C

until used.

To isolate podocyte-derived LEVs from urine samples, a magnetic conjugation protocol
was employed. Briefly, Anti-Podoplanin antibody (Human; Biolegend, San Diego, California,
337003) was conjugated to magnetic beads using the Magnetic Conjugation Kit (Abcam,
Cambridge, UK, ab26989). LEVs were incubated with the Anti-Podoplanin antibody-magnetic
conjugated beads for 4 hours prior to being applied to a magnetic column. The Anti-Podoplanin

antibody was diluted to 0.4 mg/mL with Mag Antibody diluent (Abcam), and 50 pL. was added to

a 20 pg vial of beads. The protocol was followed verbatim from the manufacturer.

Nanoparticle Tracking Analysis (NTA): NTA was performed as previously described (15).
Briefly, the ZetaView PMX110 Multiple Parameter Particle Tracking Analyzer (Particle Metrix,
Meerbusch, Germany) was used. We used size-mode analysis with ZetaView software (version
8.02.28) following calibration with polystyrene beads (105 and 500 nm). Samples were analyzed

at 11 camera positions with 2-second video length at 21°C.

mtDNA isolation from LEVs: mtDNA levels in LEVs were measured as described previously,
with modifications (24). Briefly, isolated LEVs were treated with 2U of DNase-I to ensure coronal

and attached DNA specimens were removed. Subsequently, LEVs were resuspended in 200 uL of
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PBS and treated with 20 uL of Proteinase K (Quiagen, Venlo, The Netherlands, 19131) and 2 uL.
of RNAse (10 mg/mL; Quiagen, 19101) and subjected to DNA isolation using a QIAmp DNA
Mini Kit (Quiagen) according to the manufacturer’s instructions. Total DNA specimens from the

LEVs were then resuspended in Buffer AE and subjected to downstream quantitative polymerase

chain reaction (qQPCR) and ddPCR.

mtDNA ¢qPCR: For qPCR analyses, samples were run in duplicate using mitochondrial-gene

specific primers for the mitochondrial genes:

Table 2. Primers for mtDNA.

Gene Forward Reverse
Human NADH CCAAGGAATTCCCCTACACA | GAAATTGCGAGAATGGTGGT
Dehydrogenase

Subunit 2 (ND2)

Human Cytochrome AGACGCCACATCACCTATCA @ CTTGGGCGTCTATTGTGCTT
C Oxidase 2 (COX2)

Rat ND2 CCAAGGAATTCCCCTACACA GAAATTGCGAGAATGGTGGT

qPCR was performed using SYBR™ Green Master Mix (Applied Biosystems, Waltham,
Massachusetts, A25742) and 3 uL of DNA per reaction in a total reaction volume of 20 uL.
Samples were run as follows: 2 min at 50°C, 2 min at 95°C followed by 40 cycles of 15 s at 95°C,
and 1 min at 60°C, and the dissociation step (15 s at 95°C, 30s at 60°C, and 15 s at 95°C). The
relative level of each mtDNA gene was calculated using the formula 2 (“®), that is a derivation of

the 2722 method. Results were normalized on the mean of the Ct for each primer.
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For ddPCR reactions, a similar set-up was used as described above; however, with
important differences. EvaGreen™ Master Mix (BioRad, Hercules, California, 1864033), a
proprietary master mix specific to ddPCR reactions was used. Next, the DNA samples were added
to the master mix preparations, including the same forward and reverse primers as highlighted
above. Next, droplets were created using ddPCR Oil™ and the QX200 Droplet Generator™
(BioRad). Following droplet generation, the samples were moved to a PCR plate and run as follows: 5
min at 95°C followed by 40 cycles of 30s at 95°C and 1 min at 60°C. Thereafter, 4°C for 5 mins, 90°C
for 5 mins, 4°C for 10 mins, and then 4°C until removed from the machine. The PCR plate was read
using the QX200 Droplet Reader™. This method allows for absolute quantification of copy number

reported as copies/uL.

RNA Isolation, cDNA creation, qPCR: mRNA was isolated using an RNA-easy Mini Kit
(Qiagen, 74104) according to the manufacturer’s instructions. Following isolation, 200 ng mRNA
was converted to cDNA using a high-capacity RNA to cDNA reverse transcription kit
(ThermoFisher, Waltham, MA, USA, 4368814). The resultant cDNA was used for gPCR. qPCR
was performed using SYBR™ Green Master Mix (Applied Biosystems, 4309155) and 2 uL of
DNA per reaction in a total reaction volume of 20 puL. Samples were run as follows: 2 min at 50°C,
2 min at 95°C followed by 40 cycles of 15 s at 95°C, 20 s at 58°C, and 40 s at 72°C, and the
dissociation step (15 s at 95°C, 30s at 60°C, and 15 s at 95°C). The relative level of each mtDNA
gene was calculated using the 2722 method and normalized to glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) as a housekeeping gene.

67



PRR and Effector Pathway qPCR: Following cDNA creation, the following human genes were

targeted: TLR9, cGAS, STING, IL-1B, IL-6, and TNF-a. Their primer sequences are as follows:

Table 3. Primers for gqPCR and ddPCR.

Gene Forward Reverse

TLRY GCTGGACCTGAGTGAGAACT GAGTGAGCGGAAGAAGATGC

cGAS TAACCCTGGCTTTGGAATCA TAGCCGCCATGTTTCTTCTT

STING | ACTGTGGGGTGCCTGATAAC = CTTGCAGACTTTGTTTGCCA

IL-18:  ACGAATCTCCGACCACCAC CTTGCAGACTTTGTTTGCCA

IL-6 GGTACATCCTCGACGGCATCT = GTGCCTCTTTGCTGCTTTCAC

TNF-o ATCTACCTGGGAGGCGTCTT = GAGTGGCACAAGGAACTGGT

Cell Culture: Conditionally immortalized human podocytes (hPods) were obtained with
permission of Prof. Moin Saleem (University of Bristol, Bristol, UK) (40). Cells (5x10"4) were
grown in RPMI-1640 medium supplemented with 10% Fetal Bovine Serum (Gibco, Carlsbad, CA,
12633012) and penicillin-streptomycin (1:100; Gibco, 15140122). Podocytes were proliferated at
33°C in the presence of 10 U/mL Recombinant Human Interferon Gamma (y-IFN; Invitrogen,
RIFNG100). For induction of podocyte differentiation, cells were maintained at 38°C for 13-14

days in the absence of y-IFN with the experiment performed, in all cases, between days 13-14.
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Cell pre-treatment and toxin treatment: Puromycin aminonucleoside (PAN; 25 ug/mL; Cayman
Chemicals, Ann Arbour, Michigan, 15509) is a well characterized and ubiquitously employed
podocyte toxin and models iNS in the laboratory. Prednisolone pre-treatment occurred 1-hour prior
to treatment with PAN. Prednisolone (Pred, 1 uM; Cayman Chemicals, 20866) was resuspended
in PBS, aliquoted, and used immediately or frozen. Dose selection was based on dose-response
analysis and was consistent with prior studies. PAN treatments occurred for 1-hour, or 24-hours,
as indicated. After treatment, the media was collected, and LEVs were isolated as described above.
Cell plates were washed with ice cold PBS immediately after media collection and were frozen at
-80°C until protein isolation. A minimum of three biological replicates were employed for all

conditions.

Western Blot Analysis: Cell pellets were resuspended in 50 pl of radioimmunoprecipitation assay
(RIPA) buffer, with 1:100 protease cocktail (PIC). Samples were mixed thoroughly, and the
protein concentration was assessed using a BCA standard curve. Five micrograms of cell lysate
were added to 6x Laemmli sample buffer and incubated at 95°C (for Mitofusin-2 (MFN2),
Dynamin-related protein 1 (DRP1), Translocase of the Outer Membrane 20 (TOM20), and -actin
probing) or 37°C (for Oxidative Phosphorylation (OxPhos) protein probing). For each sample,
protein was loaded onto a gel and subjected to sodium-dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), with a stacking gel of 4% and a separating gel of 10% or 12%. This
was followed by transfer to PVDF (OxPhos) or Nitrocellulose (MFN2, DRP1, TOM?20). Blots
were then washed thrice and blocked in 5% non-fat milk in tris-buffered saline with Tween-
20 (TBS-T; pH 7.6). Thereafter, the blots were washed again, thoroughly, and then placed into

primary antibody (diluted in 5% milk, as above) for overnight incubation at 4°C. This was followed

69



by incubation with 1:10,000 anti-rabbit IgG or anti-mouse IgG (Jackson ImmunoResearch, West
Grove, PA, USA, 115-005-003). Chemiluminescence was induced by adding SuperSignal West
Pico PLUS (ThermoFisher Scientific, 34580). Chemiluminescence was captured on a BioRad

ChemiDoc Imaging system. Band densitometry was performed on Imagelab Software.

Antibodies used were as follows:

Mitofusin-2 (D2D10) Rabbit mAb #9482 1:1000

TOM20 (D8T4N) Rabbit mAb #42406 1:1000

DRP1 (D6C7) Rabbit mAb #8570 1:1000

B-Actin (13ES5) Rabbit mAb #4970 1:3000

OxPhos Antibody Cocktail Mouse mAb #ab110411 1:5000

Liquid chromatography and tandem mass spectrometry: The MS/MS spectra were obtained
using the following protocol (47). Briefly, 50ug of cell lysates in radioimmunoprecipitation assay
buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH
8.0) were isolated via single-pot protein precipitation (SP3) using 50% ethanol and proteolysis
buffer (50 mM Ammonium Bicarbonate, 1:50 TrypLysC, 18 hours, 37°C) and analyzed on a
Thermo Eclipse using Gas-phase Fractionation operating in Data-Independent Acquisition mode
(GPF-DIA). Spectral libraries were searched in DIA-NN (v19.0) against the human proteome
using a precursor mass tolerance of 20 ppm and fragment ion mass tolerance of 10 ppm. The search

parameters allowed for up to 2 missed cleavages and a maximum of 2 post-translational
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modifications per peptide. Missing value imputation, transformations, and proteomic data

visualizations were performed using in-house Python code.

Reactive Oxygen Species Kits (Malondialdehyde and Mitochondrial ROS): Malondialdehyde
(MDA), a marker of oxidative stress, was analyzed according to manufacturer’s instructions
(Cayman Chemicals, TBARS Assay Kit, 10009055). Mitochondrial ROS was also assessed
according to manufacturer’s instructions (Cayman Chemicals, Mitochondrial ROS Detection Kit,

701600).

Tetramethyl rhodamine ethyl ester (TMRE) Assay: The TMRE mitochondrial membrane
potential assay kit was purchased from Cayman Chemicals (701310). Briefly, cells were plated
onto 96-well, black bottom plates and subjected to pre-treatment and toxin treatments as described.

The assay was performed as described in the instruction booklet from the manufacturer.

Seahorse Assay: Oxygen consumption rates (OCR) were measured in hPods (1x10"4 cells per
well) using the Seahorse XF96 extracellular flux analyzer. Baseline OCR was recorded in the
presence and absence of PAN, and thereafter Oligomycin (Oligo; Final Concentration 1 pM),
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (CCCP; Final Concentration 1 uM) and
antimycin-A/rotenone (AA/R; Final Concentration 0.5 pM) were successively added to determine
the impact on ATP-dependent (Oligo), maximal (CCCP), and non-mitochondrial (AA/R)
respiration (42). ATP Dependent respiration was calculated as Baseline OCR — Oligo OCR; Proton

Leak was calculated as OCR Oligo — OCR AA/R; Basal OCR was calculated as Baseline OCR —
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AA/R; Maximum Respiration was calculated as CCCP OCR — Basal OCR; Non-mitochondrial
OCR is equal to AA/R OCR. Results were normalized to cellular protein concentration (pug).
Multiple, independent Seahorse runs were performed to collect the presented data (N=3 for 1-hour,

N=3 for 24-hour).

Experimental Design for Rat Studies: Animal experiments were performed with adherence to,
and approval by, the University of Ottawa Animal Care Committee (MEe-4256; Ottawa, ON,
Canada). Experiments were conducted according to guidelines of the Canadian Council on Animal
Care. Male and female Sprague-Dawley (SD) rats weighing 100-150g were housed 2 animals per
cage and had free access to food and water. Animals were randomly assigned to receive PAN or
normal saline injection (37). Of the 12 animals, 6 were injected with PAN (3 males, 3 females)
and 6 were injected with saline (3 males, 3 females). The PAN injection was a single injection of
100 mg/kg and occurred on Day 0. Animals were housed thereafter for 9 days. Urine was obtained
at Day 0 and 9. On Day 9, blood samples were obtained, and all rats were euthanized; kidneys
were excised, decapsulated, and subsequently the renal cortex was dissected. Samples were taken
for EM imaging. Albumin to creatinine ratio (ACR) was determined using the following kits from

Abcam (Creatinine ab204537, Albumin ab235642).

Transmission EM imaging: All steps were performed at room temperature unless otherwise
specified. After fixation, tissue portions were incubated for 1 hour in a solution of 1.5% potassium
ferrocyanide (Bioshop, Burlington, ON, Canada, PFC232.250) and 2% osmium tetroxide

(prepared from 4% osmium tetroxide (aqueous) stock solution, Electron Microscopy Sciences,
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Hatfield, PA, USA, 19151). The tissue was then washed in ddH>O and incubated for 20 minutes
in a 10 mg/mL solution of thiocarbohydrazide (Electron Microscopy Sciences, Hatfield, PA, USA,
21900). Following another wash in ddH>O, the tissue was incubated for 30 minutes in 2% osmium
tetroxide. Finally, tissues were washed one last time in ddH>O before performing a series of
dehydrations in increasing concentrations of ice-cold anhydrous ethanol (30%, 50%, 70%, 80%,
90%, and 3x 100%), where they were incubated in each concentration for 2 minutes. The tissue
was then further dehydrated in propylene oxide (Sigma-Aldrich, St. Louis, MO, USA, 110205) for
5 minutes before being transferred to aluminum dishes containing Durcupan™ ACM resin
(Electron Microscopy Sciences, Hatfield, PA, USA, 14040) overnight. The following day, the
tissue was transferred to molds containing fresh Durcupan™ ACM resin and placed in a 55°C
oven for 72 hours. Once removed from the oven, samples were sectioned with a diamond knife
(80 nm) using an ultramicrotome. Sections were collected on 300-mesh copper grids (Electron
Microscopy Sciences, Hatfield, PA, USA, G300-Cu) and imaged with a JEOL JEM1400-Flash

electron microscope at 80kV.

Statistical Analysis: Continuous variables were analyzed as mean (+standard deviation, SD) if
normally distributed. When non-normally distributed, medians with interquartile ranges (IQR)
were analyzed. P-values were generated using student t-tests or one-way analysis of variance
(ANOVA) with multiple comparisons which were corrected using Tukey’s method if normally
distributed. If non-normally distributed, data were analyzed for significance using Mann-Whitney

U test or Kruskal-Wallis. Tests were performed using R (version 1.1.456) or Prism (version 9.4.1).
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Figures and Figure Legends

Figure 7. Figure 1. Puromycin aminonucleoside (PAN) significantly induces specific pattern
recognition receptor genes, as well as some of their downstream effectors in conditionally

immortalized human podocytes (hPods).
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Figure 1. Puromycin aminonucleoside (PAN) significantly induces specific pattern
recognition receptor genes, as well as some of their downstream effectors in conditionally
immortalized human podocytes (hPods). (A) Toll like receptor 9 (TLR9) was significantly
induced following PAN treatment (25 pg/mL; N=3) compared to control (N=3). P=0.0365, two
tailed t test. (B) cGAS, cyclic GMP-AMP synthase, was similarly induced following PAN
treatment (25 pg/mL; N=3) compared to control (N=3). P=0.0255, two tailed t test. (C) STING,
stimulator of interferon genes, was most prominently induced following PAN (25 pg/mL; N=3)
compared to control (N=3). P<0.0001, two tailed t test. Next, we assessed downstream effectors,
including (D) IL-18, Interleukin 1-beta, which was significantly induced following PAN treatment
(25 pg/mL; N=3) compared to control (N=3). P=0.0005, two tailed t test. IL-6, interleukin 6 (E),
was significantly decreased following treatment with PAN (25 pug/mL; N=3) compared to control
(N=3). P<0.0001, two tailed t test. TNF-alpha levels were unaffected by PAN treatment (F).

