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Abstract

The kidney is a complicated and important internal organ receiving approximately 20% of

the cardiac output and mediates numerous pathophysiologic actions. These include selectively
filtering macromolecules of the blood, exquisite reclaimation of electrolyctes, urine concentration
via an elegant osmotic mechanisms, and excretion of an acid load. In addition, the renal

tubules carry out secretory functions and produce hormones and cytokines. The kidney receives
innervation and hormonal regulation. Therefore, dysfunction of the kidney leads to retention

of metabolic waste products, and/or significant proteinuria and hematuria. In the past several
decades, the role of extracellular vesicles (EV) in intercellular communications, and the uptake
of extracellular vesicles by recipient cells through phagocytosis and endocytosis have been
elucidated. The new knowledge on EVs expands over the classical mechanisms of cellular
interaction, and may change our way of thinking of renal pathophysiology in the subcellular
scale. Based on some ultrastructural discoveries in the kidney, this review will focus on the role of
extracellular vesicles in intercellular communications, their internalization by recipient cells, and
their relationship to renal pathology.
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1. Introduction

For several decades, medical knowledge of the kidney has expanded. Until the 1970’s, the
renal microanatomy field has identified glomerular structures, segments of renal tubules, and
the renal microvasculature using light microscopy and electron microscopy (Gordon, 2014;
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Mezzogiorno et al., 2002). In the second stage, mciropuncture and other techniques have
been developed from the 1970’s to study the single nephrons for evaluation of glomerular
filtration rate, renal tubular reabsorption and secretion, tubule-glomerular feedback, and
hormonal and neural regulation of the kidney (Brenner, 2003; Lytvyn et al., 2019). In the
third stage, the extensive understanding of the kidney has been achieved through variants
of genetic analysis for identification of the detailed genetic network and their interaction
since 1990 (Charlesworth, 2010; MclIntosh and Hays, 2016; Rimoin and Hirschhorn, 2004;
Singh et al., 2004). Currently, the molecular and genetic analyses of cellular biology and
intercellular communications have evolved from basic research to clinical practice for
diagnostic and therapeutic applications in various human diseases, including renal diseases.

Cell death is crucial to the pathophysiology of various kidney diseases, including acute
tubular necrosis, necrotizing glomerulonephritis, cystic kidney disease, renal autoimmune
diseases, delayed graft function, and kidney transplant rejection (Sarhan et al., 2018). Cell
death is a natural biological process that occurs under both physiological and pathological
conditions (Thery et al., 2018; Wu etah, 2019). Recent studies indicate that extracellular
vesicles (EVs) can be released from cells that undergo several types of programmed cell
death, including apoptosis, necroptosis, pyroptosis, or NETosis (Luan et al., 2020a; Wu et
al., 2019; Liu et al., 2020). In addition, studies have shown that senescent cells may also
release membrane EVs into the extracellular space (Thery et al., 2018; Wu et al., 2019). EVs
are released through exocytosis or budding from cell surface of their parental cells, and were
thought to be extracellular waster or “dusts”. However, accumulating studies have shown
that EVs are involved in pathophysiology of various human diseases (Thery et al., 2018).
EVs can be divided into 3 subclasses based on their sizes, exosome (10 — 100 nm), ectosome
(microvesicles, 100 to 1000 nm), and apoptotic bodies (1000 to 5000 nm) (L. et al., 2020;
Liu et al., 2016). EVs are enclosed by bilayer lipid membranes and contain a large range of
materials including nucleic acids, miRNA, proteins, and lipid moieties (Li et al., 2020; Liu
etal., 2016).

Recent studies have shown that EVs play important roles in intercellular communication,
and transfer of genetic information etc (Thery et al., 2018; Wu et al., 2019). EVs may

exert their functions through hormonal and paracrine/autocrine effects (Thery et al., 2018;
Wau et al., 2019). EVs can act on their parental cell (autocrine effects) or on other cells

that are either local (paracrine effects), or remote (hormonal effects) (Li et al., 2020). It

is well known that the cardiovascular system and central/peripheral neural system play
dominant roles in metabolic transportation, physical coordination and thinking/emotional
processes in the body. Based on recent research, EV systems may serve as a newly
discovered communication system in the human body. After the EVs are released, they carry
information/molecules from their parental cells, and transport them to target cells either
local or remote, for intercellular communications under normal physiologic conditions (Liu
et al., 2016). The new knowledge may change our way of thinking of renal pathophysiology.
This review will discuss how the released EVs interact with variants of renal tubular,
glomerular and vascular cells.
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2. EVs in transplantation rejection

The knowledge of renal transplant rejection has expanded rapidly in the past 20 years (Haas
et al., 2018). Acute cellular rejection is a classic type of rejection, mainly mediated by T
lymphocytes, which infiltrate into renal parenchyma and penetrate through tubular basement
membranes resulting in tubulitis, and cause vasculitis (Loupy et al., 2020) (Figure 1a).

