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Autosomal dominant (AD) and autosomal recessive (AR) polycystic kidney diseases
(PKD) are severe multisystem genetic disorders characterized with formation and
uncontrolled growth of fluid-filled cysts in the kidney, the spread of which eventually
leads to the loss of renal function. Currently, there are no treatments for ARPKD, and
tolvaptan is the only FDA-approved drug that alleviates the symptoms of ADPKD.
However, tolvaptan has only a modest effect on disease progression, and its long-term
use is associated with many side effects. Therefore, there is still a pressing need to
better understand the fundamental mechanisms behind PKD development. This review
highlights current knowledge about the fundamental aspects of PKD development (with
a focus on ADPKD) including the PC1/PC2 pathways and cilia-associated mechanisms,
major molecular cascades related to metabolism, mitochondrial bioenergetics, and
systemic responses (hormonal status, levels of growth factors, immune system, and
microbiome) that affect its progression. In addition, we discuss new information regarding
non-pharmacological therapies, such as dietary restrictions, which can potentially
alleviate PKD.

Keywords: polycystic kidney disease, microbiome, mitochondria, calcium, cilia

INTRODUCTION

One of the most common inherited disorders in the United States is polycystic kidney disease
(PKD), which is characterized by the formation of fluid-filled cysts in the kidneys. PKD has
two major forms, autosomal dominant (ADPKD) and autosomal recessive (ARPKD), which
are distinguished by their genetic cause, prevalence, age of onset and pattern of inheritance.
The prevalence of ADPKD is much higher compared to ARPKD and is estimated to be 1 in
400 to 1 in 1,000 births (Torres et al., 2007), while the incidence of ARPKD is 1 in 26,500
live births (Alzarka et al, 2017). ADPKD is usually diagnosed later in life, while ARPKD
develops during prenatal development, or in early childhood. ADPKD is mainly associated
with mutations in the PKDI or PKD2 genes encoding the polycystin-1 and -2 proteins (PC1
and PC2), respectively (Dong et al., 2019). The primary cause of ARPKD is mutations in the
PKHDI gene encoding the fibrocystin/polyductin protein (FPC; Burgmaier et al., 2021).
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PKD has a large list of complications that significantly impair
quality of life. To date, there is no cure for PKD; however,
there are drugs that can alleviate the symptoms of the disease.
In 2018, we saw the first breakthrough in PKD pharmacology,
when the U.S. Food and Drug Administration (FDA) approved
the use of tolvaptan for ADPKD. Tolvaptan is a selective
vasopressin V2 receptor antagonist that slows the progression
of ADPKD, when taken in conjunction with certain dietary
restrictions (Torres, 2019). However, long-term use of this drug
causes serious side effects (Torres et al., 2012; Watkins et al.,
2015), and there is a need to develop more effective and safe
treatments. The efforts of many research teams are devoted
to identification of new molecular mechanisms and potential
targets in PKD. Clinical and basic science studies are underway
that will reveal more information about the systemic changes
associated with PKD, and shed light on the shifts in inflammatory
and hormonal patterns, the microbiome, epigenetics, and other
important components of this complicated pathology. The PKD
research area is actively developing, and a plethora of signaling
cascades and pathways have been implicated in PKD development
to date. This review introduces the reader to selected classic
molecular mechanisms underlying PKD, such as PC1/2 signaling,
cilia-related cascades, and growth factors-related signaling.
Furthermore, we will discuss some of the more recent
developments in the field, such as the role of mitochondrial
bioenergetics, inflammation, and implications of diet and the
microbiome in PKD. Figure 1 illustrates the interconnected
pathological mechanisms behind PKD, emphasizes the
foundational concepts, and the complex nature of this disease.
We regret that space limitations do not allow us to fully cover
the vast field of PKD research. For a deeper view on PKD,
we encourage the readers to refer to the latest collection of

articles published in cellular signaling, in the special issue on
cell signaling in PKD edited by Dr. Albert Ong and Dr. Vicente
Torres (Torres and Ong, 2020), which provides a detailed insight
into the recent advances in PKD research.