Relative expression = relative fold change using the delta-delta CT method.
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Figure 8. Figure 2. Mitochondrial dynamics are altered following treatment of conditional

immortalized human podocytes with PAN
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Figure 2B.
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Figure 2C.
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Figure 2D
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Figure 2. Mitochondrial dynamics are altered following treatment of conditional
immortalized human podocytes with PAN (A) Mitochondrial ROS (mitoROS) production
following PAN treatment of hPods for 1 hour, or 24 hours. mitoROS was significantly increased
following 1-hour of PAN treatment (25 ug/mL, N=6) compared to control (N=6). P=0.0141, two
tailed t test. (B) The impact of 1-hour puromycin aminonucleoside (PAN, 25 pg/mL) treatment on
oxygen consumption rate (OCR) using the Seahorse Assay. Basal oxygen consumption rate was
increased following treatment with PAN (25 pg/mL, N=3, P<0.0001, two tailed t test). Similarly,
for ATP Dependent OCR, we observed an increase following PAN (25 pg/mL, N=3, P<0.0001,
two tailed t test). Maximal OCR was increased following treatment with PAN (25 pg/mL, N=3,
P<0.0001, two tailed t test). There was no impact on non-mitochondrial OCR following treatment
with PAN (25 pg/mL, N=3). There was an increase in Proton Leak (P=0.02). (C) Tetramethyl
rhodamine, ester (TMRE) assay revealing decreases in mitochondrial membrane potential (MMP)
following 24-hours of PAN treatment, but not 1 hour. Specifically, after 24-hours of PAN (25
pg/mL) there was a significant decrease in mean fluorescence intensity representing decreased
MMP (N=6, P=0.0053, two tailed t test) (D) Proteomic assessment of hPods following treatment
with PAN (25 pg/mL, N=4), compared to control (N=4). 727 proteins were differentially abundant,

with 82 overlapping with the MitoMiner database (https://www.mrc-mbu.cam.ac.uk/research-

resources-and-facilities/mitominer). Of the 82 overlapping proteins, 58 were upregulated, and 24

were downregulated. Upregulated proteins comprised those associated with the electron transport
chain (cytochrome c oxidase subunit 6C, COX6C; mitochondrially encoded cytochrome b, MT-
CYB; mitochondrially encoded NADH dehydrogenase 4, MT-ND4; NADH dehydrogenase
[ubiquinone] 1 alpha subcomplex subunit 12, NDUFA12; NDUFAF1, NDUFS4, Ubiquinol-

Cytochrome ¢ Reductase Core Protein 2, UQCRC2), mitoribosomes (Mitochondrial Ribosomal

88
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Protein L19, MRPL19; MRPL34, MRPL44), porins (Voltage-Dependent Anion Channel 1,
VDACI; VDAC2, VDAC3), and the outer mitochondrial membrane (Dnal Heat Shock Protein
Family (Hsp40) Member C11, DNJAC11; Mitochondrial Carrier Homolog 1, MTCH1; Prohibitin
2, PHB2; Tu Translation Elongation Factor, Mitochondrial, TUFM), for example. Those
associated with downregulation were related to the outer mitochondrial membrane, and
intermembrane space (Adenylate Kinase 2, AK2; RNA Exonuclease 2, REXO2; Sulfite Oxidase,

SUOX; Ubiquinol-Cytochrome ¢ Reductase Complex Assembly Factor 2, UQCC?2), for example.
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Figure 9. Figure 3. Large extracellular vesicles (LEVs) from conditionally immortalized human
podocytes contain significantly elevated mtDNA content after treatment with PAN, and this is
recapitulated in a rat nephrosis model. Further, urinary LEVs from children with nephrotic

syndrome also have elevated levels of mtDNA
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Figure 3. Large extracellular vesicles (LEVs) from conditionally immortalized human
podocytes contain significantly elevated mtDNA content after treatment with PAN, and this
is recapitulated in a rat nephrosis model. Further, urinary LEVs from children with
nephrotic syndrome also have elevated levels of mtDNA (A) Podocyte LEV mtDNA content is
markedly elevated after 24-hours of treatment with PAN (25 pg/mL, N=6) compared to control
(N=3). P=0.0002, two tailed t test. (B) Sprague-Dawley rats exposed to PAN (100 mg/kg, single
injection day 0; N=6) were significantly more albuminuric at Day 9 when compared to control
animals (N=6). P=0.0152, two tailed t test. Podocyte foot processes were preserved on electron
microscopy for control animals (N=6); however, for PAN-treated animals (N=6), the foot
processes were completely effaced. Representative images presented here. This observation was
present in all EM images obtained. (C) Urinary LEVs from rats were markedly enriched with
mtDNA following treatment with PAN (Day 9 shown; N=5 PAN, N=6 control; N=1 PAN removed
as outlier). P=0.0095, two tailed t test (D) mtDNA in total urinary large extracellular vesicles
obtained from children with iNS in both stages of relapse (N=11) and remission (N=11). The

results presented are copies of mtDNA per 10,000 total LEVs. P<0.05, two tailed t test.
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Figure 10. Figure 4. Impact of prednisolone pre-treatment on mitochondrial ROS production,
increases in OCR, and mtDNA within LEVs.
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Figure 4. Impact of prednisolone pre-treatment on mitochondrial ROS production, increases
in OCR, and mtDNA within LEVs. (A) Pre-treatment with prednisolone (1 uM) prevented the
increases in mitoROS observed following treatment with PAN (1-hour, 25 pg/mL, N=6).
P=0.0474, one way ANOVA. (B) Similarly, increases in ATP dependent and maximal OCR
following PAN treatment (1-hour, 25 pg/mL, N=3) were attenuated with pre-treatment with
prednisolone (1 uM, N=3). P<0.0001, one way ANOVA (C) Lastly, a significant reduction in the
amount of mtDNA species in LEVs from hPods pre-treated with prednisolone (1 uM; N=6) prior

to PAN (25 pg/mL, N=6), relative to control (N=3). P<0.0001, one way ANOVA.
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Figure 11. Figure S1. Proteomics of hPods revealed significant alterations in mitochondrial

proteins.
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Abstract

Idiopathic nephrotic syndrome (NS) is a common glomerulopathy in children and presents
with significant proteinuria. There are no reliable clinical or biochemical markers of disease
relapse, or prognosis. Extracellular vesicles (EVs) are small, membrane-bound biological effectors
released from stressed cells. We previously showed increases in podocyte-specific urinary EVs
from children with disease relapse in NS, with numbers returning to near-zero in remission. Herein,
we have expanded this work to evaluate proteomic changes of podocytes and their EVs in vitro
under stress conditions (puromycin aminonucleoside), and in response to the gold standard
immunomodulatory agent prednisolone. In addition, we examined proteomic changes in children
with NS, comparing the EV proteome between times of remission and relapse. Our key findings
reveal significant differential expression of cellular and EV proteomes in vitro following treatment
with PAN; however, the most marked alterations in the proteome came from treatments with
prednisolone. Urinary EV proteomes from children with active NS were significantly different
than those in remission, and we identified 645 unique proteins associated with disease and 240

proteins unique to remission.

103



Introduction

Idiopathic nephrotic syndrome (NS) is a common glomerulopathy in children affecting up
to 1:5000 children and presents with significant proteinuria, hypoalbuminemia, and edema [1].
Podocytopathy underlies the etiology of NS and can be confirmed by observing podocyte
effacement following kidney biopsy and pathological examination [2]. Current global standards
for elucidating the pathophysiology of NS in humans requires the use of both in vivo and in vitro
models that mimic podocyte injury. Chemical insult using puromycin aminonucleoside (PAN) is
a widely accepted approach to model podocytopathy in immortalized human podocytes in vitro
and is a model of nephrosis in rat models in vivo [3—5]. PAN is thought to act via an oxidative

stress mechanism which in turn ‘mimics’ renal features of NS by eliciting podocyte injury [6].

Extracellular vesicles (EVs) are membrane-encapsulated vectors released from almost all
cell types during times of cellular stress to transfer a diverse range of bioactive cargo [7]. These
vesicles contain DNA, miRNA, metabolites, and protein which allow for complex cell-to-cell
signaling under both physiological and pathological conditions [7]. A population of large EVs
(LEVs), historically referred to as microparticles, are ~100 to 1000 nm in diameter, and are derived
predominantly from budding of the plasma membrane [8], retaining characteristics of the parent
cell of origin. Recently, we showed that podocyte-specific urinary LEVs from children with NS
were increased during times of relapse and returned to near-zero levels during remission [9].
However, comprehensive proteomic characterization of LEVs in pediatric NS is lacking, and their

potential as biomarkers for diagnosis and therapeutic response is currently unrealized.

Proteomics is the large-scale study of protein functions, compositions, and interactions,
offering unparalleled insights into cellular processes and mechanisms of disease. This approach is

particularly valuable for studying EVs, given their diverse protein cargo and multifaceted roles in
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intercellular communication [10]. Advances in mass spectrometry-based proteomics, including
data-independent acquisition (DIA) methodologies, now enable high-resolution, quantitative
analysis of EV proteomes isolated from cell culture or biofluids. These techniques enable unbiased
investigations that reveal molecular signatures harbored by tissue-specific EVs, with significant

implications for understanding health and disease [11].

Given that NS is a disease of the podocyte and that podocyte-specific LEVs are increased
in the urine of children with NS during times of relapse [9], we sought to better characterize LEV
levels in vitro using conditionally immortalized human podocytes (hPods). We observed that the
production of LEVs in hPods increased following treatment with PAN, and this effect was
mitigated by prednisolone (PRED), the gold standard therapy for children with NS. To understand
the molecular impact of drug treatment on podocyte LEVs, we performed proteomic analyses of
hPod-derived LEVs and the hPods themselves in vitro following PAN, and PRED exposure. We
then compared this in vitro model with urinary LEVs isolated from children with NS during both
disease and remission, highlighting shared features and significant differences between the cellular
model and clinical samples. Herein, we provide the first comprehensive proteomic characterization
of urinary LEVs from children with NS, uncovering a diverse array of proteins from both
glomerular and tubular origin. Our work provides foundational knowledge on the molecular
composition of EVs in pediatric NS, informs future efforts in biomarker discovery, and offers

potential for future therapeutic monitoring.
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Methodology:

Podocyte Culture: hPods were obtained with permission of Prof. Moin Saleem (University of
Bristol, Bristol, UK) [3]. Cells were grown in RPMI-1640 medium supplemented with 10% Fetal
Bovine Serum (Invitrogen, Carlsbad, CA) and penicillin-streptomycin (1:100; Invitrogen).
Podocytes were proliferated at 33°C in the presence of 10 U/mL Recombinant Human Interferon
Gamma (y-IFN; Invitrogen). For induction of podocyte differentiation, cells were maintained at
38°C for 13-14 days in the absence of y-IFN, with the experiment performed, in all cases, between
days 13-14. PAN (25 pg/mL; Cayman Chemicals, Ann Arbour, Michigan) is a well-characterized
podocyte toxin that models NS in the laboratory. PRED pre-treatment occurred 1-hour prior to
treatment with PAN. PRED (1 pM; Cayman Chemicals) was resuspended in PBS, aliquoted, and
frozen. Dose selection was based on literature review. PAN treatments occurred for 24-hours, as
indicated. After treatment, the media was collected, and LEVs were isolated as described. Cell
plates were washed with ice cold PBS immediately after media collection and were frozen at -

80°C until protein isolation. Protein concentration was determined using the DC protein assay.

Pediatric Nephrotic Syndrome Urine: A prospective study enrolling children with NS is ongoing
at the Children’s Hospital of Eastern Ontario (REB #18/168X). Urine was obtained from children
with NS during both the relapse and remission state. Remission was defined as a urine protein to
creatinine ratio of < 0.05 g/mmol. Enrolled children have NS, as defined clinically, and when
performed, confirmed by biopsy. Urine samples were freshly obtained and were centrifuged at
2,500 x g for 10 minutes within 4 hours of voiding. Thereafter, urine was frozen at -80 C until
used. There were no freeze/thaw events. There were 4 relapse samples, and 4 remission samples

evaluated in this study.
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Extracellular Vesicles Isolation: LEVs were isolated using sequential centrifugation as described
previously [9, 12, 13]. Briefly, cell culture media was centrifuged at 2,500 x g for 10 minutes, the
supernatant was then collected and centrifuged at 20,000 x g for 20 minutes to pellet LEVs. These
LEVs were resuspended in sterile, pre-filtered (0.1 um) phosphate buffered saline (PBS) and

frozen at -80°C until analysis.

Nanoparticle Tracking Analysis: NTA was performed as previously described [9]. Briefly, the
ZetaView PM X110 Multiple Parameter Particle Tracking Analyzer (Particle Metrix, Meerbusch,
Germany) was used. We used size-mode analysis with ZetaView software (version 8.02.28)
following calibration with polystyrene beads (105 and 500 nm). Samples were analyzed at 11
camera positions with 2-second video length at 21°C. LEVs were quantified per experiment and

expressed as relative to control.

Liquid Chromatography and Tandem Mass Spectrometry: The MS/MS spectra were obtained
using the protocol previously reported by our group [11]. Briefly, 10 ug of EV or 50 ug of cell
lysates in radioimmunoprecipitation assay buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) were isolated by single-pot protein precipitation
(SP3) using 50% Ethanol and proteolysis (50 mM Ammonium Bicarbonate, 1:50 TrypLysC, 18
hours, 37°C) and analyzed on a Thermo Eclipse using Gas-phase Fractionation operating in Data-
Independent Acquisition (GPF-DIA). Spectral libraries were first searched in DIA-NN against the
human proteome before quantitative analysis using label-free quantification (MaxLFQ). The
software parameters were set to a precursor mass tolerance of 20 ppm and a fragment ion mass

tolerance of 10 ppm. The search parameters allowed for up to 2 missed cleavages and a maximum
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of 2 post-translational modifications per peptide. Missing value imputation, transformations, and

proteomic data visualizations were performed using in-house Python code.

Data Analysis: Continuous variables were summarized as mean (+standard deviation, SD) if
normally distributed. When non-normally distributed, medians with interquartile ranges were
reported. P-values were generated using student t-tests or one-way analysis of variance with
multiple comparisons which were corrected using Tukey’s method when normally distributed, and
Kruskal Wallis and U-test when non-normally distributed. Tests were performed using Prism

(version 9.4.1) and Python (version 3.13.1).

Results

PAN-induced injury and, PRED, drive distinct proteomic signatures in immortalized human
podocytes: This study evaluated the impact of PAN (25 pg/mL), and PRED (1 uM) treatment on
changes to the hPod proteome using four treatment groups, including control, PAN, PRED, and
PRED+PAN. Specifically, control hPods did not receive treatment, PAN treatment occurred for
24-hours, PRED treatment occurred for 1 hour, PRED+PAN comprises a 1-hour treatment with
PRED prior to a 24-hour treatment with PAN. The combination of 1-hour PRED treatment prior

to PAN-induced injury is an accepted model in the field (PRED+PAN; Figure 1A).

Overall, we identified and quantified >5000 proteins (Figure 1B) with unique proteomic
profiles for each experimental condition. Importantly, proteomic transformations did not coincide
with an increase or decrease in cell number, as measured using total cellular protein levels between
each condition. (Figure 1C). Principal component analysis (PCA) revealed distinct proteomic

profiles between each of the groups; however, it was observed that PRED treatment alone drove
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the largest difference in proteomes (Figure 1D). In support of these observations, 226
differentially expressed proteins (DEPs; abs|log2 FC| > 0.6 & loglO(p-value) > 1.30) were
identified as upregulated in the proteome of hPods treated with PRED compared to Control
(Supplemental Figure 1A). Notably, we observed induction of cytochrome ¢ oxidase (COX5A),
Mitochondrial Translation Peptidase (MTPN), and NADH dehydrogenase (ubiquinone) 1 beta

subcomplex, 5, 16kDa (NDUFAB1).

We then sought to determine DEPs unique to PAN-injury, regardless of PRED-treatment,
as a means to establish baseline changes that might occur in the absence of PRED. 56 of these
DEPs were upregulated in PAN-induced hPod injury relative to control with 111 downregulated
(Figure 1E). Upregulated DEPs included Tumour protein 53 (TP53), Translocase of Inner
Mitochondrial Membrane 17A (TIMMI17A), Tropomodulin 2 (TMOD?2), Cilia and Flagella

Associated Protein 20 (CFAP20), and Cyclin-Dependent Kinase Inhibitor 1A (CDKN1A).

Next, we assessed DEPs in response to PAN vs. PRED+PAN. 300 DEPs were upregulated
in PAN-induced hPod injury compared to 282 downregulated DEPs relative to PRED+PAN
(Figure 1F). This included several upregulated DEPs associating with PAN when compared with
PRED+PAN, such as: Metallothionein 1F (MT1F), Gremlin 1 (GREM1), and Angiopoietin-like

protein 4 (ANGPTLA4), all proteins having been previously described in podocytes [14—16].

Interestingly, DEPs were different when comparing PAN-induced injury with PRED,
alone. Specifically, we observed that 159 DEPs were upregulated following PAN injury versus
283 downregulated DEPs relative to PRED (Supplemental Figure 1B). We then assessed DEPs
under experimental conditions PRED+PAN versus PRED. Interestingly, we observed that 12

DEPs were upregulated under PRED+PAN conditions relative to 26 downregulated DEPs
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compared with PRED alone (Supplemental Figure 1C). These results further solidify the
observation that proteomic transformations driven by PRED were most significant among

experimental conditions.

In order to identify proteins with consistent differential expression across experimental
conditions, we next assessed for DEPs present in hPods following PAN treatment relative to both
control and PRED+PAN (Figure 1G). Cross analysis of PAN versus Control (Red) and PAN
versus PRED+PAN (Green) revealed TP53 as a highly induced protein following treatment with
PAN (Figure 1G). Furthermore, we observed an increase in ANGPTL4 following PAN injury,
relative to control or PRED+PAN (Figure 1G). Comparatively Sphingomyelin Phosphodiesterase
Acid-Like 3B (SMPDL3B) expression, among others, was consistently decreased following PAN
treatment (Figure 1G). Enrichment analysis using Reactome annotations revealed distinct and
common protein functions between segregated groups during cross-analysis of DEPs (Figure 1H).
Specifically, proteins related to cellular response to stimuli, aerobic respiration, neutrophil

degranulation, and vesicle-mediated transport were enriched.

Proteomic transformations following PAN-injury are related to EV production and stress,
whereas PRED+PAN tends to activate pathways associated with apoptosis and the
spliceosome complex: To understand how DEPs confer phenotypic changes, we next used Gene
Set Enrichment Analysis (GSEA) to uncover pathways differentially enriched between hPod
treatment groups. Initially, we focused on cellular compartments within PAN-injured hPods
revealing a significant enrichment in proteins related to stress responses and production of EVs,

following treatment with PAN (Supplemental Figure 2A, B). Further, we observed enrichment
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in other cellular components, including autophagosome membrane, vacuolar membrane, tertiary
granule membrane, and endoplasmic reticulum membrane components (Supplemental Figure

20).