EVs are important in mediating the acute cellular rejection through the release of graft
antigens, antigen presentation to dendritic cells, and the activation of T lymphocytes and
other inflammatory cells (Benichou et al., 2020; Monguio-Tortajada et al., 2014; Quaglia et
al., 2020). Acute and chronic antibody-mediated rejection has been extensively investigated
over the past 15 years (Colvin and Smith, 2005; Racusen et al., 2003). Acute antibody-
mediated rejection, can occur within days after renal transplantation, results from the
development of donor specific antibody against donor human leukocyte antigens. This type
of rejection leads to an initial acute tubular injury, peri-capillary neutrophil infiltration, and
a thrombotic microangiopathy-like change in glomeruli, as well as vasculitis or parenchymal
infarction (Loupy et al., 2020). Complement C4d deposition along peritubular capillaries

is a key hallmark for identifying this type of humoral rejection, implying the involvement

of complement system in the rejection processes (Colvin and Smith, 2005). Overtime, the
chronic antibody-medicated rejection can develop and cause gradual deterioration, leading
to renal failure and proteinuria. The rejection process could be mediated by various EVs
(Cardinal et al., 2018; Dieude et al., 2020; Jung et al., 2020), which are released from

the dead cells of the donor tissue. The EVs from donor tissue may carry autoantigens

that trigger the production of autoantibodies, called donor specific antibody, by B cells of
the recipients, thus contributing to the antibody-mediated rejection. In addition, BK virus
infection, ascending from bladder to kidney, may also cause the release of EVs that trigger
inflammatory reactions in the transplant kidney (Handala et al., 2020). Therefore urine/blood
testing and renal transplant biopsies are needed to distinguish the acute cellular rejection
from BK virus infection associated inflammation.

During cellular- or antibody-mediated rejection, studies have identified that EVs may

serve as biomarkers or mediators involved in the rejection processes (Benichou et al.,

2020; Quaglia et al., 2020; Rigalli et al., 2020). In 1980’s, morphologic identification of
extracellular particles were observed by electron microscopy (Pan and Johnstone, 1983),
following by the improved technique of electron microscopy with the gold-labeling antibody
(Pan et al., 1985). The following illustrations will introduce the pathologic histology of acute
cellular rejection in the human kidney. As shown in the left panel of Figure 2, an electron
microscopic image at 10,000 magnifications illustrates a proximal tubule, lined by tubular
basement membranes, at the top portion of the image. The bottom shows a lymphocyte with
relatively scant cytoplasm before its invasion into the renal tubule. There are sizable foamy
particles extruded from the lymphocyte in close connection to leak cytoplasmic materials of
proximal tubules through the tubular basement membrane. The extruded excellular materials
from the lymphocyte must be fused from numerous different sizes of exosomes and/or
microvesicles with a variety of contents — conceivably various cytokines and enzymes. Once
the tubular basement membrane shows a broken segment, the activated lymphocyte invades
the tubular epithelium. The right panel of Figure 2 reveals that a portion of the lymphocyte
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cytoplasm has passed through the tubular basement membrane before it fully infiltrating
into the renal tubular epithelium as a tubulitis, typical of acute cellular rejection. These
ultrastructural images of graft tubules provide evidence of EVs involvement in the acute cell
rejection.

There are still many unanswered questions remain to be addressed for optimized renal
transplant outcome. These may include tissue typing for human leukocyte antigens,

donor to recipient tissue matching, and interactions among cellular components including
antigen-presenting cells (mainly dendritic cells), T lymphocytes, B lymphocytes and other
inflammatory cells. In addition, how antibody-mediated rejection interacts with the acute
cellular rejection, and how we can prevent the antibody-mediated rejection are also under
investigation, in order to develop better therapeutic strategies. EVs in urine or blood samples
of the transplant recipients may be potential biomarkers for distinguishment of the above
different conditions. Interestingly, the detection of EVs in the urine may serve as potential
non-invasive liquid biopsy for monitoring the pathophysiological conditions of the renal
transplant rejection.

acute tubular injury

Eighty percent of the renal cortical parenchyma contain proximal tubules that conduct

active reabsorption of electrolytes, and are therefore vulnerable to variants of primary and
secondary injury (Brezis and Rosen, 1995). The acute tubular injury in proximal tubules

are mainly due to either intrinsic injury of proximal tubules by ischemic or toxic insults,

or injuries due to various interstitial nephritis, or obstruction in the distal tubules such as
monoclonal cast nephropathy (Figure 1b). A number of mechanisms have been proposed on
how injured renal tubules are repaired following acute tubular injury. It is believed that either
intratubular progenitor cells or residual tubules play a critical role in repairing the damaged
renal tubules by restoring new epithelial cells (Humphreys et al., 2008; Lazzeri et al., 2019).