AVAILABLE ADPKD TREATMENT AND
THE MECHANISMS BEHIND IT

Tolvaptan (Jynarque®), the first drug which effectively slows
ADPKD progression, was approved by the FDA in 2018.
Tolvaptan is a selective antagonist of vasopressin receptor 2
(V2R; Torres, 2019). In an initial phase II open-label, 3-year
clinical trial among 63 patients, the administration of tolvaptan
resulted in an improvement in total kidney volume (TKV)
and estimated glomerular filtration rate (eGFR) in comparison
with a placebo. Two pivotal clinical trials tested tolvaptan in
adults with ADPKD - the 1-year REPRISE study (NCT02160145)
and the 3-year TEMPO 3:4 study (NCT00428948). During the
phase III, multicenter, double-blind, and placebo-controlled
TEMPO 3:4 trial, tolvaptan attenuated the rate of TKV increase
(2.8% vs. 5.5% in the placebo group) and slowed kidney function
decline (—2.61mg/ml per year decrease in serum creatinine
in tolvaptan-treated group vs. —3.81mg/ml per year in the
placebo-treated group; Torres et al, 2011b, 2012; Casteleijn
et al,, 2017). REPRISE also showed a slower eGFR decline
(- 2.34ml/m1n per 1.73m? vs. —3.61 in the placebo group) in
patients with later-stage ADPKD (Torres et al,, 2017b). The
disadvantages of tolvaptan include moderate efficacy, significant
side effects, and high cost [$5,760 per month, or $744,100
per quality-adjusted life-year gained compared with standard
care (Erickson et al.,, 2013)]. In addition, long-term consequences
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FIGURE 1 | Generalized pathways involved in PKD development. Mutations in PKD1/PKD2 lead to aberrant functionality of a variety of interconnected signaling
pathways, which can result in abnormal proliferation, fibrosis, and inflammation that accompany cystogenesis.

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 693130


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Vasileva et al.

Molecular Mechanisms of PKD

of tolvaptan treatment are yet to be determined. Patients treated
with tolvaptan were reported to develop side effects, such as
thirst, polyuria, and liver injury. In subjects from REPRISE
placebo group, percentages of individuals experiencing the levels
of aspartate aminotransferase (AST) more than 3 or 20 times
the upper limit of normal were 6.9 and 0.8%, while only 0.9
and 0% of patients taking tolvaptan exhibited similar AST
levels (Torres et al., 2020). In TEMPO 3:4, 23.0% of tolvaptan-
treated subjects exited the trial early, mostly (8.3% of subjects)
due to aquaretic adverse events (Torres et al., 2012). These
side effects might limit the long-term use of tolvaptan.
Accordingly, basic science, clinical, and patient communities
are looking forward to the discovery of new therapies in
the future.

Tolvaptan slows ADPKD progression by blocking
vasopressin-stimulated pathways, lowering intracellular cAMP,
and inhibiting fluid secretion. In rodent models, treatment
with vasopressin aggravated the development of ADPKD,
while antagonism of its receptor helped preserve renal function
(Hopp et al, 2015; Wang et al., 2019a). Blocking the V2R
with tolvaptan can affect the extracellular signal-regulated
kinase (ERK) pathway, cAMP production, and Cl~ secretion
(Reif et al., 2011; Aihara et al.,, 2014; Kanhai et al., 2020).
The central signaling pathways affected by tolvaptan are
mediated by cAMP, which is increased at different stages in
ADPKD (Cantero Mdel et al., 2015; Menezes and Germino,
2019; Sherpa et al., 2019): The elevated cAMP levels in PKD
have been associated with the activation of V2R (Sherpa
et al, 2019). V2R blockade reduced cAMP levels and led to
a significant slowdown or prevention of cyst growth in PCK
rat (ARPKD model; Wang et al, 2005). Another factor
contributing to the cAMP increase in PKD is dysregulated
Ca’* signaling. The primary event that changes Ca’>* homeostasis
is triggered by defects in PC1 and/or PC2 (Verschuren et al,,
2018; Kuo and Chapman, 2020; Cabrita et al., 2021). Elevated
levels of Ca**-regulated adenylyl cyclases (AC), which synthesize
cAMP, have been reported in Pkd2-deficient cells (Spirli et al.,
2012; Wang et al,, 2018). In particular, AC5 contributes to
increased renal cAMP levels and cyst growth, as shown in
Pkd2 mutant mice; Wang et al. demonstrated that inhibition
of AC5 may be beneficial in the treatment of PKD (Wang
et al., 2018). Rees et al. showed that AC6 deficiency also
can ameliorate cystogenesis, using a mouse model of PKD
that was homozygous for the loxP-flanked Pkdl and
heterozygous for an aquaporin-2-Cre recombinase transgene
to achieve collecting duct-specific targeting (Rees et al., 2014).

CURRENT KNOWLEDGE ABOUT THE
STRUCTURE AND FUNCTION OF PC1,
PC2, AND FPC

To date, more than 2,000 mutations in PKDI and about
400 mutations in PKD2 have been identified in people with
ADPKD (Dong et al.,, 2019). Most mutations in PKDI result
in expression of the abnormally small, non-functional PC1

protein, which likely interrupts intracellular and ciliary
signaling pathways, resulting in atypical cell growth and
proliferation (Hopp et al., 2012; Cai et al., 2014; Cebotaru
et al, 2014; Kurbegovic et al., 2014). Mutations in PKD2
similarly lead to loss of PC2 function and a decrease in its
expression (Kim et al, 2009; Yook et al, 2012; Douguet
et al., 2019; Walker et al., 2019).