Accompanying this, we also examined changes to cellular components between PAN-
injury in hPods, and the PRED+PAN group. By pre-treating the hPods with PRED for 1-hour prior
to PAN injury, we observed an increase of apoptotic and spliceosome complex proteins, when
compared to PAN injury alone. (Supplemental Figure 2D-F). Given the results of the GO cellular
component analysis, specifically enrichment of EV-related proteins following PAN injury, and
further, the recent interest in EVs in renal diseases [17-19], we next evaluated the production of

hPod LEVs in the context of PAN-injury, as well as under PRED+PAN conditions.

PAN treatment leads to an increase in hPod LEV formation and release and alters the LEV
proteome: Following 24-hours of PAN treatment, hPod LEV release increased ~3-fold compared
to control (P=0.0045; Figure 2A). There was no apparent increase in LEV production in the
presence of PRED. Pretreatment with PRED abrogated the increase in LEV production following
PAN injury. There was no apparent impact on LEV size under each treatment condition (Figure
2B). Similar to cellular proteomes, LEVs harbour overlapping and unique proteomes between
experimental conditions (Figure 2C); moreover, PCA determined PRED treatment drives the
greatest shifts in LEV proteomes (Figure 2D). This was further evaluated by examining volcano
plots for different experimental conditions, namely PRED versus control (Supplemental Figure
3A), PAN versus PRED (Supplemental Figure 3B), and PRED+PAN versus PRED

(Supplemental Figure 3C). Importantly, EV markers (Albumin, Tissue Factor, CD9, and
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Programmed Cell Death 6 Interacting Protein (PDCD6IP or ALIX)) were not different between
each experimental condition. This confirms consistent LEV isolation and supports our hypothesis

that proteomic cargo in LEVs is unique to experimental conditions (Figure 2E).

Next, we sought to determine LEV DEPs present between experimental conditions. PAN-
induced injury led to upregulation of 54 unique proteins compared to 138 downregulated proteins
under control conditions (Figure 3A). Upregulated DEPs included ribosomal proteins, Ribosomal
Protein .28, L.29, and L35 (RPL28, RPL29, and RPL35 respectively), as well as Small Ubiquitin-
like Modifier 2 (SUMO?2) and Taxilin Alpha (TXLNA), among others. Downregulated DEPs were
more numerous and included Heat Shock Proteins (HSP) and Rho-associated coiled-coil kinase 1
(ROCK1) among others. In support of these observations, GSEA analysis using Reactome and
Jensen Compartments annotation revealed a strong enrichment in PAN LEVs of proteins related
to Translation, Elongation and Endoplasmic Reticulum, respectively (Supplemental Figure 4A-
B). Next, we evaluated DEPs between experimental conditions PAN-injury and PRED+PAN
(Figure 3B). This identified 80 DEPs upregulated by PAN-injury and 375 downregulated DEPs
under PRED+PAN conditions. GSEA analysis highlights an enrichment of proteins related to
mitochondrial functions in PAN LEVs relative to PRED+PAN LEVs (Supplemental Figure 4C).
Similar to PAN vs Control LEVs, Jensen Compartment analysis suggests an enrichment of proteins
related to Endoplasmic Reticulum in LEVs from PAN vs PRED+PAN (Supplemental Figure

4D).

Cross analysis of PAN versus control (Red), PAN versus PRED+PAN (Green), and
commonly upregulated DEPs (Blue; Figure 3C) revealed upregulated DEPs, FK506-binding

protein 9 (FKBP9), Small Ubiquitin-like Modifier 2 (SUMO?2), and Cyclin-Dependent Kinase
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Inhibitor 2A (CDKN2A). Interestingly, enrichment analysis of these groupings using Reactome
annotations uncovered a significant enrichment of proteins with functions related to mitochondrial
degradation, vesicle-mediated transport, cellular response to stress, and neutrophil degranulation
(Figure 3D). Further, we compared the DEPs from hPods following PAN injury with DEPs from
hPod-LEVs following PAN injury, in an attempt to determine which proteins are altered in the

cells versus their EVs (Figure 3E). We identified overlap of 4 proteins, highlighted in Figure 3E.

LEVs from children with NS harbor distinct proteomes reflective of disease status: Building
on our in vitro analysis of the hPod cellular and LEV proteomes, and our recent work revealing an
increase in urinary podocyte-specific LEVs in children with NS during relapse [9], we investigated
whether human urinary LEVs from children with NS exhibit significant proteomic differences
between disease and remission states. Our analysis identified approximately ~2600 LEV proteins
across both conditions, including 645 uniquely associated with disease and 240 proteins unique to
remission (Figure 4A). Jensen Compartment Analysis revealed that these proteins were
predominantly localized to extracellular organelles, extracellular vesicles and exosomes (Figure
4A). Proteins unique to disease were significantly associated with an immunological response,
vascular endothelial growth factor (VEGF) signaling, and vesicle-mediated transport, whereas
proteins unique to remission LEVs were associated with cell-cell adhesion and extracellular matrix
reorganization (Supplemental Figure SA-B). PCA revealed distinct proteomic profiles between
disease and remission, highlighting the differential LEV proteomes of each condition. (Figure
4B). To confirm reproducible LEV isolation from urine, we assessed common EV markers
(CDY/81, PDCD6IP, and TSG101) and found no significant difference between conditions (Figure

4C). However, higher levels of albumin and tissue factor in disease-state LEVs confirmed their
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association with glomerulopathy, and for albumin, likely reflects non-specific binding of albumin

in the context of proteinuria.

An in-depth analysis of urinary LEV proteomes identified 512 DEPs being upregulated in
patients with active NS disease compared to 350 DEPs downregulated in patients in remission
(Figure 5A). GSEA identified significant enrichment of Solute Carrier Membrane (SLC) transport
proteins under disease conditions (Figure 5B, C). Given that these proteins are expressed
throughout the nephron, their enrichment likely reflects disease status. In contrast, remission LEV's
were enriched in epidermal growth factor (EGF) and COL6A1, two proteins with known functions
in tissue regeneration [20]. Collectively, these findings support our hypothesis that the proteomes

of LEVs reflect disease status and that several enriched proteins have tissue-specific origins.

There is overlap between discovered hPod-LEV DEPs and DEPs in urinary LEVs from
children with NS: After establishing that hPod LEVs exhibit unique proteomes following PAN
injury and determining the impact of PRED on the proteome, we evaluated urinary LEVs from
children with NS to explore changes in the LEV proteome under PAN-induced injury. We next
examined the commonalities between experimental in vitro conditions and their impact on the
hPod proteome, comparing these findings with urinary-derived LEVs from children with NS. A
comparison of urinary LEVs with PAN-injured hPod LEVs and the PRED+PAN treated hPods
revealed 44 common DEPs (Figure 6A). In these comparisons, 815 DEPs were unique to urinary
LEVs (disease versus remission), 106 were unique to PAN-injured hPods (versus control), and
292 were unique to PAN-injury (versus PRED+PAN) (Figure 6A). An additional 329 proteins

were shared across at least DEP groups. Notably, Jensen Compartment Analysis revealed that these
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proteins were enriched in EV-associated proteins, further validating the consistent isolation of

LEVs across experimental conditions (Figure 6A).

Importantly, we observed conserved protein signatures across LEVs from all three
conditions, consisting of 44 proteins (Figure 6A, B). Figure 6B illustrates these similarities or
differences, with more granular fold-change information. This analysis revealed conserved
upregulation of specific DEPs across experimental conditions, along with distinct patterns of up-

and down-regulation when compared with urinary LEV DEPs.

There are 36 LEV DEPs identified following treatment with PAN (experimental NS
conditions) that were observed in LEVs from children with NS disease: Following a less
biased approach to evaluating urinary LEV DEPs, we sought to align those LEV DEPs identified
in hPods following PAN injury (versus control), and DEPs present on LEVs from the urine in
children with NS disease (versus remission). Specifically, we wanted to directly compare LEV
DEPs between experimental NS in the lab, and clinical NS LEVs between disease and remission
states. We identified 36 significantly altered DEPs under both conditions. There were
commonalities between experimental NS and human NS, specifically Syntaxin 3 (STX3),
Regulatory Particle Non-ATPase 2 (RPN2), and Dynactin Subunit 1 (DCTN1) were all commonly
upregulated (Figure 7). Conversely, Heat Shock Protein Family A member 9 (HSPA9), and
phosphate cytidylyltransferase 2, ethanolamine (PCYT2) were downregulated. We did however
note certain differences in protein expression patterns between experimental and human NS. In
this regard, Prothrombin (F2), and Complement C7 (C7) were differentially regulated, with F2

being upregulated in NS disease LEVs, but downregulated in experimental NS, similar to C7. LEV
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C9 was markedly upregulated under NS disease conditions, but in experimental NS, it was mildly

downregulated.

Discussion

The overarching goal of this study was to characterize proteomic changes in a cell culture
‘experimental’ model of NS (the PAN model) in comparison to urine from children with NS. We
further assessed the impact of PRED on the hPod proteome. Lastly, we observed that podocyte
proteomic transformations are reflected within LEVs. Our group is the first to describe significant
urinary LEV proteomic transformations that differ between children with NS disease relapse and

remission.

Others have studied the proteomics of urinary EVs in children; however, in the context of
childhood NS, there have only been studies linking together urinary EV protein profiles which the
authors reported were associated with distinct NS clinical subgroups [21]. While the authors
showed characteristic electrophoresis profiles for different clinical subtypes of NS, there was no
definitive identification of proteins by mass spectrometry. By linking together in vitro and human

samples, we have begun to develop an approach for future translational studies.

This was achieved by first determining whether LEVs were released from hPods, as a
means to complement our recent observation that urinary podocyte-specific LEVs are associated
with disease relapse in children with NS [9]. Secondly, we sought to determine whether changes
to the LEV proteome were observed following injury of podocytes in vitro, and further, to link this
with cellular proteomic changes. Lastly, we unified our findings from in vitro cell culture studies
with the urinary LEV proteome obtained from children with NS. Overall, we show herein that

podocytes increase the production of LEVs in response to PAN injury; however, the exposure to
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PRED, or PRED+PAN, also drove distinct cellular and LEV proteome changes. In fact, it was

PRED that drove the largest proteomic transformations both in cells and LEVs.

It is notable that we identified significant changes to the podocyte simply from treatment
with PRED as it is the gold-standard immunomodulatory medication used in children with NS.
The effect of steroids on podocyte function has been described; albeit this was with respect to
podocyte motility [22]. However, since podocytes are known to express the Glucocorticoid
Receptor (GR), it is not surprising to see significant modifications as a result of treatment with
PRED. Further, we assessed the changes induced by treatment with PAN, an experimental toxin
which causes hPod injury in vitro and nephrosis in rats [6, 23]. Importantly, PAN also induced
significant alterations in protein composition relative to control and, PRED+PAN treatments. We
identified TP53 as a protein of interest in hPods treated with PAN. The role of TP53 is
multifaceted, as it is involved in cell death pathways, and can also act as a master cell cycle
regulator, and is involved in DNA repair, and senescence [24]. In the presence of PAN, we
speculate that TP53 is upregulated to counteract cellular stressors, such as oxidative stress and
DNA damage. Additionally, CDKN1A (p21) was upregulated in PAN-injury LEVs, which is
transcriptionally regulated by TP53, and this process is activated under times of cellular stress
[24]. Aside from cellular stress response proteins, additionally we observed upregulated proteins
associated with cilia and flagella (CFAP20) and actin filaments (TMOD2), which is not surprising
given that the podocyte response to cellular stress includes effacement [25]. However, to our

knowledge, this is the first observation of such proteins being altered in hPod models.

The effects of PAN, and PRED+PAN have several overlapping DEPs; however, there are

several that are uniquely upregulated in PAN treatment when compared to PRED+PAN.
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Interestingly, we did not observe a significant differential upregulation of GREM1 or MT1F under
PAN conditions alone (versus control). However, we did see an upregulation following PAN
treatment when compared to PRED+PAN. This suggests that PRED treatment is at least partly
modulating the expression of these targets. GREMI1 is a secreted protein which is antagonistic to
bone morphogenetic proteins (BMPs) [14]. Importantly GREM1 was shown to be increased in
diabetic kidney tissue, and could also inhibit BMP signalling, thought potentially implicated in
podocyte injury [14]. Further, MTIF is responsible for binding metals and has been shown to
protect against oxidative stress. The overexpression of MTIF in podocytes attenuated severe

albuminuria in OVE transgenic mice prone to diabetic kidney disease [15].

We aimed to investigate the effects of PRED, PAN, or PRED+PAN on the hPod LEV
proteome to better characterize these in vitro models and anticipate their relevance in clinical
studies of NS. Our findings show that PAN significantly increased LEV production without
affecting their size. Interestingly, while PRED did not independently induce LEV production, it
inhibited the PAN-induced increase in LEV release. Despite differences in LEV production, all
treatments caused significant transformations to the LEV proteome. Notably, PRED had the most
pronounced impact on the hPod LEV proteome, with a substantial number of both upregulated and
downregulated DEPs when compared to PAN and PRED+PAN treatments. This observation is
novel, as no previous studies have examined the effects of PRED on hPods in vitro in relation to

LEV proteomics.

As hPods may not accurately represent the glomerular environment, we evaluated LEVs
from the urine from children with NS. We have established the feasibility of isolating and

analyzing the proteome of urinary-derived LEVs and expanded the existing human urinary LEV
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database with details on the NS LEV proteome in children. Such work will serve as the impetus
for future studies directed at better understanding the NS urinary LEV proteome in relation to
fundamental biologic processes occurring during times of relapse. Indeed, we observed
significantly up- and down-regulated DEPs between disease and remission. Importantly, we
identified both glomerular and tubular proteins. This is not unexpected given the severity of
proteinuria observed in children with NS. It is well characterized that podocytes are effaced, and
thus stressed, during times of relapse, and we have already shown that podocyte-specific urinary
LEVs are increased during relapse [9]. A novel observation from this study includes the discovery
that several tubular proteins are upregulated in urinary LEVs during times of disease relapse in
children with NS. We observed significant enrichment of SLC Transporters, which localize mostly
to the kidney tubules, and have been described in urinary EVs in the past. Further, their presence
has been identified in podocyte-specific EVs, too. Specifically, Prunotto et al., analyzed the
proteome of podocyte EVs from normal human urine and identified SLC-12A1, -12A3, -13A2,
and -23A1 [26]. Consistent with this, we identified SLC13A2 as being upregulated in disease-
relapse urinary LEVs. When comparing our results to a study by Gonzales ef al., which evaluated
urinary EVs without pre-selection for podocyte-specificity, we see more similar trends with a more
marked increase in SLC Transporters identified in ‘total’ urinary LEVs [27]. Specifically, in
Gonzales et al., they identified 37 SLC Transporters in the isolated EVs, many of which overlap

with our findings (SLC5AS8, SLC5A10, SLC22A11, and SLC22AS5, among others) [27].

Lastly, we sought to identify podocyte-specific LEV proteomic signatures by comparing
our in vitro hPod data (PAN versus control) with NS disease LEV data (disease versus remission).
In doing so, we identified 36 overlapping, differentially regulated DEPs. This differential

regulation speaks to the utility of our in vitro model in simulating NS. Importantly, there were

119



commonly up- and down-regulated proteins across both experimental conditions. STX3 and
DCTNI were identified as upregulated DEPs in both experimental NS as well as in NS disease
LEVs. STX7, another of the Syntaxin family, was found abundantly expressed in podocyte
clathrin-coated vesicles [28]. Similarly, DCTN1 was also identified in this same study. We
speculate these proteins, among many of the other upregulated DEPs in LEVs represent responses

to stress or vesiculation.

Our paper is not without its limitations. As discussed extensively, the hPod model is simply
a model and cannot definitively recapitulate the glomerular environment [29]. As such, we must
interpret these data with caution and use them to guide future studies. A viable next step might
include interrogation of directly differentiated podocytes from pluripotent stem cells, or rats
subjected to PAN nephrosis. Such studies would allow for perturbation of the system with
pharmacological intervention to assess the impact on LEV release, and subsequently the LEV
proteome. Another limitation is that the patient-derived urinary LEVs were not podocyte-specific

but were a mix of LEVs originating from multiple cellular sources, including tubular.

Strengths of this current paper include the ‘ground up’ approach taken to interrogate the
impact of PAN on hPods in vitro, in the context of its use as an experimental NS model. By further
understanding the impact of PRED on hPods in vitro, we may be able to better understand the
urinary LEVs from patients who are routinely exposed to PRED (i.e., children with NS). Next,
through evaluation of pure hPod LEVs, and comparing them to urinary-derived LEVs from
children with NS, we can attempt to determine truly podocyte specific LEVs in a urinary milieu
where LEVs from multiple cellular origins would be present. Ultimately, we observed differential

regulation of proteins across in vitro conditions and the human LEVs. Several of the identified
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proteins have been reported in podocytes, both in vitro and in vivo, thus confirming that many of
our upregulated DEPs are specific to podocytes. Determining their importance, particularly in

childhood NS is the obvious next step.