The parietal epithelium of Bowman’s capsule are progenitor cells stained positively for
progenitor marker CD133 (Sagrinati et al., 2006). Subsequently, these CD133 positive
progenitor cells can also be found scattered along the entire length of renal tubules
(Romagnani, 2011). During acute tubular injury, CD133 becomes positive in all epithelial
cells of the proximal tubule, implying a repair process (Andrianova et al., 2019; Huling

and Yoo, 2017; Zhang and Hafron, 2014). Although injection of mesenchymal stem cells
can reduce acute kidney injury in experimental studies (Nawaz et al., 2016; Qiu et al.,
2019), it is not clear how CD133 progenitor cells work and if they can release EVs

along the Bowman’s capsule or renal tubules. Some studies have isolated and identified

the CD133" EVs in the urine, suggesting that these EVs can be a potential biomarker.
Furthermore, the urinary CD133" EVs have been detected in normal healthy people, while
reduced levels of CD133* EVs have been found in the urine of patients with end stage renal
disease. Importantly, elevated levels of CD133" EVs have been reported in patients receiving
renal transplantation, indicating that CD133* EVs may be important for maintaining the
homeostatic status of the kidney (Dimuccio et al., 2014). Compared to healthy individuals,
pediatric patients with acute glomerulonephritis have shown a reduced urinary level of
CD133* EVs, which return to normal levels with recovery from the renal disease (Dimuccio
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et al., 2020). This study suggests that urinary levels of CD133* EVs may serve as a
biomarker for monitoring the renal disease activity.

Endocytosis is an important step for internalizing EVs. The following example shows

how proximal tubules repair the acute tubular injury through a phagocytoic receptor
—kidney injury molecule-1 (KIM1-1). In response to severe insults from ischemia or
toxicity, proximal tubules release apoptotic EVs. These apoptoic EVs activate one receptor
called KIM-1 along the proximal tubules (Ichimura et al., 2008). KIM-1 is a type 1
transmembranous glycoprotein located along the luminal surface of proximal tubules and

is upregulated during acute tubular injury (Ichimura et al., 1998). Thus KIM-1 has been used
as a specific marker to identify acute tubular injury in human studies (Yin et al., 2019; Yin
etal., 2018; Zhang et al., 2008). KIM-1 plays a phagocytotic role in engulfing the apoptotic
bodies into residual proximal tubules (Ichimura et al., 2008). The major function of this
phagocytosis/endocytosis process is to prevent apoptotic bodies from activation of potential
innate inflammation reaction thus preventing further damage to the kidney (Ichimura et

al., 2012; Yang et al., 2015). Without KIM-1’s protective phagocytosis/endocytosis during
acute tubular injury, the kidney would show more harmful over-reactive inflammation and
subsequent interstitial fibrosis.

The key issues for further understanding the acute tubular injury may include several
aspects. First, the etiologie related to the acute tubular injury need further investigations,
particularly in the vulnerable populations, such as senior citizens with medical history of
diabetes and hypertension, and patients with metastatic tumors who receive either immune
checkpoint blockade or variour chemotherapy with inhibition of cell proliferative pathways.
Second, it is important to investigate what kinds of therapy can truly help patients with acute
tubular injury to recover from their renal dysfunction. The third aspect is to focus on how

to prevent the acute tubular injury transforming into the interstitial fibrosis. As discussed
above, EVs may serve as biomarkers for monitoring the disease activity and renal functional
recovery in patients following the acute tubular injury.

4. EVs in vasculitis and primary crescentic glomerulonephritis

We have recently reviewed the involvement of EVs in systematic vasculitis, representing
mixed interactions among many elements including endothelial cells, platelets,
inflammatory cells, and coagulation factors (Wu et al., 2019). When vasculitis occurs in

the kidney, there are two primary mechanisms that primarily present at the glomerular level,
namely anti-glomerular basement membrane type of crescentic gloemrunephritis (CGN)
(McAdoo and Pusey, 2017) and anti-cytoplamic antibody (ANCA) associated pauci-immune
variant of CGN (Jennette and Falk, 2008). We have discussed EVs and the involvement of
endocytosis in the interaction of ANCA with complements in the glomerular endothelial
cells, and their contribution to the rupture of glomerular basement membranes, and
stimulation of parietal epithelial cell proliferation, resulting in cellular crescent formation
(Wu et al., 2019).

Based on experimental studies of ANCA-associated CGN, activated lymphocytes
differentiate into plasma cells to produce circulating ANCA against neutrophils and
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monocytes, and these ANCA are divided into two subtypes, namely myeloperoxidase
(MPQ)-ANCA and promteinase-3 (PR-3)-ANCA (Halbwachs and Lesavre, 2012; Jennette et
al., 2011; Little et al., 2009). MPO plays a key role in neutrophils, by converting hydrogen
peroxidase to hypochloride in the presence of a halide CI~ and amplifies the toxic effects of
neutrophils. The glomerular endothelium uptakes EV-associated MPO in the circulation, or
obtains MPO through cell-cell direct interaction with neutrophils, by means of endocytosis
(Jerke et al., 2013). EV-associated MPO may be involved in the activation of complements
C3 and C5, most likely through MPO-generated hypochlorite. Fujigaki and colleagues have
also detected epithelial EVs with deposits of complement C5b-9 and immune complexes

in sub-epithelial space under electron microscopy in glomerulonephritic rats (Fujigaki et
al., 1997). Therefore, EV-associated MPO and complements together may cause endothelial
injury (O’Flynn et al., 2014; Pitanga et al., 2014). EV-mediated endothelial injury may
also be linked to many pathologic events, including reduced vascular relaxation (Liu et