In summary, hPod LEVs are increased in vitro following PAN injury. This supports and
builds upon our findings of increased podocyte urinary LEVs from children with NS. On further
interrogation, podocytes in vitro have distinct proteomes when exposed to PAN or PRED. Several
differentially regulated proteins have been described previously in podocytes and potentially have
important functions therein. By isolating LEVs from the urine of children with NS during both
disease and remission, we have developed the first urinary LEV proteome specific to this condition
in children. Uncovering the role of these up- and down-regulated DEPs in podocytes and

elucidating the significance of their inclusion in LEVs are clear next steps.
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Figure Legends

Figure 1.
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A.

Cell culture (human podocytes, hPods) conditions and schematic of proteomic workflow.
PAN, puromycin aminonucleoside; PRED, prednisolone; GPF-DIA, gas-phase fractiona-
tion with data-independent acquisition.

Venn diagram showing differentially expressed proteins (DEPs) associated with different

experimental conditions from hPods.

. Protein concentration from cell culture experiments, compared across all four treatment

conditions. Protein quantified using the DC protein assay.

Principal component analysis for cell culture analysis.

Volcano plot comparing DEPs between PAN and control. This revealed an upregulation in
56 DEPs after PAN treatment, while 111 DEPs were downregulated. DEPs: abs|log2 FC|
> 0.6 & log10(p-value) > 1.30.

Volcano plot comparing DEPs between PAN, and PRED+PAN. This revealed 300 upreg-
ulated DEPs following PAN treatment, relative to PRED+PAN, and 282 downregulated
DEPs. DEPs: abs|log2 FC| > 0.6 & log10(p-value) > 1.30.

Cross analysis of different experimental conditions, including the Log2 Fold Change of
DEPs between PAN treatment, and PRED+PAN treatment on the Y axis, compared to PAN
versus control, on the X axis.

Heat map analysis, highlighting there are more proteins per Reactome term for a given

condition. This is observational in nature and should not be compared across columns.



Figure 2.

A. Relative large extracellular vesicle (LEV) production across all experimental conditions.

Puromycin aminonucleoside (PAN) treatment led to a significant increase in LEV produc-
tion (P=0.0045). Prednisolone (PRED) pretreatment (PRED+PAN) attenuated this increase

in LEV production (P=0.0007).

. There were no significant differences in the size of LEVs produced under each experi-

mental condition.

. Venn diagram showing DEPs from LEVs from each experimental condition.
. Principal component analysis for LEV DEPs across each experimental condition.

. Bar chart showing comparisons of specific EV proteins across each experimental condi-

tion. No significant differences were observed across each experimental condition for EV-
related albumin, tissue factor, CD9 and, Programmed Cell Death 6 Interacting Protein
(PDCDG6IP; also known as ALIX). This suggests a uniform isolation of EVs across each

experimental condition.

Figure 3
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A. Volcano plot comparing differentially expressed proteins (DEPs) from large extracellular

vesicles (LEVs) between puromycin aminonucleoside (PAN) and control. There were 54
upregulated DEPs in LEVs from human podocytes (hPods) following treatment with PAN,
compared to 138 downregulated, relative to control. DEPs: abs|log2 FC| > 0.6 & log10(p-

value) > 1.30.



. Volcano plot comparing DEPs from LEVs from hPods following treatment with PAN,

compared to PRED+PAN. This identified 80 upregulated DEPs in LEVs from hPods fol-
lowing PAN treatment compared to 375 downregulated, relative to PRED+PAN. DEPs:

abs|log2 FC| > 0.6 & log10(p-value) > 1.30.

. Cross analysis of DEPs from LEVs from hPods across multiple experimental conditions,

including on the Y-axis PAN versus PRED+PAN, and on the X-axis, PAN versus control.
This highlights DEPs from LEVs which are specific to PAN versus control, or PAN versus

PRED+PAN, versus those that are common across those experimental conditions.

. Heat map analysis using information from Figure 3C. Heat maps are highlighting there are

more proteins per Reactome term for a given condition. This is observational in nature and

should not be compared across columns.

. Cross analysis of DEPs from hPods following PAN injury with DEPs from hPod-LEVs

following PAN injury. We observed 4 overlapping proteins between the cells and their
LEVs following PAN injury, Complement C5, C7, GDNF Family Receptor Alpha 1

(GFRALI), and Growth Differentiation Factor 15 (GDF15).

Figure 4.

127

A. Venn diagram showing overlapping and distinct differentially expressed proteins (DEPs)

across human nephrotic syndrome (NS) states. Disease, referring to active NS and pro-
teinuria, versus remission, where there is no longer active disease. These are DEPs specific
to urinary large extracellular vesicles (LEVs) taken from clinical specimens. We identified
240 DEPs specific to remission, 645 specific to disease, and 2688 overlapping DEPs. Jen-
sen compartment analysis reveals that the LEV DEPs identified are largely specific to ex-

tracellular organelle, vesicle, and exosome.



B. Principal component analysis comparing LEVs from urinary specimens between disease

and remission conditions.

. Bar chart showing comparisons of specific EV proteins across disease and remission con-

ditions. There was enrichment in albumin and tissue factor in disease EVs compared to
remission. This likely reflects disease status. There were no differences between disease
and remission in relation to common EV markers, including CD9, CD81, Programmed Cell
Death 6 Interacting Protein (PDCDG6IP; also known as ALIX), and Tumour Susceptibility
Gene 101 (TSG101). This suggests a uniform isolation of EVs across each disease condi-

tion.

Figure 5.
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A. Volcano plot comparing large extracellular vesicle (LEV) differentially expressed proteins

(DEPs) from urinary specimens from children with nephrotic syndrome (NS) between dis-
ease and remission states. We identified 512 upregulated DEPs in disease LEVs compared
with 350 downregulated DEPs, relative to remission. DEPs: abs|log2 FC| > 0.6 & log10(p-

value) > 1.30.

. Gene set enrichment analysis revealed upregulated DEPs including Solute Carrier (SLC)

transporters, intraflagellar transport, and transport of small molecules.

C. Bar chart showing multiple upregulated DEPs from the SLC transporter family.



Figure 6.

A. Three-way Venn diagram highlighting differentially expressed proteins (DEPs) across ex-

perimental nephrotic syndrome (NS) conditions (puromycin aminonucleoside (PAN) treat-
ment versus control; PRED pre-treatment, followed by PAN treatment (PRED+PAN), and
clinical NS (disease versus remission large extracellular vesicles (LEVs)). By comparing
across experimental NS and clinical NS, we identified 44 overlapping DEPs. Jensen Com-
partment analysis showing that comparisons across experimental NS and clinical NS again
highlighted extracellular organelle, vesicle, and exosome, revealing similarities in the

LEVs which supports consistent isolation of similar EV species.

. Common LEV DEPs between experimental and clinical NS. This heatmap highlights the

44 commonly identified DEPs described in Figure 6A. Fold change is reflected using green
for increases, and purple for decreases. Comparisons across columns allow for highlighting
of concordant and discordant increases or decreases in proteins across experimental and

clinical NS conditions.

Figure 7.
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A. Heatmap comparing fold-change in differentially expressed proteins (DEPs) from large

extracellular vesicles (LEVs) taken from experimental NS (Puromycin aminonucleoside
(PAN) versus control) and compared to clinical samples (disease versus remission). Fold
change is highlighted in green for increases, and purple for decreases. This bar chart allows
for direct comparison of fold change increases or decreases in proteins of interest between

experimental NS (PAN versus control) and clinical NS (disease versus remission).



Supplemental Figure Legends

Supplemental Figure 1

A. Volcano plot of differentially expressed proteins (DEPs) from human podocytes (hPods)

following treatment with prednisolone (PRED) versus control. PRED alone caused a sig-
nificant proteomic shift not explained by protein concentration. Specifically, PRED treat-
ment led to upregulation of 226 DEPs, and 126 downregulated DEPs, relative to control

hPods.

. Volcano plot, as above, comparing puromycin aminonucleoside (PAN) treatment of hPods

compared to PRED. These represent hPod DEPs between the two experimental conditions.
This revealed an upregulation of 159 DEPs, and a downregulation of 283 DEPs when com-

paring PAN treatment to PRED alone.

. Volcano plot, similar to above; however, experimental conditions include PRED+PAN

versus PRED. This revealed that 12 DEPs were upregulated, and 26 were downregulated
when comparing PRED+PAN with PRED alone. This suggests that many of the above

changes are related to the PRED exposure.

Supplemental Figure 2
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A. Gene set enrichment analysis (GSEA) from cellular proteome analysis, comparing puro-

mycin aminonucleoside (PAN) treatment with control. GSEA analysis revealed that PAN

treatment, relative to control, led to an increase in proteins associated with DNA repair.



. Similar to A, GSEA data from PAN-treated versus control hPods revealing that PAN led

to an increase in proteins associated with microparticles (previous nomenclature for large

extracellular vesicles, LEVs).

. GSEA analysis revealing many different Gene Ontology (GO) components which are en-

riched in hPods following treatment with PAN, relative to control.

. GSEA for hPods under experimental conditions PAN versus PRED+PAN. Revealing en-

richment in apoptosis-related proteins under PRED+PAN conditions, relative to PAN.

. Similar to D, GSEA for hPods under PAN versus PRED+PAN, revealing an enrichment in

splicesomal complex proteins under PRED+PAN conditions, versus PAN.

. GSEA for hPods, comparing PAN versus PRED+PAN. GO showed robust enrichment for

PRED+PAN versus PAN alone.

Supplemental Figure 3
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A. Volcano plots for hPod large extracellular vesicle (LEV) differentially expressed proteins

(DEPs) comparing prednisolone (PRED) versus control. This revealed 233 upregulated
DEPs, and 123 downregulated DEPs following treatment with PRED when compared to

control.

. Volcano plots for hPod large extracellular vesicle (LEV) differentially expressed proteins

(DEPs) comparing PAN versus PRED. This revealed 122 upregulated DEPs, and 368

downregulated DEPs following treatment with PAN when compared to PRED.

. Volcano plots for hPod large extracellular vesicle (LEV) differentially expressed proteins

(DEPs) comparing PRED+PAN versus PRED. This revealed 97 upregulated DEPs, and 33

downregulated DEPs following treatment with PRED+PAN when compared to PRED.



Supplemental Figure 4
A. Gene set enrichment analysis (GSEA; Reactome 2022) for hPod large extracellular vesicles
(LEV) comparing PAN versus control experimental conditions.
B. Similar to A; however, using Jensen Compartments.
C. Gene set enrichment analysis (GSEA; Reactome 2022) for hPod large extracellular vesicles
(LEV) comparing PRED+PAN versus PAN experimental conditions.
D. Similar to C; however, using Jensen Compartments.
Supplemental Figure 5
A. Heat map (Reactome, Gene Ontology (GO)) comparing urinary large extracellular vesicle
(LEV) differentially expressed proteins (DEPs) between clinical specimens taken from
children with nephrotic syndrome (NS), comparing those with disease versus remission.

B. Similar to A; however, using only GO terminology.
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Figure 12. Figure 1. hPod cellular proteomic workflow and results.
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Figure 1B
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Figure 1C
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Figure 1D
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Figure 1E
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Figure 1F
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Figure 1G
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Figure 1H
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Figure 13. Figure 2. hPod LEV proteomic workflow and results.
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Figure 2C
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Figure 2D
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Figure 2E

30

25

20

15

LFQ Intensity (A.U.)

10

144

ALE TF cDg PDCDEIP
EV Marker

Group




Figure 14. Figure 3. Volcano plots and heatmaps for hPod LEV proteomic analysis.
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Figure 3B
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Figure 3C
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Figure 3D
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Figure 15. Figure 4. Human urinary LEV proteomics in children with iNS.
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Figure 4B
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Group
mmm Disease
30 P<0.05 B Remission

25 1

204

15 4

LFQ Intensity (A.U.)

10 4

ALB TF cD9 cDsl PDCD6IP
EV Marker

TSG101

152




Figure 16. Figure 5. Volcano plots and gene set enrichment analysis for LEVs from the

urine of children with iNS.
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Figure 5B
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Figure 17. Figure 6. Overlapping LEV DEPs between experimental iNS and clinical

specimens.
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Figure 6B
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Figure 18. Figure 7. Unique and distinct LEV proteomic transformations between experimental
iNS and urinary specimens from children with iNS.
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Figure 19. Supplemental Figure 1. Volcano plots highlighting hPod DEPs under different

experimental conditions.
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Supplemental Figure 1B
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Supplemental Figure 1C
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Figure 20. Supplemental Figure 2. Gene set enrichment analysis for cellular proteomic

analyses.
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Supplemental Figure 2B
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Supplemental Figure 2C
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Supplemental Figure 2D
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Supplemental Figure 2E
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Supplemental Figure 2F
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Figure 21. Supplemental Figure 3. Volcano plots for hPod LEV DEPs under varying

experimental conditions.
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Supplemental Figure 3B

Volcano Plot: PAN vs Prednisone
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Supplemental Figure 3C

Volcano Plot: PRED+PAN vs PRED
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Figure 22. Supplemental Figure 4. Gene set enrichment analysis for hPod LEVs under

various experimental conditions.
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Figure 23. Supplemental Figure 5. Heat maps comparing urinary LEV DEPs between

disease and remission status.
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5 Discussion

This thesis focused on urinary LEVs and their cargo, as novel markers of disease in
pediatric iNS. Specifically, Chapter 2 outlined the discovery of LEVs in the urine of children with
INS during relapse; however, these levels were decreased to near-zero during remission.
Thereafter, with the knowledge that LEVs in the urine can be collected, quantified, and studied
further, I examined the content of LEVs from hPods in cell culture under stress conditions, and
tied these observations back to clinical samples. Our novel findings included mtDNA as cargo of
LEVs from stressed podocytes, with an association with mitochondrial stress in vitro (Chapter 3).
I further confirmed that this process was conserved in an in vivo rat model. Further, through
examination of LEVs using proteomics, I discovered that podocyte stress leads to significant
alterations in the LEV proteome, as does prednisolone treatment (Chapter 4). Altogether, the
results of this PhD work will provide the impetus for further mechanistic studies both in vitro and
in vivo.

The search for biomarkers in human disease spans many years; however, it wasn’t until
recently that EVs were discovered and their potential as biomarkers was revealed. To date, their
true potential remains unrealized. Clinical biomarkers in kidney disease are usually limited to
products of cellular and biochemical processes in the urine or blood stream. Despite years of
research advancements, the most reliable marker of disease activity in pediatric iNS is the
rudimentary urine protein level. However, the discovery of EVs may usher in a new era of modern
biomarkers. Further, EVs may also offer a more precision-based assessment of injury and
recovery. Currently, there are few studies investigating EVs as biomarkers in NS in children. When
conducting a PubMed search, as of the writing of this thesis, there are currently 14 results obtained

employing the search terms: “Nephrotic Syndrome” AND “Extracellular Vesicles”. This suggests
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that this field is in its infancy. These studies can be separated into those looking at biomarkers in
the serum, and those looking in the urine.

A study examining the role of circulating EVs in patients with SSNS revealed an increase
in Racl within the EVs [1]. The authors then went on to treat hPods with these EVs containing
Racl and revealed a recapitulation of a NS phenotype in the cell culture model [1]. This study
examined serum EVs following a 100,000 x g spin, representing a mixed EV population; however,
a lower speed centrifugation step was performed prior to this, eliminating apoptotic bodies,
exophers, and blebbisomes. Relapse serum EVs in this population, with a higher level of Racl,
induced enhanced motility and albumin permeability in cultured human podocytes [1]. These
observations prompted queries related to how a serum EV would impart its effects at the level of
the podocyte in human disease [2]. Specifically, charge- and size-selective properties of the slit
diaphragm would have to be overcome by serum-derived EVs to reach the podocyte. There is
experimental evidence suggesting this can occur [3]. While my work did not involve serum EVs,
this work highlights the advancing field of EV biomarker studies, particularly in NS.

When considering urinary EVs, there are additional studies both in NS and in kidney
disease in general. There are reports investigating the role of EVs in the urine as markers of renal
allograft injury [4], renal carcinoma [5], and diabetic kidney disease [6], among others [7]. In NS,
Santorelli et al., studied urinary EVs using gel electrophoresis and discovered unique patterns
associated with NS disease phenotypes [8]. Chen ef a/ also studied urinary EVs and determined
that certain EV-miRNA species were correlated with the degree of proteinuria [9]. Our
contribution to this field included the discovery that urinary LEVs, and those derived from
podocytes specifically, were increased in urinary specimens from children with iNS relapse. The

number of podocyte-specific LEVs returned to nearly zero at the time of remission [10]. While
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others have shown general EV population alterations in the urine, our novel observation confirmed
that I can isolate and identify LEVs originating from specific renal cell types using surface markers
and flow cytometry. Extrapolating further, I hypothesized that since these EVs were increased in
the urine of children with NS, and specifically those from the podocyte, the EV cargo provides
insights into the underlying mechanism of the disease, at the level of the podocyte. Indeed, I and
others have already begun to address this question using podocyte EVs in vitro; however, none
have done this in the context of NS. Earlier studies examined the effects of podocyte EVs on
tubular cells, which are immediately downstream of the glomerulus, and thus the podocyte.
Specifically, it was shown that uninjured podocyte derived EVs increased p38 and Smad3
phosphorylation, leading to a pro-fibrotic response in the target tubular cells [11]. Beyond this, it
has been shown that EVs released from damaged podocytes can promote apoptosis in tubular cells
[12], an observation linked to miRNA content enrichment following injury. Renal tubular cell
apoptosis was also observed following treatment with EVs derived from podocytes cultured under
diabetic conditions [13]. All three of these examples show the propensity for EVs to elicit
deleterious effects on tubular cells, downstream of podocytes, regardless of the nature of the
stimulus (i.e., uninjured podocytes, damaged podocytes, or podocytes exposed to diabetic
conditions). Whether podocyte-specific EV cargo can have beneficial effects on tubular cells is
unclear and requires further study.

To date, it has largely been miRNA content which has been studied as cargo in podocyte
EVs in vitro and shown to have deleterious effects on tubular cells. Knowing that EVs contain not
only miRNA, but also protein, lipids, and DNA, I sought to examine these latter two classes of
biomolecules in more detail. mtDNA has been observed in EVs for quite some time and generally

has been associated with underlying cellular stress [14—16]. Further, levels of mtDNA in serum
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EVs decline with age [17]. It is therefore clear that the presence of mtDNA within EVs likely plays
a physiological role and can be modulated during disease or health. The mechanisms that package
mtDNA into EVs is also a contentious topic; however, given this has been observed in a variety
of cell types, it is likely there is a conserved mechanism for excretion of mtDNA in viable cells,
or this is a packaging process that occurs under times of cellular stress or damage. In our study, I
found that hPods in vitro, when stressed with PAN, a known podocyte toxin, had markedly
elevated levels of mtDNA within hPod LEVs. This was associated with mitochondrial stress as
evidenced by increased mitoROS, a declining MMP, and a bioenergetic stress. mtDNA levels in
LEVs decreased following pre-treatment with prednisolone, the gold standard immunomodulatory
agent for children with NS. When examining this observation in a rat model of nephrosis, as well
as in urinary samples from children in relapse from iNS, I observed that during disease
(proteinuria), the LEVs were significantly enriched in mtDNA, while in control animals, and
during remission in children, the LEV mtDNA was measured at significantly lower levels. I am
not the first to associate mtDNA levels in EVs with underlying mitochondrial stress. In a model of
Huntington’s Disease, a defective mitochondrial-lysosomal axis led to enhanced release of EVs
containing mtDNA, as well as mitochondrial proteins [18]. Another example includes Behcet’s
Syndrome, where small EVs are secreted and contain mtDNA. This extrusion of mtDNA in EVs
acts to propagate an inflammatory signal via a TLR9-dependent pathway [15]. While the
packaging of mtDNA into podocyte LEVs is a unique and novel observation, changes to
bioenergetic profiles of podocytes under experimental conditions of stress has been shown before.

Abe et al. undertook the first bioenergetic characterization of transformed mouse
podocytes in 2010 [19]. It was revealed that basal OCR levels were 55.2 pmol/min, and oligomycin

reduced OCR to ~45% of baseline, thus revealing that ~55% of podocyte oxygen consumption
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was coupled to ATP synthesis [19]. The conclusions from this study suggested that mitochondria
play the primary role in maintaining podocyte energy homeostasis and that glycolysis plays a lesser
role [19]. Adding to these observations, Abe et al. repeated these experiments in the presence of
TGF-B1 which activated mTOR signalling, an increase in MMP, OCR, and intracellular
production of ROS [20]. Taken further, Casalena et al. revealed that TGF-B1 induced cytoskeletal
rearrangements were associated with compensatory adaptations of mitochondrial bioenergetics
(ATP synthesis) [21]. High glucose (to mimic hyperglycemia observed in diabetes) also modified
the bioenergetic profile of podocytes [22]. Altogether, these findings reveal that a stress event for
podocytes induces a bioenergetic adaptation which is sometimes observed as increases in OCR.
This is similar to our observation where PAN induced oxidative stress in podocytes, and more
specifically mitochondrial stress [23]. I observed increases in mtROS and OCR at 1-hour,
suggesting a rapid bioenergetic stress; however, by 24 hours, I detected an adaptation and a return
to baseline. This suggests that the podocyte may be responding to buffer this assault, and this may
be further evidenced by increases in proton leak at an early point, as well as persistence of this
leak at 24-hours. At this time point, I also observed decreases in MMP. Contrary observations
were reported by Brinkkoetter et al., [24]. Therein, they revealed that deleterious alterations to
genes related to mitochondrial biogenesis, fission-fusion capacity, and mtDNA stability did not
lead to a pathologic phenotype under physiological and non-stressed conditions. I therefore
hypothesize that podocytes rely on anaerobic respiration during times of stability, but switch to a
mode requiring more energy, and thus become more dependent on mitochondria, during times of
stress. This hypothesis will form the basis of the work I perform as an independent investigator

moving forward.
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In a rat PAN-nephrosis model [25], I observed significant nephrosis (ascites, increased
ACR), foot process effacement on EM, and associated significant elevations in mtDNA within
LEVs when compared to control animals. To our knowledge, this is the first time that LEVs have
been isolated from rat urine in a nephrosis model, and the first time that mtDNA has been studied
within LEVs from nephrotic rats. Prior to our study, an elegant study by Bhayan et al. sought to
define overlapping transcriptional patterns between steroid-treated, and pioglitazone-treated rats
in the same PAN-nephrosis model [26]. Pioglitazone, a Peroxisome Proliferator-Activated
Receptor, Gamma (PPARY) agonist, was shown clinically to decrease proteinuria in children with
NS, and to protect podocytes in a preclinical NS model [27, 28]. In comparing PAN-nephrosis rats
treated with either Pioglitazone or steroids, the authors discovered 29 commonly regulated genes
of interest which pointed to ECM dysregulation as a potential disease mechanism [26]. While this
does not directly relate to EVs, it reveals the complexities of the pathomechanism of NS in
children, and extrapolations that I can make using the rat nephrosis model.

What is unique about our observation is the presence of mtDNA within LEVs derived from
podocytes, and the association with pediatric iNS. Children with iNS currently do not have access
to precision medicine treatment approaches, and in turn are treated with a ‘one treatment fits all’
approach, leading to a significant side effect burden. Our discovery moves us one step closer to
more precise diagnostic and therefore treatment approaches in NS. In the setting of our
observations discussed to this point, and to further refine the precision approach to understanding
NS in children, I then looked at the LEV proteome in vitro, as well as in the urine from children
with NS. Initially, I examined the podocyte proteome to better understand the parent cell prior to
studying LEVs, which are derived from the parent cell of origin. Interestingly, I observed

enrichment in mitochondrial proteins in podocytes following PAN treatment, relative to control.
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This ties together well with the content of Paper 2 and further strengthens the idea that podocyte
mitochondrial alterations may be associated with cell stress. Using tissue proteomics, Barar et al.
applied LC-MS/MS to eight formalin-fixed, paraffin embedded tissue samples from patients with
MCD (relative to control) [29]. Those with MCD had 11 proteins that were significantly
differentially overexpressed. Gene Ontology (GO) Molecular Function analysis showed most
proteins were linked with structure and stability of podocytes [29]. Looking specifically at
podocytes in culture, Bruschi ef al. examined proteomic changes in control cells compared to those
treated with Everolimus, an mTOR inhibitor [30]. They identified 7786 proteins in podocytes,
where in our study of PAN treated podocytes, I identified closer to 5000 proteins. They also
interrogated the supernatant from these experimental conditions. According to GO analysis, there
were 4 main biological processes altered following treatment with Everolimus. These included
proteins involved in epithelial to mesenchymal transition (EMT), metabolism, and kinase
signalling. While only briefly commented on, it is possible the supernatant analyses revealed
differentially expressed proteins (DEPs) in EVs, as they may have been enriched in the
supernatant. Further to this, it was the supernatant which was most enriched in extracellular matrix
(ECM) reorganization receptor interaction-related proteins. These observations are consistent with
the in vivo observations of Bhayan ef al. [26]. As described above, they examined transcriptional
patterns between steroid-treated, and pioglitazone-treated rats in the PAN-nephrosis model, and
identified 29 commonly related genes of interest, primarily involving ECM remodelling. In our
proteomics study of podocytes, I observed enriched signals related to vesicle generation,
mitochondrial proteins, and cellular stress. It was once I examined the proteomes of the EVs
generated by hPods following treatment with PAN that I also observed enrichment in proteins

associated with ECM organization. However, this was more pronounced in the presence of both
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PAN and prednisolone, suggesting that prednisolone is driving the expression more than the injury
alone. Speculatively, this increase in ECM organization-related proteins in the setting of
prednisolone pre-treatment may be indicative of a reparative process; however, this requires
further investigation.

Given the upregulated proteins related to vesicle formation in the podocyte following
treatment with PAN, I intuitively examined LEVs from these cells next. Initially, I observed that
LEVs are increased in vitro following treatment with PAN. These LEVs had unique proteomes
under different experimental conditions, with significant DEPs following treatment with PAN and
Prednisolone. Others have looked at the proteome of podocytes in vitro and have compared them
to the urinary EV proteome; however, this was not done specifically in the context of remission
versus disease in NS in children. Specifically, Barreiro ef al. [31] employed an in vitro approach
to better understand how kidney cells contribute protein and miRNA to urinary EVs. Similar to
our study, the authors isolated hPod-EVs and subjected them to either RNA isolation and
sequencing, or tandem mass tag proteomics [31]. Further to this, they also interrogated the
proteome of several other immortalized kidney cells, including, mesangial cells, proximal tubule
cells, and glomerular endothelial cells. This group did not evaluate the proteome of the parent
cells, rather, focused their attention on analyzing only the EVs. This group observed significant
upregulation of proteins within GO molecular function category ‘epithelial cell proliferation’. In
contrast, I discovered many different GO categories, including autophagosome membrane,
vacuolar membrane, and cytoskeleton. When comparing the podocyte EVs with the urinary EVs,
Barreiro ef al. uncovered an overlap of 7 proteins [31]. Of importance, their urinary EV data was
derived from several study databases, including those with healthy controls only, and others which

included patients with proteinuria and diabetes [31]. In our study, I was able to compare relapse

184



EVs from children with NS to PAN treated hPod EVs, as an experimental model of NS. I identified
36 DEPs under experimental conditions of NS that were also observed in EVs from children with
NS during disease. Interestingly, I also observed some of the proteins identified in the Barreiro et
al study, including the following in our NS patient disease EVs: Cullin-2 (CUL2), Phospholipase
B domain containing 2 (PLBD2), while the others were found common between disease and
remission, included: Proteasome subunit beta type-2 (PSMB2), Complement C3 (C3), Cystatin A
(CSTA), Keratin 14 (KRT14), and Endoplasmic reticulum resident protein 44 (ERP44). I further
report commonalities between experimental NS and human NS, specifically in Syntaxin 3 (STX3),
Regulatory Particle Non-ATPase 2 (RPN2), and Dynactin Subunit 1 (DCTN1) which were all
commonly upregulated. Conversely, Heat Shock Protein Family A member 9 (HSPA9), and
phosphate cytidylyltransferase 2, ethanolamine (PCYT2) were downregulated. I also noted
discrepant differences in protein expression patterns between experimental and human NS. In this
regard, Prothrombin (F2), and Complement C7 (C7) were differentially regulated, with F2 being
upregulated in NS disease LEVs, but downregulated in experimental NS LEVs, similar to C7. LEV
C9 was markedly upregulated under NS disease conditions, but in experimental NS, it was mildly
downregulated. This shows the challenges, but also opportunities, in studying LEVs from cells in
vitro and linking them together with human biospecimens. One obvious consideration is that the
PAN model only partially recapitulates iNS, which would be expected.

Overall, this thesis work was successful in first showing that urinary LEVs from children
with NS could be isolated, and specifically podocyte LEVs could be studied under both NS disease
and remission conditions. Next, I furthered the understanding of the role of the mitochondria in
experimental NS, and the potential role of mtDNA within LEVs as a novel marker of disease

activity. Lastly, I used data-independent acquisition mass spectrometry proteomics technology to
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further our understanding of how both PAN and Prednisolone impact the proteome of not only the
hPod, but also the EVs generated in vitro, and those from the urine of children with NS. These
three studies have contributed overall to further the understanding of pediatric NS, and in particular
how I can harness EVs as non-invasive markers of NS in children.

There are obvious future directions which need to be pursued, including bettering the
understanding of why the mitochondria may play an important role in NS, and how this links
together with the extrusion of mtDNA into EVs. Is this a self-preservation method for the cell?
Can I bring urinary EVs to the clinic once I better understand specific signatures under times of
podocyte stress? Can they be used to define steroid responsiveness a priori? Given these clear
questions, I will herein propose and speculate on future research endeavours which I will pursue

as an independent investigator.

6 Future Directions

My research program will be dedicated to further understanding the molecular underpinnings
of pediatric NS through 3 Pillars:
1) Mechanistic: Uncovering the mitochondrion’s role in NS, specifically through understanding
the mechanism of mitochondrial DNA packaging into podocyte EVs and its biological
significance.
2) Fundamental: Improving the understanding of fundamental biological processes associated
with podocyte EV formation to further inform future clinical utility.
3) Consequential: Understanding the potential deleterious consequences of EVs released from

injured podocytes and acting on downstream cells.
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7 Significance of studies

Pediatric iNS is a common, but enigmatic glomerulopathy presenting with proteinuria,
hypoalbuminemia, and edema. It is histopathologically defined as minimal change disease;
however, a more precise description would be iNS with minimal change lesions. Recent evidence
suggests this might represent an autoimmune condition; however, regardless of the inciting
mechanism, podocyte foot process effacement (podocyte stress) is a central pathological
component to this condition. Despite years of study, there remains a lack of prognostic tools, or
objective biomarkers of clinical disease, or long-term prognostication. This PhD work, and my
future independent work, is directly targeted at addressing this unmet need, while paying particular
attention to reducing cumulative steroid exposure for children with iNS. Specifically, by focusing
on LEVs as emerging biomarkers of cellular stress, I have furthered the understanding of iNS at
the molecular level. Specifically, we now understand that LEVs are released from podocytes under
times of stress (both in humans and recapitulated in vitro). Understanding this allows for further
studies targeted at LEV cargo as markers reflective of podocyte injury, without the need for biopsy.
Another major contribution of my work is the discovery that mitochondrial stress in podocytes
associates with loading of mtDNA into LEVs. This was further observed not only in vitro, but also
in a rat model of nephrosis, and in clinical specimens from children with iNS. This novel link
between mitochondrial bioenergetic stress and LEV-mtDNA provides potential mechanistic
insight which can be ascertained non-invasively. Further, this observation may also allow for
future interventions targeted at mitochondrial stress in children with iNS. Lastly, proteomic
analysis of vesicles derived from podocytes in vitro as well as from clinical urine specimens from
children with iNS revealed distinct proteomic transformations under disease conditions. The

identification of hundreds of proteins unique to either relapse, remission, or prednisolone therapy
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(in vitro) offers valuable insight into the pathomechanism of iNS in children. These findings
advance a growing view in nephrology that EVs are active players in cell-to-cell communication
and disease modulation. Therefore, overall, my work has identified podocyte EVs as emerging
tools to further improve our clinical approach to iNS in children, but also contributes to

mechanistic, fundamental understanding of podocyte biology in the context of disease.
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8 Conclusions

In summary, iNS is the most common glomerulopathy in children and has an unclear etiology.
Importantly, children are treated with large doses of steroids at first presentation, and if deemed
steroid sensitive, may experience several relapses with resultant iterative treatment courses,
resulting in significant cumulative steroid doses with untoward side effects. Clinical and molecular
markers for pediatric iNS are lacking; however, herein I have shown the emerging potential of
LEVs. These findings lay important groundwork for the development of non-invasive biomarkers

which will allow for reduction of cumulative steroid doses in children with iNS.
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Abstract

Background and Aims: Blood pressure lability has been observed in certain cohorts of pediatric
patients with variable degrees of proteinuria; however, the impact of proteinuria on blood pressure
is not fully elucidated. The objective of our study was to analyze blood pressure and heart rate in
pediatric patients with proteinuria.

Methods: We performed a retrospective chart review of patients (age 1-18) diagnosed with idio-
pathic nephrotic syndrome, with varying degrees of proteinuria. Blood pressure and heart rate data
were analyzed in relation to anthropometric and biochemical parameters. A total of 72 urine sam-
ple analyses, along with associated blood pressure measurements, were obtained from the charts
of 33 children (males=25).

Results: Diastolic blood pressure Z-scores were significantly higher in proteinuric patients (urine
protein/creatinine > 0.02 g/mmol) compared to non-proteinuric patients (p=0.006; Cohen-d 0.97
(0.41; 1.53)). Systolic blood pressure was also significantly higher in proteinuric patients (p =
0.04), but with a less significant effect size (Cohen-d 0.54 (-0.002; 1.08)). Proteinuria
(>0.02g/mmol) was the most significant predictor of diastolic (3=0.79, p=0.04), but not systolic
blood pressure elevation on multivariate analysis.

Conclusions: We observed a disproportionate increase in diastolic blood pressure versus systolic

blood pressure in patients with proteinuria.
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Introduction

Proteinuria in children is defined as a urinary protein to creatinine ratio (UPrCr) > 0.02 g
of protein / mmol (1). Proteinuria can reflect glomerular inflammation or injury and is transient,
or progressive. One of the most common causes of proteinuria in children is nephrotic syndrome
(NS), which has been shown to be associated with hypertension (2).

Traditionally, it is believed that arterial hypertension leads to proteinuria; however, in most
instances, children with NS do not suffer from primary hypertension. Yet, they may develop in-
creased arterial blood pressure (BP) throughout the course of NS (2—4). Blood pressure lability has
been observed in these cohorts of pediatric patients with variable degrees of proteinuria; however,
the impact of proteinuria on blood pressure is not fully elucidated (2—4). Clarifying this further
may impact therapeutic approaches for hypertension in patients with proteinuria, even if it is only
transient.