al., 2016), production of oxidants, promotion of atherosclerosis, recruitment of neutrophils
and participation in necrotizing vasculitis (Astern et al., 2007; Eiserich et al., 2002; Klinke
etal., 2011; McMillen et al., 2005; Xiao et al., 2002). Once the endothelium is broken,

the glomerular basement membranes are eroded and ruptured, and the inflammatory cells
are extruded into Bowman’s capsule, causing the proliferation of parietal epithelial cells
and glomerular necrosis as necrotizing crescentic glomerulonephritis, which compresses
glomerular capillary loops and leads to the renal failure (Falk and Jennette, 2010) (Figure
1c). Therefore, EVs and their associated-MPO or complements may contribute to renal
vasculitis and primary crescentic glomerulonephritis.

Despite of many investigations conducted to understand a variety of vasculitis, it remains
unclear what infectious microorganisms or autoimmune alterations would trigger the
development of vasculitis in humans. In addition, it is also critical to find better
pharmacologic agents that can maintain therapeutic effects against vasculitis with less side
effects. As EVs are involved in the development of ANCA-associated renal vasculitis,
EVs might be promising biomarkers for diagnosis and monitoring disease severity of renal
vasculitis. Regulation of EV release could also be a potential therapeutic target.

5. EVsin thrombotic microangiopathy (TMA)

TMA has two classic variants, namely hemolytic uremic syndrome (HUS) and thrombotic
thrombocytopenic purpura (Namal Rathnayaka et al., 2019). TMA can also be seen in

many clinical scenarios such as positive anti-phospholipid antibody in lupus patients, pre-
eclampsia, malignant hypertension, and atypical HUS. The renal endothelium of the atypical
HUS is injured by the activated alternative complement pathway, triggering the coagulation
cascade to form thrombi (Gallan and Chang, 2020).

Prothrombotic function is one of the frequently studied classical functions of EVs (Li
etal., 2020; Liu et al., 2007; Wu et al., 2019). We have reported that EVs have pro-
coagulant properties (Liu et al., 2007), particularly the monocyte-derived EVs with both
tissue factors (TF) and phosphotydelserine (PS) exposed on the EV surface (Liu et al.,
2007). Co-presence of PS with TF on EVs surface enhance their procoagulant potential
as TF can trigger extrinsic blood coagulation cascade, while the negatively charged PS
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provides an ideal surface for the assembly of coagulation factors (Liu et al., 2007). As
discussed above, EV-associated MPO and complements may induce endothelial damage that
contributes to the pathogenesis of thrombosis. In addition, studies from vascular research
fields have shown the connection between blood coagulation and angiogenesis/blood vessel
development (Mackman and Davis, 2011). TF expression in endothelial cells may stimulate
the expression of chemokine ligand 2 (CCL2), which facilitates the recruitment of vascular
smooth muscle cells (VSMCs) and the stabilization of EC-VSMC networks, thus paving the
way for blood vessel formation (Mackman and Davis, 2011).

In addition, it has long been known that vascular enodothelial growth factor (VEGF)

is an angiogenic factor, which exerts multiple functions in stimulating angiogenesis. In

the kidney, podocytes produce VEGF and release the EVs for two roles (Eremina and
Quaggin, 2004; Foster et al., 2006). VEGF has been found to be associated with EVs

(Ko et al., 2019). The EV-associated VEGF can interact with podocytes as an autocrine
effect to maintain integrity of slit diaphragm connected by the foot processes of podocytes.
The VEGF released by podocytes may also disseminate reversely across the glomerular
basement membranes and affect the glomerular endothelial cells via a paracrine mechanism
in order to maintain the endothelial integrity and suppress the activation of complements at
the endothelial level. In recent years, VEGF inhibitors such as bevacizumab have been used
as anti-cancer agents for treatment of metastasis of kidney, colon, lung, ovary and breast
carcinoma (Agostino et al., 2010; Cardones and Banez, 2006). It has been reported that renal
thrombotic microangiopathy is strongly associated with the anti-cancer treatment (Eremina
et al., 2008; Izzedine et al., 2011). Blocking VEGF with an antagonist results in fusion of
foot processes with subsequent proteinuria and the activation of the complement system in
glomerular endothelial cells, triggering thrombotic microangiopathy (Eremina et al., 2008).

Intravitral injection of VEGF antagonists such as bevacizumab or ramibizumab has been
used to treat both macular degeneration and diabetic retinal neovascularization (Rofagha

et al., 2013). The majority of patients can tolerate the intravitrial injection well, without
significant renal dysfunction and proteinuria (Diabetic Retinopathy Clinical Research et al.,
2007). However, occasionally intravitral injection of VEGF can be associated with renal
thrombotic microangiopathy (Pelle et al., 2011). An experimental study has extensively
investigated how an intravitral injection of VEGF antagonist can cause thrombotic
microangiopathy in the murine kidney (Keir et al., 2017). Evidently VEGF antagonists

can leak into the circulation within 48 hours after an intravitral injection, with subsequent
suppressed VEGF production in the podocytes. The reduced VEGF in the podocytes leads to
the fusion of foot processes due to a lack of its autocrine effects, thus causing prointeuira.
In addition, the reduced VEGF is associated with the activation of complement factor H
due to a deficiency of the paracrine effects on the glomerular endothelium, thus triggering
edematous endothelial changes and thrombotic microangiopathy, often leading to renal
failure (Keir et al., 2017) (Figure 1d). Therefore, EVs may contribute to TMA through
their associated prothrombotic TF and PS, as well as proangiogenic VEGF. Furthermore,
EV-associated TF may be important to both thrombosis and angiogenesis.