Thus, the objective of our study was to analyze BP in proteinuric patients to determine the
propensity for isolated systolic, diastolic, or combined arterial hypertension and to assess whether

SBP or DBP elevations are associated with the degree of proteinuria.
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Methods

Data for this study were collected retrospectively from all patients who had been consecu-
tively enrolled in an ongoing prospective, observational study on NS at The Children’s Hospital
of Eastern Ontario (CHEO), in Ottawa, Ontario, Canada, between Sept 2019 and March 2020. We
enrolled children aged 1-18 with incident or prevalent idiopathic NS. Children with NS secondary
to glomerulonephritis, infection or medications were excluded. A research ethics board application
(CHEO REB: 18/168X) was approved and all patients consented or assented to enrollment in the
ongoing prospective, observational trial. If the patients were too young to consent or assent, their
parents or guardians consented to their enrolment. This retrospective study is an ancillary analysis
of the ongoing, prospective study on NS.

Demographic data, biochemical data, BP and heart rate (HR) measurements were obtained
from the chart of enrolled patients. Body mass index (BMI) was calculated from the weight in
kilograms and the height in meters (kg/m?). The BP/HR measurement and biochemical data were
associated with the urine sample analysis contributed at the same clinic visit. Because of this,
individual patients could have one (or more) urine samples analyzed as proteinuric and one (or
more) as non-proteinuric, depending on the degree of proteinuria at the time of the provided urine
sample (i.e., Patient 1 can be proteinuric when giving urine sample 1 and 2, but once in remission,
can be non-proteinuric for urine sample 3.

Because this was a minimal risk study, blood work obtained for routine clinical practice
was evaluated when available, but patients did not provide blood samples for the purpose of the
study. The following biochemical results were analyzed: urea, creatinine, Cystatin-C eGFR (GFR),
serum sodium, cholesterol, serum albumin and hemoglobin. Urine protein was analyzed using a

Roche C401 analyzer. Other information obtained from the charts were: Prednisone exposure
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(yes/no; 33 samples obtained from patients on varying doses of prednisone) and Prednisone dose
(mg/m?/day or other day). None of our patients were being treated with antihypertensive agents,
but some were on maintenance Tacrolimus (25 samples obtained from patients on tacrolimus,
while only 4 were on both Tacrolimus and Prednisone at any one time when a sample was ob-

tained).

Classification of patients/events

All samples came from 33 patients (25 males) with idiopathic NS (1 with query FSGS on
biopsy, 21 with biopsy-proven minimal change disease, and 11 with presumed minimal change
disease).

We evaluated BP and biochemical parameters in relation to proteinuria based on each ran-
dom urine sample obtained. Sixteen patients contributed multiple urine samples (range 2-8), while
17 patients contributed a single urine sample. As the median time between repeated samples was
20 days (14;32) and the clinical status of a nephrotic syndrome patient may change very quickly
within days, we considered each urine sample as independent (even though some samples were
obtained from the same patient) and analyzed for proteinuria in concert with other anthropometric,
biochemical and HR/BP data associated with that urine sample (i.e., A patient contributes a urine
sample, blood work, a BP and a HR measurement at a single clinic visit).

For the primary analysis, samples were divided based on presence or absence of pro-
teinuria: PROT (UPrCr >0.02g/mmol (>0.2 mg/mg) versus NOPROT (UPrCr <0.02 g/mmol
(0.2 mg/mg)). For the secondary analysis, samples were divided based on the presence of ne-
phrotic range proteinuria: NEPH (UPrCr >0.2g/mmol (>2 mg/mg)) versus NONEPH (UPrCr <0.2

g/mmol (<2 mg/mg)) to observe for the effect of heavy proteinuria on blood pressure. SBP and
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DBP Z-scores were then analyzed in relation to UPrCr to assess for influence of the degree of
proteinuria on BP.
Blood pressure and heart rate measurement

BP and HR measurements were obtained in the clinic by the same two experienced nurses
using an automatic BP device (Dinamap, GE Healthcare). BP was measured 1-3 times within 5
minutes in a quiet position on the non-dominant arm. An average of multiple BP measures obtained
during the clinic visit were taken into analysis, unless the patient had a single measurement (only
two patients). Although not optimal, we accepted the contribution of a single BP measurement as
it is in keeping with published, normative data for BP in children (5).

All BP values (mmHg) and HR values (beats per minute) per a given sample were then
converted into Z-scores (5,6). Elevated BP and HR values were defined as Z-scores > 1.65. Pulse
pressure (PP) was calculated according to the standard formula (SBP-DBP) and expressed in

mmHg.

Statistical analyses

Continuous variables were expressed as mean + standard deviation (SD) or median (inter-
quartile range, IQR) for non-normal distributions; the normal/non-normal distribution of variables
was analyzed with the Shapiro-Wilk test. Group differences between SBP or DBP Z-scores in
PROT versus NOPROT and NEPH versus NONEPH events were assessed using Student’s t-test
for normally distributed variables or the Wilcoxon rank-sum test for non-normally distributed var-
iables. Effect size of the difference between variables was assessed using Cohen-d. The relation-
ship between SBP and DBP Z-scores was analyzed using linear regression. We also performed

univariate and multivariate linear regression analysis to analyze predictors of SBP and DBP Z-
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score elevations. Lastly, we evaluated a receiver operating characteristic (ROC) curve for categor-
ical outcome variables DBP hypertension (DBP Z-score > 1.65), and SBP hypertension (SBP Z-
score > 1.65), using proteinuria as a classifier of these binary outcomes. Areas under the curve
(AUC) for DBP and SBP were compared using a bootstrap method with 2000 resamples (pROC
package in R). A p-value of <0.05 was considered as statistically significant. All tests were per-

formed using R and Python, and associated packages (7).

Results

A total of 72 urine sample results with associated BP measurements were analyzed. BP and
biochemical data associated with the time of urine sample collection are summarized in Table 1.

There was no significant difference between age, height, weight and BMI at the time of
urine sample collection in the NOPROT versus PROT groups. Renal function assessed by urea,
creatinine and GFR was not significantly different between the NOPROT and PROT groups (Table
1). There was also no difference in serum sodium or hemoglobin levels.

The mean + SD SBP, and DBP Z-score associated with all samples for the entire cohort of
patients was 0.33 = 0.98 and 0.65 + 1.0, respectively. In the NOPROT urine sample group, the
mean + SD SBP Z-score was 0.19 + 0.98 while the PROT urine sample group had a mean + SD
SBP Z-score of 0.72 + 0.89 (p = 0.042, Cohen-d 0.54 (-0.002; 1.08). The DBP Z-score difference
between NOPROT and PROT group samples was even higher with a mean (SD) DBP Z-score of
0.41 £ 0.79 vs 1.33 = 1.25, (p=0.006; Cohen-d 0.97 (0.41; 1.53)) (Figure 1). In the PROT group,

SBP was elevated (>1.65 Z score) in 3/19 (15%) samples, whereas DBP was elevated in 8/19
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(42%) samples. Of these 19 PROT group samples, 7 (37%) were associated with only DBP hyper-
tensive values, 1 (5%) was associated with combined SBP and DBP hypertensive values, and 1
(5%) was associated with isolated SBP hypertensive values.

To further analyze the relationship between SBP and DBP Z-scores, we plotted the SBP Z-
scores against the DBP Z-scores with a line of identity for reference (Figure 2). The regression
analysis showed a significant correlation between DBP and SBP Z-scores (R=0.44, p <0.01), but
also a significant skew towards a greater change in DBP Z-scores in relation to the change in SBP
Z-scores. Lastly, we used ROC analysis to determine the AUC for proteinuria as a classifier of the
binary outcomes, SBP hypertension or DBP hypertension. We noted excellent discriminatory abil-
ity between the continuous variable proteinuria, and DBP hypertension (AUC = 0.81), where the
association between proteinuria and SBP hypertension was non-discriminatory (AUC = 0.57), the
difference between AUCs was significant at p=0.029 (Figure 3).

Additionally, we analyzed the data with nephrotic range proteinuria cut-offs (NEPH and
NONEPH). The creatinine, GFR and urea were not significantly different; whereas cholesterol
was higher, and serum albumin and serum sodium were lower (data not shown). The NONEPH
median (IQR) DBP Z-score was 0.40 (-0.1;1.0) while the NEPH median (IQR) DBP Z-score was
1.6 (0.94;1.84, p = 0.03). For SBP, the median (IQR) NONEPH Z-score was 0.40 (-0.5,0.9) and
the median (IQR) NEPH Z-score was 0.57 (0.37;0.71, p = 0.49).

To better delineate the effect of the degree of proteinuria on BP, we assessed the changes
in both SBP and DBP Z-scores vs. UPrCr. On linear regression, there was no statistically signifi-
cant association between the degree of proteinuria and SBP (p=0.28), but there was a significant
association with DBP and UPrCr (p=0.03). We evaluated other clinically relevant parameters in

univariate analyses with outcomes of SBP Z-score or DBP Z-score, as outlined in Table 2. Briefly,
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we noted no significant relationship between the independent variable prednisone exposure, or
varying doses of prednisone on the SBP Z-score but did note a borderline significant association
with BMI (p=0.05). Not surprisingly, on multivariate analysis with similar independent variables,
there was no signal (p>0.05). On univariate analysis with the dependent variable DBP Z-score, we
noted a significant relationship with proteinuria (p=0.03) and 60mg/m? prednisone daily
(p=0.009). There was a borderline significant association with prednisone (yes/no) (p=0.05). When
taking these 3 independent variables into multivariate regression analysis, the only significant as-
sociation was between proteinuria and DBP Z-score (p=0.04), with high-dose prednisone being
borderline significant (p=0.06). We analyzed the effect of Tacrolimus on blood pressure in uni-
variate analysis and found a negative association with SBP Z-score (= -0.48, p=0.04), and DBP
Z-score (p=-0.59, p=0.01).

We observed a significant difference in absolute HR values (p = 0.02) but only a trend in
HR Z-score differences (p>0.05) between PROT and NOPROT samples (Table 1). Heart rate Z-
score did not correlate with SBP Z-score but correlated well with DBP Z-scores (p = 0.0003).

In considering the impact of body mass on BP in our cohort, we examined the SBP and
DBP Z-scores, with cut-offs for BMI above or below 25 kg/m?. Of importance, there was no sta-
tistically significant differences in the SBP Z-scores between those with a BMI>25 kg/m?, and
those with a BMI<25 kg/m?. When analyzing this for DBP, there was also no significant difference
(p=0.55). Taken further, we examined this in NOPROT and PROT groups, and similarly found no
significant difference (p>0.05) in either SBP or DBP Z-scores between those patients who had
BMI above or below 25 kg/m?. Similar non-significant results were obtained at a threshold BMI
above, or below, 20 kg/m?. Because of the known association with weight and BP, we analyzed

the standard deviation (SD) between weights for children who contributed more than one sample,
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as well as the coefficient of variation (CV=SD/mean). There was no significant correlation be-

tween SD, or CV, and the SBP and DBP Z-scores.

Discussion

The main finding of our study is that children in our cohort had significantly elevated BPs
at the time of proteinuria, and the DBP elevation is disproportionately higher than the SBP eleva-
tion.

Previous studies have identified, and attempted to characterize, hypertension in both pedi-
atric and adult patients with nephrotic syndrome (2—4,8,9). Cameron ef al. noted significantly ele-
vated BP measurements in 31% of patients older than 15 years of age in their study of minimal
change disease (10), and this seemed to coincide with the proteinuric state. Additionally, between
10-30% of pediatric patients with steroid-resistant NS, or genetic forms of NS, were hypertensive
on presentation on analysis of the PodoNet registry data (9). Shatat et al, also highlighted the
prevalence of hypertension in a cohort of patients with FSGS (11). These studies did not highlight
specific differences between systolic and diastolic hypertension and did not comment whether
there was a propensity for disproportionate DBP elevations.

When focusing on DBP elevations, an analysis on the report of the International Study of
Kidney Disease in Children (ISKDC) revealed diastolic hypertension, defined as >98™ percentile,
in 26.2% of patients with heavy proteinuria (12.8% of children with minimal change disease and
in 13.4% of those with FSGS) (12). Diastolic hypertension was further described by Flynn (13) on
analysis of the Chronic Kidney Disease in Children Study (CKiD) where they noted hypertension
in 28% of patients with nephrotic range proteinuria (14% diastolic, 14% systolic). The association

between proteinuria and diastolic hypertension was confirmed in our study where the degree of
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BP elevation was significantly skewed towards DBP elevations (Figure 2). DBP Z-scores were
disproportionately higher than the SBP Z-scores in the PROT group, suggesting proteinuria has a
greater impact on DBP. Additionally, we noted a high number of PROT patient samples had iso-
lated DBP elevations (37%), whereas isolated SBP elevation was associated with only 1 (5%)
PROT patient sample. In contrast to the aforementioned studies (ISKDC, CKiD), where some pa-
tients had renal insufficiency, or were treated for hypertension, all our patients had normal renal
function, and none were treated for hypertension at the time of urine sampling, nor were known to
be hypertensive prior to entering the study.

The etiology of hypertension in patients with NS is probably multifactorial. It has been
suggested that hypertension in proteinuric patients is related to acute issues (fluid shifting), but
also may be related to chronic changes, such as renal injury secondary to progression of underlying
renal disease (14). We explored the possible impact of weight (fluid) on BP in our cohort. Those
patients who contributed more than one sample, also contributed more than one weight. We ana-
lyzed the difference in weight, relative to the difference in BP, using absolute weight values, CV
and SD, and found no significant correlation with BP.

Taken further, patients with NS have significant co-morbid conditions and medication ex-
posures which may have an impact on BP dynamics. Using univariate regression analysis, we
noted a significant relationship between proteinuria (p=0.03) and elevations in DBP Z-score, but
no impact from steroid exposure as a categorical variable (p=0.05). We did, however, note a sig-
nificant association between high-dose prednisone and DBP Z-score elevation on univariate anal-
ysis (Table 2). The apparent negative association with Tacrolimus and SBP and DBP Z-score is
likely explained by the fact that most patients on Tacrolimus did not have proteinuria. The multi-

variate analysis for SBP Z-score elevations (Table 2) revealed no impact from proteinuria, BMI or
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prednisone exposure (p>0.05). However, the multivariate analysis for the dependent variable DBP
Z-score (Table 2), revealed that proteinuria (p=0.04) was the only significant variable in the model,
with a trend towards an association with high dose prednisone. Taken further, we identified pro-
teinuria as an excellent discriminator for the binary outcome DBP hypertension, whereas it was
non-discriminatory for SBP hypertension. This fits with our existing hypothesis that the effect of
proteinuria on BP is skewed towards a more significant impact on DBP.

It is tempting to hypothesize that the disproportionately elevated DBP Z-score and absolute
HR elevations may be related to endothelial dysregulation and vasoconstriction; however, we were
unable to analyze for direct markers of endothelial injury or vasoconstriction. When examining
the HR of patients with proteinuria, we did note a significant difference in absolute HR between
patients with proteinuria and those without, with a significant effect size (Cohen-d = 0.75). When
converted to HR Z-scores, the p value was insignificant, but the effect size was still of medium
significance (Cohen-d = 0.45, Table 1). We also noted a significant correlation between HR Z-
scores and DBP Z-scores (p = 0.0002), but no correlation between SBP Z-scores and HR Z-scores.

Our study is limited due to the retrospective nature of data collection, and the relatively
small number of patients. Also, we analyzed proteinuric and non-proteinuric patients with a back-
ground of nephrotic syndrome only; whether this applies to other groups of patients with pro-
teinuria remains to be determined. Strengths of our study include a detailed SBP, DBP, PP and
HR analysis using classic point estimate assessments and comparison of effect sizes using Cohen-
d.

In summary, we observed a disproportionate increase in diastolic versus systolic blood

pressure in NS patients with varying degrees of proteinuria.
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Tables

Table 4. Table 1. Biochemical and Clinical Characteristics

Clinical Information Overall NOPROT PROT P Cohen-d (C.L.)
Age (years) 9.0 (5;12) 9.0 (6;13) 9.0 (3;10) 0.131  0.42(-0.12;0.95)
Height (cm) 135 £27 138 £25 126 + 28 0.100  0.48 (-0.05;1.02)
Weight (kg) 31 (21;53)  32(22;53)  27(21;51)  0.557  0.19(-0.35;0.72)
BMI (kg/m?) 17.6 (16;21) 17 (15;20) 19 (16;22)  0.100 -0.39 (-0.94;0.14)
CysC-eGFR 94 + 16 91+13 108 £22 0218 -1.15(-1.72;-
(ml/min/1.73m?) 0.58)
Creatinine (umol/L) 48 (37;54) 48 (41;54)  39(32:48)  0.316 049 (-0.05;1.03)
Urea (mmol/L) 48+1.2 48+1.0 49+19 0916 -0.07 (-0.61;0.46)
Na (mmol/L) 140 £2.2 140 £ 1.6 139 £3.7 0.445 0.59(0.05;1.13)
Cholesterol (mmol/L) 3.8(3.6:4.5) 3.8(3.6;44) 3.7 0976  -1.52 (-2.11;-
(3.5;12.8) 0.93)
Serum Albumin (g/L) 42 (40;44) 42 (40;44) 36(13;44) 0.344 1.41(0.83;1.99)
Hgb (g/L) 131 +12 129 £ 12 138 £8.4 0.153  -0.74 (-1.29;-
0.19)
SBP (mmHg) 102 (96;107) 102 (96;107) 103 (96;108) 0.758  -0.17 (-0.71;0.36)
SBP Z score 0.33+098 0.19+098 0.72+0.89 0.042 0.54 (-0.002;1.08)
DBP (mmHg) 6479 63+£7.6 68+7.9 0.01 0.67 (0.13;1.22)
DBP Z score 0.65+1.0 0.41+0.79 1.33+1.25 0.006 0.97(0.41;1.53)
HR (bpm) 97 +19 94 + 17 107 £22 0.02 0.75 (0.20;1.30)
HR Z score 0.99+1.35 0.83+£127 1.44+1.49 0.135 0.45(-0.08;0.99)
PP (mmHg) 41 (31;44) 41 (34;44) 36(31;44) 0.454  0.26 (-0.27;0.80)

Data shown are mean + SD for normally distributed variables, median (IQR) for non-normally
distributed variables. Comparisons are made with unpaired t-tests (normally distributed varia-
bles) or Mann-Whitney U-test (non-normally distributed variables). Cohen d expressed as mean
effect size with 95%ile confidence intervals in brackets. NOPROT = UPrCr < 0.02 g/mmol of
Cr, PROT = UPrCr > 0.02 g/mmol of Cr. BMI = body mass index. CysC-eGFR = Cystatin C es-
timated glomerular filtration rate. Na = sodium. Hgb = hemoglobin. SBP = systolic blood pres-
sure. DBP = diastolic blood pressure. HR = heart rate. PP = pulse pressure. P<0.05 considered

significant.
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Table 5. Table 2. Linear Regression Analysis

Variable Estimate Standard Error T P value
Proteinuria 0.43 0.38 1.09 0.28
Prednisone -0.32 0.23 -1.38 0.17

BMI 0.05 0.03 1.95 0.05
Prednisone 1 0.17 0.30 -0.54 0.58
Prednisone 2 0.04 0.32 0.13 0.90
Prednisone 3 -0.55 0.34 -1.59 0.12

Proteinuria 0.89 0.39 2.27 0.03
Prednisone 0.46 0.24 1.98 0.05
BMI -0.03 0.03 -0.98 0.33
Prednisone 1 0.80 0.30 2.68 0.009
Prednisone 2 0.02 0.33 0.05 0.96
Prednisone 3 -0.04 0.36 -0.12 0.90

Proteinuria 0.79 0.38 2.07 0.04
Prednisone 0.14 0.26 0.52 0.60
Prednisone 1 0.66 0.34 1.95 0.06

Data shown are from the univariate and multivariate regression analysis with Estimate, Standard
Error, T-value and p value included. The outcome measure is either SBP Z-score or DBP Z-
score, as labelled. A) Univariate analysis with several clinically relevant variables, with an out-
come measure of SBP Z-score. B) Univariate analysis with several clinically relevant variables,
with an outcome measure of DBP Z-score. C) Multivariate analysis including the significant uni-
variate variables, and the borderline significant variable Prednisone. Significant results bolded,
p<0.05. BMI=body mass index. Prednisone = yes/no variable. Prednisone 1=60mg/m?/day. Pred-
nisone 2=40mg/m?*/other day. Prednisone 3=less than 40mg/m?*/day. Proteinuria = UPrCr >0.02
g/mmol.



Figure 24. Figure 1. SBP and DBP Z-scores in patients with NOPROT versus PROT
SBP and DBP Z-Scores
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Figure 25. Figure 2. SBP Z-scores versus DBP Z-scores in comparison with the line of iden-

tity as reference
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Figure 26. Figure 3. Receiver operating characteristic analysis for categorical outcome DBP

hypertension, or SBP hypertension, with urinary protein to creatinine ratio as a classifier
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Figure 1. SBP and DBP Z-scores in patients with NOPROT versus PROT. SBP (left) and
DBP (right) Z-scores between patients with NOPROT and PROT. Dotted line indicates Z-score

1.65. PROT refers to a UPrCr > 0.02 g/mmol.

Figure 2. SBP Z-scores versus DBP Z-scores in comparison with the line of identity as ref-

erence. Shaded area is the 95" percent confidence interval.

Figure 3. Receiver operating characteristic analysis for categorical outcome DBP hyperten-
sion, or SBP hypertension, with urinary protein to creatinine ratio as a classifier. DBP = di-
astolic blood pressure. SBP = systolic blood pressure. AUC = area under the curve. Hypertension

defined as Z-score > 1.65.
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Pediatric Nephrotic Syndrome (NS) is a podocytopathy and represents one of the most
common forms of glomerular dysfunction in children'. Idiopathic NS is the most common form
and is comprised of glomerular foot process effacement evident on renal biopsy. Children with
idiopathic NS have massive proteinuria with subsequent hypoalbuminemia, and edema. This can
lead to secondary issues, including hypercholesterolemia, increased risk of infection and venous
thromboembolism and the potential for acute kidney injury'. The approach to children with NS is
largely the same across the globe. Children with a typical presentation are treated with steroids
and assessed for responsiveness across a 4—8-week window. It is only after this window that
children can be categorized, broadly speaking, as steroid sensitive or steroid resistant!.
Complicating the matter further is the yet characterized pathophysiology of idiopathic NS, with no
tools available to determine which patients will go on to have a relapsing and remitting course as
opposed to those who will be successfully treated after a single course of steroids. This
heterogeneity is not otherwise explained by initial presenting features or genetics, and there
appears to be subgroups within steroid resistant, or steroid sensitive patients, making
prognostication even more difficult!.

The present understanding of pediatric idiopathic NS is often debated, but most researchers
and clinicians agree there appears to be an underlying circulating ‘factor’ which is important for
the development of NS and for relapse. This ‘factor’ has been purported to be a cytokine?, a soluble
mediator!, or possibly the Epstein-Barr Virus (EBV)?, however this remains an active area of
investigation.

One possible link is signaling through extracellular vesicles (EVs) such as exosomes,
apoptotic bodies, or microparticles*. EVs have been extensively studied as surrogate measures of

cell stress/injury but also as bioactive factors that exert downstream effects on target cells*. The
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use of EVs to study pediatric NS is limited. Santorelli et al’, recently investigated urinary EVs
(uEV) in children with idiopathic NS, and found specific protein signatures that discriminated
various clinical subgroups (steroid sensitive NS, steroid dependent NS and steroid resistant NS).
Prior to this, Chen et al®, reported that uEV microRNAs (miR-194-5p, miR-146b-5p, miR-378a-
3p, miR-23b-3p and miR-30a-5p) were increased in children with idiopathic NS compared with
healthy age- and sex-matched controls. These studies focused on the use of uEVs as biomarkers;
however, studies focused on disease mechanisms involving plasma EVs have been lacking.

In the current issue of the American Journal of Physiology-Renal Physiology, Eroglu et al
studied plasma EVs from 20 children with steroid sensitive NS (SSNS) in both relapse and
remission, and compared those EVs with 10 healthy controls, and 6 disease controls (a mixture of
membranous nephropathy and Henoch-Schonlein Purpura nephritis). The authors isolated and
robustly characterized EVs using serial ultracentrifugation and electron microscopy, flow
cytometry and western blotting analysis. Further, major proteins isolated from the plasma were
identified using mass spectrometry, and gene ontology classification was utilized for assessment
of relapse EVs. RAC-GTP was noted to be significantly increased in relapse EVs compared to
remission and disease control EVs, highlighting relapse EVs selectively transmit protein signals
involved in cytoskeletal rearrangement. Using an immortalized human podocyte culture, treatment
with relapse EVs was shown to induce significantly enhanced motility and albumin permeability,
recapitulating key features of clinical relapse in vitro.

Importantly, with ongoing discussions about the best ways to isolate, characterize and
study EVs’; the authors have employed best practices for their characterization of the EVs. Their

methodology allows for a clear, stepwise understanding of how they have reliably shown relapse
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EVs to recapitulate disease in vitro. However, important questions remain related to how this
putative mechanism could occur in pediatric patients with NS in vivo.

The glomerular filtration barrier is a highly specialized and selective filtration barrier
responsible for effective filtration and creation of urine consisting mainly of waste products. A
healthy glomerular filtration barrier allows for molecular complexes < 6.4 nanometers in diameter,
and under 70 kilodaltons in size to traverse it. Given this, one wonders how plasma EVs, whose
sizes range from ~20 nm to 1000 nm, would be able to exert an effect on the glomerulus, when
approaching from the systemic vasculature (Figure 1). Such an effect would either require that the
integrity of the pores be compromised or for a transport system of some kind. While such a system
has not been described to date, it is worth noting that there is experimental evidence suggesting
that circulating EVs may indeed cross the glomerular filtration barrier. Oosthuyzen et al. reported
in 2016 that fluorescently labelled EVs appeared in urine as well as kidney tissue when injected
systemically in mice®. More directly, the Bussolati group employed a 3-dimensional perfused
glomerulus model and observed that mesenchymal stromal cell EVs could pass through the
filtration barrier’. Thus, there exists, at least a theoretical mechanism by which systemic EVs may
influence podocyte function.

Taken together, this novel and exhaustive characterization of plasma “relapse EVs”,
highlights their effect on in vitro podocyte culture. The concept of a circulating factor has
dominated the Pediatric NS literature for decades; however, to date, no candidate mediator has
been successfully, or convincingly, isolated. Eroglu and colleagues bring the field forward with
their study and show that EVs may potentially represent the missing link to better understand
relapsing disease. Nevertheless, further studies are needed to verify that circulating EVs can

influence podocyte signaling and to confirm the in vivo relevance of this novel signaling pathway.
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Figure 27. Figure 1. Possible mechanisms of EV-mediated induction of NS.
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Figure 1. Possible mechanisms of extracellular vesicle (EV)-mediated induction of nephrotic syndrome (NS). The source of EVs responsible for this effect
is presently unknown but may include platelet, endothelial, and/or leukocytes (monocyte, T-cell, and B-cell). Possible mechanisms by which circulating
EVs could access podocytes and influence function include: 1) direct filtration whereby EVs enter the urinary space and interact with podocytes on the
apical surface, 2) crossage of endothelial fenestrations and glomerular basement membrane whereby EVs interact with the basolateral surface, or 3)
paracellular movement and interaction with either the apical or basolateral surface of podocytes. Created with BioRender.com.
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Abbreviation List (alphabetical order)

AGE - advanced glycation end products

AMP — adenosine monophosphate

AQOPPs - advance oxidation protein products

ASC - apoptosis-associated speck-like protein with a caspase recruitment domain
BIM - Bcl-2-like protein 11

CCR or CXCR — chemokine receptor

C/EBPp - CCAAT/enhancer-binding protein 3

cGAS - cyclic GMP-AMP synthase

CLEC-2 — C-type lectin-like receptor 2

CML - Ne-carboxymethyl-lysine

DAMPs - damage associated molecular patterns
db/db — diabetic mouse model

DKD - diabetic kidney disease

DNA - deoxyribonucleic acid

EMT - epithelial-to-mesenchymal transition

ER — Endoplasmic Reticulum

FOXOA — Forkhead Box OA

GBM - glomerular basement membrane

GMP — Guanosine monophosphate

HMGBI - high mobility group box 1

IgA - immunoglobulin A

IgG - immunoglobulin G

IL — interleukin

LPS - lipopolysaccharide

LRR - Leucine rich repeat

MCC950 - potent and specific NLRP3 inhibitor
Myd88 - myeloid differentiation primary response 88
NOD - Nucleotide-binding oligomerization domain-like
NOXs — NADPH oxidases

NRP1 —neuropilin 1

Nf-kP p65 - Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 - NOD-, LRR-, and pyrin domain-containing protein 3
PAMP - pathogen associated molecular pattern
PENT — pentosidine

PRR - pattern recognition receptor

RAAS - renin-angiotensin-aldosterone system

RAGE - receptor for advanced glycation end products
RIG-1 - Retinoic acid-inducible gene 1

ROS - reactive oxygen species

STING - stimulator of interferon genes

STZ - streptozotocin
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TBK-1 - TANK-binding kinase 1

TLR - toll like receptor

TNFa — Tumour necrosis factor, alpha

TRIF - toll/IL1 receptor domain-containing adaptor inducing interferon 3
TRAM - TRIF-related adaptor molecule

ZEB?2 - Zinc finger E-box-binding homeobox 2
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Abstract

Podocytes possess immune system components allowing for a variety of innate responses
to endogenous and exogenous stimuli. Recently, several groups have linked inappropriate innate
immune signaling to podocyte injury, particularly chronic, sustained injury; however, the immune
capabilities of podocytes have not been fully elucidated. Damage associated molecular patterns
(DAMPs) are endogenous danger molecules released from damaged cells, including podocytes,
and can elicit an inflammatory response and recruit immune cells to areas of injury. This is done
through binding to pattern recognition receptors (PRR). Thought largely to be protective and
responsive to injury or infection, recent evidence suggests signaling via DAMP pathways can
aggravate and promote chronic diseases already associated with inflammation. The purpose of this
narrative review is to highlight current knowledge with respect to specific podocyte DAMPs and
PRRs, and to provide insight into ongoing work and possible future research avenues to advance

our understanding of podocyte immune mechanisms.
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Damage associated molecular patterns (DAMPs) and pattern recognition receptors (PRRs)

DAMPs are endogenous ‘danger’ molecules that elicit a large variety of downstream innate
immune effects via interaction with PRRs [1]. Such immunostimulatory DAMPs come in the form
of proteins, nucleic acids, ions, glycans, and metabolites that have sustained a change in position,
concentration, and/or properties, enabling them to activate their respective PRRs [2]. This is in
contrast to pathogen associated molecular patterns (PAMPs) which are exogenous, usually
microbial, danger molecules sensed by their respective receptors whereby they elicit downstream
inflammatory and immune signaling [3]. The main function of DAMPs and PAMPs is to bind with
their respective PRRs to act as ligands for downstream signaling. Upon their release, a chemotactic
gradient emanating from the injury site is established, allowing for the migration of immune cells
to the area [3, 4]. Once DAMPs and PAMPs are cleared, the recruited immune cells may begin a
reparative process [3].

DAMPs can enter the extracellular space as a result of cell death, organelle damage and/or
metabolic dysregulation [2]. They can be released passively from necrotic cells or, alternatively,
through active mechanisms such as the exocytosis of secretory lysosomes, exosomes, ectosomes,
or the activation of membrane channel pores in live cells [5]. These signals can also originate from
the extracellular matrix, as is the case with proteoglycans which are released following tissue
injury [1, 6]. Intracellular DAMPs are more numerous, and include mitochondrial DAMPs,
autophagy-related DAMPs, nuclear DAMPs, and cytosolic DAMPs (Table 1) [1]. Mitochondrial
deoxyribonucleic acid (DNA) is considered a mitochondrial DAMP, along with formylated
peptides, adenosine triphosphate (ATP), and the mitochondria themselves which are consumed by
macrophages and can induce an inflammatory response through binding to PRRs [7]. When cells

undergo autophagy without cell death, studies have shown the release of high mobility group box
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1 (HMGBI1), ATP, interleukin 1B (IL-1B), and DNA which act as DAMPs in their interactions
with PRRs [1, 8]. Nuclear DAMPs are released during cell death processes or inflammation, with
HMGBI being the most studied nuclear DAMP [1, 9]. Cytosolic DAMPs include the S100 proteins
which are released from immune cells when under stress [10]. PRRs are various in nature, but all
have the unifying feature of eliciting downstream effector responses geared towards immune and
inflammatory pathways [11-13]. Toll Like Receptors (TLRs), Nucleotide-binding oligomerization
domain-like (NOD)-, Leucine rich repeat (LRR)-, and pyrin domain-containing protein 3
(NLRP3), cyclic guanosine monophosphate-adenosine monophosphate (GMP-AMP) synthase-
stimulator of interferon genes (cGAS-STING), and the Receptor for Advanced Glycation End
Products (RAGE), among others including Retinoic Acid Inducible Gene 1 (RIG-1), and
Podoplanin/C-type Lectin-like Receptor 2 (CLEC-2), are arms of effector pathways that are
responsive to DAMPs (Figure 1), and all these pathways are present in the podocyte.
The kidney, glomerulus, and podocyte

The kidney has several interlinked, yet exclusive functional compartments. The renal
tubules are enriched in transport proteins and are involved in mineral and electrolyte homeostasis,
as well as appropriate fluid balance. The glomerulus is comprised of several cell types of varying
origins. Podocytes are terminally differentiated, and highly specialized epithelial cells located
within the glomerulus [14]. They are uniquely positioned to form a size- and charge-selective
barrier which is responsible for appropriate filtration [15]. Podocytes possess foot processes, each
characterized by an extensive actin cytoskeleton, which interconnects with foot processes of
neighboring podocytes [16]. These foot processes are connected by specialized cell-cell junctions
known as slit diaphragms, functionally forming the glomerular filtration apparatus. Beyond

serving as a size and charge-selective barrier to prevent the filtration of large molecules, the
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podocyte, and the slit diaphragm proteins function as a signaling apparatus for self and neighboring
podocytes. Specifically, podocyte and slit diaphragm proteins can regulate the actin cytoskeleton,
cell-cell interactions, motility, and immune processes [17].

The podocyte has been shown to possess functional arms of the immune system [18, 19].
Podocytes exhibit the capacity to recognize and respond to various signaling molecules associated
with inflammation and express several cytokines and their receptors, including interleukin 1 alpha
(IL-1a), IL-1pB, and tumour necrosis factor alpha (TNF-a) [20-22]. Moreover, podocytes express
chemokine receptor 1 (CCR1), CCR2, and CXCR4 which play a pivotal role in immune cell
recruitment [21]. Podocytes also express major histocompatibility complex (MHC) class I and II
genes, key components of the adaptive immune system [23]. Lastly, and most importantly for this
review, podocytes possess functional TLRs, NLRP3, cGAS-STING, RAGE, RIG-1, and
Podoplanin (which is PRR-like in its interaction with CLEC-2). The function of these specific
PRRs and their roles as innate immune effectors in podocytes is narrowly defined at present and
current knowledge is summarized here.