We are still at an early stage for the understanding of the variants of thrombotic
microangiopathy, particularly the atypical HUS (also called complement mediated
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thrombotic microangiopathy). Many unanswered questions still need to be addressed, i.e.
what is the essential triggering event to activate the alternative pathway of complement
system, and whether the complement mediated thrombotic microangiopathy has an overlap
etiology with the C3 dominant glomerulonephritis and the C3 glomerulopathy (dense
deposit disease). Investigations of EVs and their involvement in these renal diseases may
provide insight into novel diagnostic and threrapeutic strategies for TMA.

6. EVsin minimal change disease and variants of focal segmental

glomerulosclerosis

Minimal change disease and focal segmental glomeruloslerosis (FSGS) represent a spectrum
of renal disease, leading to nephrotic range proteinuria, and are ultrastructually characterized
by diffuse fusion of foot processes of podocytes, and also called podocytopathies (Suzuki

et al., 2020). Minimal change disease usually shows unremarkable glomeruli, which stain
negatively for 1gG, IgA, IgM, kappa and lambda by immunofluorecent method (Figure

1h). FSGS shows segmental sclerosis areas in glomeruli, and negative immunofluorescent
staining, and includes subtypes such as collapsing variants, tip lesion variant, hypercellular
variant, perihilar variant and FSGS not otherwise specified (D’Agati et al., 2004). Patients
with the collapsing variant of FSGS often present with nephrotic range proteinuria and acute
renal failure. Morphologically, the collapsing variant of FSGS is characterized by collapsed
glomerular basement membranes, proliferative podocytes in glomeruli and cystic dilation

of distal tubules (Markowitz et al., 2001; Valeri et al., 1996). Huang et al reported urinary
exosomal miR-193a can be a potential biomarker for FSGS (Huang et al., 2017).

Common etiologies of collapsing FSGS are HIV infection and mutation of APOL1 alleles in
individuals of African descent, but other infections and drug reactions can cause the disease
as well (Abid et al., 2020; Barisoni et al., 1999; Neyra et al., 2014; Patel et al., 2018)
(Figure 1i). Since the COVID-19 pandemic from the beginning of 2020, the Sars-Cov-2
virus (nick.white@covid19crc.org) has infected millions of people and caused many deaths
worldwide. The Sars-Cov-2 virus is known to cause lung infection with subsequent infection
of other organs, including the kidneys, through viral interaction with cell surface receptors,
angiotensin converting enzyme 2 (ACEZ2) (Batlle et al., 2020), and subsequent endocytosis
(Luan et al., 2020b; Tan et al., 2004; Zhou et al., 2020). Electron microscopy has confirmed
that the SARS-CoV-2 particles (60-110 nm, with 20 to 40 spikes) are surrounded by double
layers of membranes as intra-cytoplasmic vesicles (approximately 600 nm in diameter) in
glomerular endothelial cells, podocytes and proximal tubules (Farkash et al., 2020; Kissling,
2020; Su et al., 2020; Varga et al., 2020). These intracellular vesicles may release as EVs
that carry Sars-CoV-2 components, including CD9 and ACE2 (Hassanpour et al., 2020).
Upon entry into the recipient cells, COVID-19 virus may be directed into the exosomal
pathway, and its component may be packaged into exosomes for secretion. The direct
infection of COVID19 in renal tissue causes acute tubular injury, and collapsing focal
segmental glomeruloslerosis (Farkash et al., 2020; Kissling, 2020; Su et al., 2020). Two
recent case reports also confirm the development of collapsing FSGS in patients with
positive COVID-19 (Larsen et al., 2020; Peleg et al., 2020). However, the involvement of
EVs in COVID-19 infection should be further investigated, as several other recent studies
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report no definite SARS-CoV virus detected in the renal biopsies or autopsy kidneys from
COVID-19 positive patients (Kudose et al., 2020; Santoriello et al., 2020; Sharma et al.,
2020; Wu et al., 2020). Interestly, COVID-19 infection has been found to be associated
with some coagulative abnormalities in the kidneys, leading to thrombosis and even renal
infarction (Mukherjee et al., 2020; Philipponnet et al., 2020; Sardu et al., 2020). This may
be due to the endothelial injury and activated coagulative cascade, in which EVs may be
involved (Liu et al., 2020; Sardu et al., 2020).

Variants of podocytopathies remain largely mysterious in term of how the genetic
vulnerability alters the molecular assembly of podocytes, and their related glomerular
basement membrane and glomerular endothelial cells. It is also puzzling if there are
some subtle auto-antibodies in the circulation that trigger the development various
podocytopathies, as some transplant recipients can develop recurrent FSGS in one or two
days following the transplantation. The new view of EVs and their potential involvement
in virus infection and FSGS may provide insights into better understanding of the
pathophysiology, and stablishment of novel diagnostic and therapeutic strategies.

7. EVsin monoclonal protein associated renal diseases

There are a number of new developments in paraprotein-related renal diseases. The key
concept has been changed from monoclonal gammopathy of undetermined significance
(MGUS) to monoclonal gammopathy of renal significance (MGRS) if the monoclonal
protein deposits in the kidney cause acute renal failure and/or significant proteinuria despite
bone marrow showing a small amount of monoclonal plasma cells (< 10%) (Bridoux et

al., 2015; Leung et al., 2019; Leung et al., 2012). Based on this concept, MGRS can be
treated with chemotherapy targeting the small B cell clone in the bone marrow to reduce
further burden of monoclonal protein deposition in the kidney (Fermand et al., 2013; Sethi
et al., 2018). The entities of MGRS includes amyloidosis AL or AH type, monoclonal light
chain or heavy chain deposition disease, monoclonal proximal tubulopathy, proliferative
glomerulonephritis with monoclonal immunoglobulin deposits, type 1 cryogluboulinemic
glomerulopathy, monoclonoal fibrillary glomerulopathy, and immunotactoid glomerulopathy
(Bridoux et al., 2015; Herrera, 2014; Leung et al., 2019). However, any of above entities
can become a heavy burden group if monoclonal plasma cells progress to malignant
myeloma amount (usually > 10 to 30 % of bone marrow). In addition, monoclonal

cast nephropathy and type 2 monoclonal cryglobulinemic glomerulopathy (related to
Waldenstrom macroglobulinemia) belong to the heavy burden group, as they are usually
associated with a high rate of malignant myeloma and acute renal failure at the time of renal
biopsy (Bridoux et al., 2015; Leung et al., 2019).

Studies have reported that malignant plasma cells produce large amounts of EV-containing
monoclonal heavy chains, monoclonal light chains and other lipid and enzyme products

(De Luca et al., 2019; Di Noto et al., 2014; Morandi et al., 2018). Monoclonal light

chains are cytotoxic (Sanders et al., 1988), therefore their deposition in different renal
compartments can cause various kidney injuries, leading to the renal failure (such as
monoclonal cast nephropathy, monoclonal proximal tubulopathy and monoclonal light chain
deposition disease), and nephraotic proteinuria (such as AL amyloidosis and proliferative
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glomerulopathy with monoclonal immunoglobulin deposits). Many in vitro and in vivo
models have been created to study monoclonal light chain deposition in the kidneys,

but not all variants of paraprotein-associated kidney diseases having their corresponding
experimental models (Lai et al., 2019; Sirac et al., 2018). Monoclonal proximal tubulopathy
is a relatively new entity among many varieties of paraprotein-associated kidney diseases
(Decourt et al., 2003; Herrera, 2014). It is also a good example of how monoclonal

light chains interact with their receptors along proximal tubules, leading to proximal
tubular injury. The light chains are small molecules that can be freely filtered through

the glomerular filtration barrier. When they reach the proximal tubules, they interact with
two receptors; megalin and tubilin, and then undergo endocytosis into the proximal tubular
cytoplasm (Batuman et al., 1998; Klassen et al., 2005). Due to the large quantity of
monoclonal light chains present in the proximal tubules, the receptors readily become
saturated (Nakhoul and Batuman, 2011). Once they are internalized into proximal epithelial
cells through their receptors, they cause increased cytoplasmic free oxygen radicals to
activate c-Src and NF-kB, resulting in the release of pro-inflammatory cytokines and leading
to the proximal tubular injury (Sanders, 2011; Ying et al., 2019). Therefore, the acute
proximal tubular injury due to monoclonal light chain deposition is a type of cytotoxic
injury. Morphologically, there are four types of monoclonal proximal tubulopathy that

have been observed (Herrera, 2014). Monoclonal light chains can be crystalized in the
proximal tubular cytoplasm, often leading to Fanconi syndrome, called monoclonal proximal
tubulopathy with cytoplasmic inclusions. Second, monoclonal light chains can trigger a
surrounding inflammatory reaction causing an interstitial nephritis variant of monoclonal
proximal tubulopathy. In addition, monoclonal light chains may occasionally be detained in
lysosomes of proximal tubular cytoplasm, causing swelling of proximal tubular epithelium
(also called lysosomal ingestion/constipation variant of monoclonal proximal tubulopathy).
Finally, the monoclonal light chains can randomly distribute along proximal tubules, which
can be identified by immunofluorescent staining, but there is no specific appearance by
electron microscopy, thus called monoclonal proximal tubulopathy without cytoplasmic
inclusions. The monoclonal proximal tubules can also co-exist with other variants of
paraprotein-associated kidney diseases such as monoclonal cast nephropathy or monoclonal
light chain deposition disease (Parasuraman et al., 2013).