TLRs

In humans, the TLR family consists of 10 members (TLR1-10) whereas mice have TLR 1-
9,11, 12 and 13, but lack TLR 10 [11]. TLRs play a critical role in early responses to infectious
pathogens as well as cellular damage. These transmembrane signaling molecules are located in
various cellular compartments including but not limited to the plasma membrane, endoplasmic
reticulum (ER), and endosomes [24]. In the kidney, TLRs can be found in a variety of cell types
including proximal tubular epithelial cells, mesangial cells, and podocytes, and they play a role in
damage response and disease progression [25-28]. Activation of TLRs via binding of DAMPs

results in downstream signaling via myeloid differentiation primary response 88 (MyD88) and
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toll/IL1 receptor domain-containing adaptor inducing interferon 3 / TRIF-related adaptor molecule
(TRIF/TRAM)-dependent pathways that are capable of inducing and regulating production of pro-
inflammatory cytokine expression [29]. TLR ligands include DNA, S100 proteins, and HMGB1
which elicit downstream effectors, including MYD-88, Interleukin 6 (IL-6), and TNFa, among
others (Table 1).

A growing body of work implicates TLRs in immune-mediated glomerulonephritis. In
Immunoglobulin A (IgA) and IgG nephropathy, increased expression of TLR9 and TLR4 has been
demonstrated, primarily in podocytes [30, 31]. Interestingly, a link between TLR9 and TLR4
signaling, and increased activity of the renin-angiotensin-aldosterone system (RAAS) pathway has
also been demonstrated in this setting [30, 32]. Furthermore, increased expression and activity of
several TLR family members appears to play a role in progression of mouse models of lupus
nephritis, minimal change disease, and membranoproliferative glomerulonephritis [28, 33—-35].

In vitro cell culture studies using mouse podocytes, as well as rodent models of diabetic
kidney disease (DKD) have demonstrated increased expression and activation of TLR4, as well as
TLR2, upon exposure to high glucose conditions [36—38]. Interestingly, modulation of several
micro-RNAs (miRNAs; miRs) targeting TLR4 mRNA stability has been demonstrated to impact
TLR4 expression. Further, extracellular vesicles containing miR-26a-5p, derived from adipose
mesenchymal stem cells, were shown to reduce TLR4 expression and increase viability of mouse
podocytes exposed to high glucose [38, 39]. HMGBI, an endogenous TLR4 ligand also appears
to play key roles in TLR4 signaling in both streptozotocin (STZ)-induced type 1 diabetes in mice,
as well as type II diabetic db/db mice [40, 41]. Interestingly, both genetic deletion of TLR4 in
mice, as well as the use of a competitive antagonist of HMGB1 binding resulted in decreased

kidney injury in an STZ model of DKD [40].
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Work from our group identified that NADPH-oxidase 5 (NOXS5) expression in mouse
podocytes elicited an inflammatory phenotype via TLR signaling. Importantly, mice do not
express NOX5, so a transgenic model was developed [42]. Using this transgenic NOX5P°¢ mouse
model, we showed that compared to control, these mice demonstrated greater glomerular
inflammation, increased TLR1 expression, and increased proinflammatory cytokine production
[43]. Further, incubating immortalized human podocytes with lipopolysaccharide (LPS) resulted
in TLR induction, and increased NOXS5 expression [43]. Increased urinary excretion of HMGB1
was also observed in NOX5P°4" mice compared to wild-type controls, following an LPS challenge.
Altogether, this evidence suggests some TLRs are present within the podocyte and their activity is
associated with injury.

NLRP3 Inflammasome

Similar to TLRs, inflammasomes provide surveillance for potential PAMPs and DAMPs.
Inflammasomes are an assembly of proteins, typically composed of (1) a sensor protein that
recognizes molecules associated with pathogens or cell death/stress, (2) an adaptor protein that
recruits caspases, and (3) the effector, i.e., a proinflammatory caspase. The NLRP3 inflammasome
has NLRP3 (or cryopyrin) as the sensor protein, along with the adaptor apoptosis-associated speck-
like protein with a caspase recruitment domain (ASC) protein and procaspase-1, and finally, the
effector caspase 1 which acts on pro-IL-1B, creating IL-1p [44]. Activation of the NLRP3
inflammasome requires a priming step, usually in the form of an inflammatory signal, and
subsequently an activation signal, usually in the form of a DAMP. The main DAMPs which
interact with NLRP3 include reactive oxygen species (ROS), and DNA, which are sensed by
NLRP3 and promote oligomerization into the inflammasome [45]. Ultimately, NLRP3

engagement leads to activation of the pro-inflammatory cytokines IL-1f and IL-18. Such cytokines
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have been shown to decrease glomerular nephrin content in several disease models, including
DKD [46], and aldosterone-induced podocyte injury [47].

Xiong et al., showed that NLRP3 and caspase-1 mRNA expression levels are upregulated
in renal tissue samples from individuals with primary glomerulonephritis, along with increased
protein expression in the glomeruli [48]. The same pattern was observed in glomeruli from
individuals with nephrotic syndrome [47]. Furthermore, a study performed with publicly available
RNA sequencing data showed that adriamycin-induced focal segmental glomerulosclerosis
promotes upregulation of NLRP3 [49].

Higher expression of NLRP3 is closely related to podocyte injury in individuals with lupus
nephritis [50]. Activation of the NLRP3 inflammasome was shown to be increased in podocytes
from lupus-prone mice whereas inhibition of NLRP3 by MCC950 reduces caspase-1 activity. This
led to protection against proteinuria and renal injury [51]. CCAAT/enhancer-binding protein 3
(C/EBPp) is a regulator of the NLRP3 inflammasome. /n vitro, knockdown of C/EBPf in a model
of lupus nephritis promoted downregulation of the NLRP3 inflammasome proteins in the
podocytes, alleviating inflammation [52]. In addition, other studies have shown the protective
effect of MITOtempo on podocyte injury through inhibition of the NLRP3 inflammasome [51,
53].

Moreover, the NLRP3 inflammasome is also associated with aging, podocyte heath, and
lifespan. While NLRP3 expression in the podocytes of a young patient, as well as young mice,
was virtually absent, an increase in expression was detected in a sample from an 82-year-old
individual and in aged mice [54]. In aged mice, inhibition, or knockdown of NLRP3 improved

podocyte senescence and health, prolonging podocyte lifespan [54].
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It is therefore clear that activation of the NRLP3 inflammasome is associated with
deterioration of renal function in glomerular disease, and age also appears to play a factor in its
expression.
cGAS-STING

cGAS is another integral part of the innate immune response through its recognition of
pathogens and viruses. It is capable of sensing and binding to DNA (foreign or self) whereby cGAS
is activated and enzymatically generates cGAMP [55]. cGAMP binds to STING leading to a
signaling cascade with downstream activation of inflammatory genes, type I interferon production,
autophagy, and cell death [55, 56].

Podocyte ¢cGAS-STING signaling has been implicated in laboratory models of DKD.
Mitrofanova et al., showed that both human and murine podocytes express all components of the
cGAS-STING system [57]. Agonism of STING in wild-type mice led to albuminuria and podocyte
loss while the cGAS-STING pathway was upregulated in their model of DKD. Further, Zang et
al., showed that lipotoxicity-related mitochondrial DNA leakage led to activation of STING and
downstream effectors TANK-binding kinase 1 (TBK1) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB p65) [58]. Both groups showed that blockage of the cGAS-
STING pathway was nephroprotective in their models. The protective effects of
Sacubitril/Valsartan in DKD mouse models via modulation of the cGAS-STING pathway has also
been shown [59]. cGAS-STING signaling, and blockade, is an emerging area of research with
potential for widespread impact for individuals with DKD.

RAGE
RAGE is a multi-ligand PRR of the immunoglobulin superfamily. It can be activated by a

variety of ligands, of which advanced glycation end products (AGEs) are the most widely studied
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[60]. AGEs are a heterogenous population composed of proteins, lipids and nucleic acids subjected
to non-enzymatic glycation by reducing sugars. Although AGE formation is known to gradually
increase with physiological aging, this process can be accelerated by diabetes, renal failure, and
inflammation [61].

RAGE-ligand interactions trigger various proinflammatory cascades through the induction
of ROS by NOXs and subsequent NF-kB signaling, leading to the upregulation of RAGE itself
[62]. In the kidney, RAGE is predominantly expressed in podocytes, rendering the glomerular
filtration barrier vulnerable to the activation of the AGE-RAGE axis [60, 63].

Indeed, RAGE-induced podocyte activation has been shown to impact the structural
integrity of the glomerular filtration barrier, through podocyte loss and reorganization. Podocyte
apoptosis can be induced via several RAGE-dependent pathways. By activating Forkhead Box OA
(FOXOA) transcriptional activity, RAGE can increase Bcl-2-like protein 11 (BIM) expression,
leading to podocyte apoptosis [64]. Activation of RAGE by advanced oxidation protein products
(AOPPs) has also been shown to lead to podocyte apoptosis by inducing ER-stress that activates
the unfolded protein response [65].

Alterations in the cytoskeletal structure of podocytes can also impair the proper function
of the glomerular filtration barrier. RAGE activation leads to loss of nephrin expression in
podocytes, resulting in changes in the slit diaphragm [66]. Proper actin distribution may also be
impaired by the suppression of alpha-actinin-4 observed following AGE exposure [67]. By
downregulating the expression of the transmembrane glycoprotein Neuropilin 1 (NRP1), RAGE
also impairs podocyte migration, causing nude areas to form along the glomerular basement
membrane (GBM). It does this by reducing the binding ability of the Sp1 transcription factor to

the NRP1 promoter [68].
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In DKD, podocyte RAGE expression is increased along with an accumulation of RAGE
ligands (i.e. Ne-carboxymethyl-lysine (CML), Pentosidine (PENT)) at the GBM [62]. CML is the
most predominant AGE to accumulate in renal compartments in the context of diabetes and has
been shown to induce epithelial-mesenchymal transition (EMT) in podocytes, leading to their
detachment from the GBM. Experimental evidence supports that this is mediated by the
transcription factor Zinc finger E-box-binding homeobox 2 (ZEB2), which is activated following
exposure to CML, leading to increased glomerular permeability [69]. Increased glomerular
filtration barrier permeability can also be the result of increased vascular endothelial growth factor
expression which has been linked to RAGE activation [70]. Accordingly, both pharmacological
inhibition and genetic deletion of RAGE can prevent podocyte effacement and proteinuria in AGE-
mediated kidney injury [71]. RAGE-dependent mechanisms have thus been linked to glomerular
perturbations in DKD and other glomerular diseases.

Other PRRs in the podocyte

In addition to TLRs, cGAS-STING, NLRP3, and RAGE, there exist other DAMP-PRR
axes which have been identified in the podocyte. Retinoic acid-inducible gene 1 (RIG-1) is
expressed in podocytes [72, 73] and acts as a PRR when binding to double stranded RNA, which
is a byproduct of viral replication. This is thought to represent a potential mechanism for podocyte
inflammation in the context of viral infection. Taken further, whether misprocessed self-RNA,
released during cellular injury, could bind with RIG-1 and induce an inflammatory response is an
area of intense study [74].

Further, C-type Lectin Receptor 2 (CLEC-2) is a ligand for Podoplanin. Podoplanin is a
mucin-type integral membrane protein found abundantly in the podocyte. Recombinant CLEC-2

was shown to bind to Podoplanin in vitro and induce significant podocyte morphological changes
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[75]. Thus, it seems CLEC-2, despite being a receptor on platelets, can act as a DAMP and bind
with Podoplanin (acting as a PRR). This would of course only occur under conditions where the
glomerular filtration barrier is disrupted thus allowing for platelet CLEC-2 exposure to podocytes.
Future directions

As a central component of the glomerular filtration barrier, podocytes play a critical role
in preventing protein loss in the urine. Recent evidence suggests that podocytes possess several
key immune system components. Indeed, signaling via the TLR-, NLRP3-, cGAS-STING-,
RAGE-, RIG-1- and Podoplanin/CLEC-2-axes have been implicated in podocyte disease, and in
some instances, these PRR-ligand interactions may be targeted to reduce proteinuria in
experimental glomerular disease.

Outside of the scope of this review would be the implications for DAMP-signaling
inhibition and its impact on immune cell infiltration, and further, the impact of genetic
polymorphisms in PRR genes which may give rise to aberrant signalling in podocytopathies. The
latter consideration is important as specific genetic polymorphisms in NLRP3 and TLRs have been
studied, and in some cases in the context of kidney disease. Specifically, NLRP3 polymorphisms
have been shown to associate with susceptibility to chronic kidney disease [76], lupus nephritis
[77], and early kidney transplant rejection [78]. Similarly, TLR polymorphisms have been
associated with early kidney transplant rejection [79] and the development of post-transplant
diabetes [80]. However, there do not appear to be any studies specifically linking genetic
polymorphisms in PRRs within podocytes at the molecular or clinical level.

Another important consideration is the obvious redundancy associated with multiple
receptors binding the same target(s). In this case, a common ligand is DNA which can activate

several PRRs within the podocyte, and elsewhere. This redundancy may stem from an evolutionary
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protective mechanism, as perhaps each receptor can bind specific DNA or RNA segments but have
all evolved to be promiscuous and bind DNA. What is yet to be discovered is whether these PRRs
can also bind DNA-binding proteins, allowing for further selection of pathway activation, or to
distinguish between physiologic and pathologic signalling. Complex crosstalk between different
DAMPs and PRRs is likely occurring; however, this has not been clearly described in the literature,
particularly in the context of podocyte signalling pathways.

Important, and key unanswered questions remain in this field including how can we
discover novel therapeutic targets and study their effects in such a complex system? Another
unanswered question is whether these signalling pathways are protective in any manner. Is the
maladaptive response a result of the disease, or the cause of the disease? What happens to DAMPs
and PRRs as we age, are they more likely to cause disease? Would repeated injury, such as a
relapsing and remitting podocytopathy, lead to a more vulnerable podocyte with time? And lastly,
do genetic polymorphisms in genes found in DAMP / PRR pathways render the podocyte more

vulnerable to injury, or could they be protective?

Conclusion

Given that DAMP signaling is implicated in inflammatory responses, and particularly that
recent evidence suggests maladaptive signaling in the context of sterile inflammation associated
with chronic disease, it is certainly possible DAMP pathways can be targeted at multiple levels.
New mechanistic insights into podocyte biology, and the role of DAMPs and PRRs, will allow for

more personalized medicine approaches, particularly with the creation of targeted therapies.
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Figure 28. Figure 1. A selection of damage associated molecular pattern receptors and some of

their key ligands in podocytes
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Figure 1. A selection of damage associated molecular pattern receptors and some of their key
ligands in podocytes. DNA, deoxyribonucleic acid; RNA, ribonucleic acid; HMGBI1, High
mobility group box 1; MYD-88, Myeloid differentiation primary response 88; NF-kB, Nuclear
factor kappa-light-chain-enhancer of activated B cells; ROS, reactive oxygen species; IL-1p,
Interleukin 1 beta; IL-6, Interleukin 6; TNF-a, Tumour Necrosis Factor, alpha; INFB-1, Interferon
beta; TLR, toll like receptor; IL-18, Interleukin 18; AGE, advanced glycation end products; Clq,
complement component 1q; DIAPHI, Protein diaphanous homolog 1; Ras-related C3 botulinum
toxin substrate 1; NOX2, NADPH-oxidase 2; TRCP6, Transient receptor potential cation channel,

subfamily C, member 6; RIG-1, Retinoic acid-inducible gene 1; CLEC-2, C-type lectin-like
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receptor 2; cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; CASPI,

caspase 1.
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Table 6. Table 1. A list of the common pattern recognition receptors and damage associated
molecular patterns in the podocyte, along with some of their downstream effectors.

PRR DAMP Downstream Effectors References
Toll Like DNA, RNA, S100 MYD-88, NF-kB, IL-1, IL- | [81, 82]
Receptors proteins, HMGBI, 6, TNFa
protein
NLRP3 DNA, ROS Caspase-1, IL-1B, IL-18 [82, 83]
c¢GAS-STING | DNA IL-6, TNFa, INFB-1 [82, 84]
RAGE AGE, S100 proteins, DIAPHI, RACI1, NOX2, [85]
HMGBI, Clq TRCP6
RIG-1 Double-stranded RNA IL-6, TNFo, INFB-1 [72, 73]
Podoplanin C-type Lectin-like Ezrin, radixin, moesin [75]
(PRR-like) Receptor 2

DNA, deoxyribonucleic acid; RNA, ribonucleic acid; HMGB1, High mobility group box 1; MYD-
88, Myeloid differentiation primary response 88; NF-kB, Nuclear factor kappa-light-chain-
enhancer of activated B cells; ROS, reactive oxygen species; IL-1f3, Interleukin 1 beta; IL-6,
Interleukin 6; TNF-a, Tumour Necrosis Factor, alpha; INFB-1, Interferon beta; TLR, toll like
receptor; IL-18, Interleukin 18; AGE, advanced glycation end products; Clq, complement
component 1q; DIAPH]I, Protein diaphanous homolog 1; Ras-related C3 botulinum toxin substrate
1; NOX2, NADPH-oxidase 2; TRCP6, Transient receptor potential cation channel, subfamily C,

member 6; RIG-1, Retinoic acid-inducible gene 1.
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