Future studies can further investigate what type of monoclonal proteins can be associated
with any particular type of monoclonal protein-related deposition in the kidney. So that,
identifying a specific type of monoclonal protein based on the molecular structures, can be
predictable for the disease type and its associated disease progression. It is also intriguing
to develop animal models that are related to paraprotein deposition in the kidney, as

these animal models will be very valuable for investigation of therapeutic effects. Further
investigation of EVs will provide an opportunity to understand MGRS pathophysiology at
cellular, subcellular, and molecular levels, which may help to develop novel diagnostic and
therapeutic strategies for paraprotein-related renal diseases.

J Cell Physiol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Liu

Page 11

8. EVsinimmune complex mediated glomerulonephritis and complement

mediated glomerulopathy

Generally, immune complex mediated glomerulonephropathies include 1) membranous
glomerulopathy that presents with nephrotic syndrome, 2) IgA nephropathy that presents
with significant hematuria, and 3) lupus nephritis that is featured with different degrees

of renal failure, proteinuria and/or hematuria (Bajema et al., 2018; Rodrigues et al.,

2017; Ronco and Debiec, 2010) (Figure 1e—g). Conventional type 1, type 2 and type 3
membranoproliferative glomerulonephritis (MPGN) have been largely modified due to the
expanding knowledge of the activated alternative pathway in the complement activation
cascade (Pickering et al., 2013; Sethi et al., 2012). Classic type 2 MPGN (also called

dense deposit disease) becomes a prototype of C3 glomerulopathy, which has dominant C3
positive immunofluorescent staining in glomeruli and rainbow-like aggregated complements
along the glomerular basement membranes by electron microscopy (Sethi et al., 2012). In
addition, classic type 1 MPGN is divided into two types. Some are called MPGN type 1 if
immunoflourescent study shows some IgG, kappa and lambda stains, while others are now
called C3 dominant glomerulonephritis when C3 staining is 2 to 3 + strong in the glomeruli
in the absence of other staining (De Vriese et al., 2015; Sethi et al., 2012; Thurman and
Nester, 2016).

Membranous nephropathy can be either primary type or secondary to various other medial
conditions such as infection (i.e. hepatitis B infection), or autoimmune disease (i.e. lupus
nephritis), or malignancy (Debiec and Ronco, 2011). The majority of primary membranous
glomerulopathy result from phospholipase A2 receptor (PLA2R) mutation (a protein

along glomerular basement membrane), which sloughed antigen component triggers the
production of an antibody, resulting in antigen-antibody immune complex deposition at

the subepithelial spaces of glomeruli (Bech et al., 2014; Bomback, 2018). In addition,
thrombospondin type 1 domain containing 7A (THSD7A), another antibody, has been
found in the minority of cases of primary membranous glomerulopathy (Beck, 2017).
Importantly, deposition of immune complex and complements with EVs in glomerular
basement membranes have been detected in a rat model of glomerulonephritis (Fujigaki
etal., 1997). In addition, G3BP-positive microvesicles and immune complex-associated
microvesicles are significantly increased in lupus patients (Luan et al., 2020a; Zhao et al.,
2020). Here, we illustrate the potential interaction of immune complex deposition and EV of
different blood components in a glomerular capillary loop (Figure 3). Electronic microscopy
shows an ultrastructural image at 6,000 magnifications of a glomerular capillary loop full of
immune complex deposits at the subepithelial spaces (Figure 3). Within the capillary loop,
there are multiple blood components including platelets, one neutrophil, one lymphocyte
and other glomerular cells (Figure 3, left panel). Platelets are broken into fragments (Figure
3, the right upper insert), while the neutrophil reveals numerous membranous hair-like
extensions as EVs (Figure 3, the right lower insert). Although specific proteins can not be
identified on the electron microscopic image, the ultrastructural image further provides the
morphologic evidence for the existence of EVs around cellular components in membranous
glomerulopathy, thus turning the invisible network of EVs into an action reality of EV
communication in the microstructural world of kidney.
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There are still a lot of work to be done for better understanding how immune complex
diseases are initiated. Although some blood tests for lupus nephritis are available, the
triggering events leading to other renal diseases such as the membranous glomerulopathy,
IgA nephropathy and membranoproliferative glomerulonephritis are largely unclear. Many
challenges and improvements are still needed, i.e. better approaches to suppress and even
alter the over-reactive status of the immune system in patients, and strategies to prevent

the development of the chronic kidney disease from its active (acute) stage. As discussed
above, and in our recently published review article about the role of EVs in pathophysiology
of lupus nephritis (Zhao et al., 2020), EVs may be involved in immune complex-related
renal diseases in different ways. Basic and clinical studies in the context will not only gain
our knowledge in pathophysiology, but also provide an opportunity for the establishment of
novel diagnostic and therapeutic strategies in the future.

9. Conclusions

In this review article, we have summarized the recent advancement in the knowledge of
nephropathologic changes in terms of new etiologies, progression in pathologic diagnosis,
and potential therapeutic strategies for many intrisinc renal diseases. There is growing
evidence about EV release in human tissue/organs, including the kidney as we have
discussed. The uptake of foreign EVs by recipient cells may happen under pathologic
conditions through phagocytosis and/or endocytosis. Almost all renal epithelial and
endothelial cells can be either “donor cells” or “recipient cells”, making the invisible
ultrastructural world mysterious but meaningful for active EV release and internalization
among cells in the kidney. The introduction of EVs alters and expands our way of thinking
of the interactions between cells at physiologic and pathologic levels. The existing literature
reveals that several areas of nephropathology, such as FSGS and paraprotein-related renal
diseases, still require further investigation regarding EVs, phagocytosis and endocytosis in
order to shed light on better understanding of the intercellular communications.

In the basic science aspects, more investigations are needed to study the involvement of
EVs in the antibody-mediated rejection, and their interaction with complements and other
elements in thrombotic microangiopathy, as well as the deposition of monoclonal 1gG

in paraprotein-associated kidney diseases. In the clinical point of view, urine biomarkers,
such as CD133 and KIM-1, should be further investigated in the acute phase of kidney
injury, such as detecting the early rejection associated kidney injury, and monitoring
chemotherapy associated acute kidney injury. In addition, detection of EVs in urinary
samples can be regarded as a convenient liquid biopsy to determine whether the biomarkers
can be used cost-effectively for monitoring the early kidney injury in patients with other
chronic diseases, i.e. diabetes and/or hypertension. Certainly, the clinical ramifications of a
specific pathologic diagnosis and clinical treatment can be advanced with the expansion of
knowledge in these fields.
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Bowman’s capsule

Figure 1. Schematic illustration of various common renal diseases.
Letters represent following renal diseases: a. acute cellular rejection is due to T lymphocytes

infiltration (blue balls) to renal tubules (orange arrows); b. acute tubular injury with
flattened epithelium (blue line) usually results from either ischemic or toxic insult to
proximal tubules; c. crescentic glomerulonephritis associated with ANCA or anti-glomerular
basement antibody results from the proliferation of parietal epithelial cells (green triangles),
leading to collapsing glomerular capillary loops (blue arrows) and acute renal failure; d.
thrombotic microangiopathy with multiple etiologies, is characterized with thrombosis (red
circle) causing luminar obstruction (green arrows) and edematous glomerular endothelial
cells (blue spindle endothelial cells); e. mesangial deposits are seen in IgA nephropathy;

f. subendothelial deposits are usually found in membranoprolifeative glomerulonephritis
and diffuse proliferative lupus nephritis (black squares within red glomerular basement
membrane) ; g. subepithelial deposits seen in membranous glomerulopathy are due to
primary or secondary etiologies (black squares outside the red glomerular basement
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membrane); h. minimal change disease and focal segmental glomerulosclerosis (NOS)
typically shows diffuse fusion of fusion processes (solid black line outside of red glomerular
basement membrane); i, collapsing glomerulopathy is characterized by collapsed glomerular
basement membrane (curved red line) with proliferative podocytes (yellow triangles). AA —
afferent arteriole, EA — efferent arteriole, MD — macular densa, PT — proximal tubules, PTC
— peritubular capillaries.
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Figure 2. Interaction of acute céellular rejection captured by electron microscopy.
Panel A (left). Leaked proximal tubular cytoplasm, through tubular basement membranes

interacts with extracellular materials of lymphocytes as an induction of lymphocytic
infiltration. Letters represent following structures: a. an infiltrated lymphocyte in the
proximal tubule (tubulitis); b. cytoplasm of proximal tubules with leaking component
through tubular basement membrane (c); d. lymphocyte releasing extracellular particles
to interact with proximal tubular cytoplasm (indicated by an arrow; details presented in
the left upper corner insert). Panel B. Activated lymphocyte physically penetrates through
tubular basement membrane into the proximal tubule (infiltration direction is indiacted
by an arrow). Letters represent following structures: e. infiltrated lymphocyte (tubulitis);
f. proximal tubular epithelium; g. tubular basement membrane; h. lymphocyte extending
beyond tubular basement membrane as an action of infiltration.
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Figure 3. Shedding platelet fragments and releasing extracellular vesicles of neutrophil asearly
sign of thrombosisin membranous glomer ulopathy.

The left large panel of image captures shedding platelet fragments with a glomerular
capillary loop, which details can be further seen in the right upper insert (fragments
indicated by an arrow). Meanwhile, an activated neutrophil within the same loop
demonstrates its exosome vesicles in the cytoplasm surface (indicated by two horizontal
arrows in right lower panel insert) and releasing exosomes and/or microparticles from

its cell surface membranes (two vertical arrows in the right lower panel inset). Letters
represent following structures: a. podocyte; b. subpeithelial immune complex deposits above
the glomerular basement membrane; c. Bowman’s capsule, d, parietal epithelial cell; e.
glomerular endothelial cell; f. mesangial cell; g. platelet with fragmentation (also see in the
insert in right upper panel); h. red blood cells; i. activated neutrophil (also see in the insert in
right lower panel); j. lymphocyte.
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