The PC1 protein [462-kDa, 4,303 amino acids (aa)], which
is encoded by the PKDI, is a large integral membrane protein
that has 11 transmembrane domains, a small C-terminal
cytoplasmic tail and a long extracellular N-terminal tail
(>3,000 aa; Hughes et al, 1995; Nims et al., 2003; Hardy
and Tsiokas, 2020). PC1 is likely chemosensitive and
mechanosensitive, with the overall structure similar to adhesion
receptors (Figure 2; Nauli et al., 2003). One of the conserved
features of PC1 is the presence of G protein-coupled receptor
(GPCR) proteolytic cleavage site (GPS) and the ability of
PC1 to activate G protein-mediated signaling (Parnell et al.,
1998; Zhang et al., 2018). Cleavage of PC1 at its GPS is an
essential step in the maturation and trafficking of these
proteins (Gainullin et al., 2015). More information about
these pathways in PKD and PC1’s potential function as an
unconventional GPCR can be found in an excellent detailed
review by Hama and Park (2016). PC2, which is encoded
by PKD2 and is also known as TRPP2, is a member of the
transient receptor potential (TRP) channel family. Like all
TRPs, PC2 is a non-selective Ca**-permeable cation channel
that is expressed in a variety of tissues. PC2 (110kDa) is
a highly conserved 968 aa-long protein that contains six
transmembrane domains with intracellular C-and N-terminal
tails (Grieben et al., 2017). In the C-terminus, there is a
coiled-coil domain that interacts with the carboxyl tail of
PC1 (Figure 2; Qian et al., 1997). PC2 is known to interact
with other ion channels to modulate intracellular Ca** signaling
via the ryanodine receptor (RyR) and the inositol
1,4,5-triphosphate receptor (IP3R) in the endoplasmic
reticulum (ER; Anyatonwu et al., 2007; Santoso et al., 2011).
Interestingly, PC2 is required for the maturation and
localization of PCI; it is hypothesized that PC2
participates in PC1 folding and quality control of this
process (Gainullin et al., 2015).

PC1 and PC2 work together to help regulate cell growth
and proliferation, cell migration, and cell-to-cell interactions
(Nauli et al., 2003; Su et al., 2018; Nigro et al., 2019). PC1
and PC2 modulate a variety of signaling pathways. The
structure, function, and stoichiometry of the PC1/PC2 complex
are widely discussed (Wang et al., 2019b; Woodward and
Watnick, 2019; Ha et al.,, 2020). PC1 and PC2 can interact
via their coiled-coil domains, forming a heteromeric complex
(likely consisting of one PC1 and three PC2 subunits; Su
et al, 2018). The Ca® permeability, conductance, and
functionality of the PC1/PC2 complex (or of PC2 as a
homotetrameric complex without PC1) are still being debated
(Kleene and Kleene, 2017; Su et al., 2018; Woodward and
Watnick, 2019; Zheng et al., 2019). The association of polycystins
with their partners, which can form multiprotein complexes
and modulate various functions (e.g., trafficking, signaling,
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FIGURE 2 | Domain structure of proteins causing ARPKD and ADPKD: polycystin 1, polycystin 2, and fibrocystin. (left) PC1 contains 11 transmembrane domains
(TD); in addition, there are the following domains: PC1 lipoxygenase a-toxin (PLAT) domain, tetragonal opening for polycystins domain (TOP), an intracellular
C-terminus with a coiled-coil domain and a G-protein activating site (GPA), an extracellular N-terminus with a G-protein site (GPS), a G protein-coupled receptors
autoproteolysis-inducing (GAIN) domain, receptor for egg jelly (REJ), PKD-related repeats, low-density lipoprotein-A domain (LDL-A), C-type lectin domain (CTL), cell
wall integrity and stress component domain (WSC), C-terminal cysteine-rich domain (CT), leucine-rich repeat (LRR), and N-terminal cysteine-rich domain (NT).
(middle) PC2 has 6 TD, a tetragonal opening for polycystins domain (TOP) and two pore helices (ph1 and ph2); both of its C-and N-termini are cytosolic. Of note, its
C-terminus contains an EF-hand domain and a coiled-coil domain, and in the N-tail contains a ciliary targeting sequence (CTS). PC1 and PC2 can interact via their
coiled-coil domains. (right) FPC contains 1 TD, a short cytosolic C-tail, and a long extracellular N-terminus. The N-terminus contains two G8 domains, which can

be involved in ligand binding and catalysis, and multiple copies of an Ig-like domain (TIG). Abbreviations: Polycystin 1 (PC1), polycystin 2 (PC2), transmembrane

N
Polycystin 2 Fibrocystin
(PKD2) (PKHD1)
TIG
Ca?
G8

G8

and degradation), is described in a comprehensive review by
Hardy and Tsiokas (2020). Interestingly, recent in vivo studies
described a potential physiologic role for PC1 in the absence
of cysts, tubule dilation, or enhanced cell proliferation. The
authors induced nephron-specific disruption of the Pkdl in
3-month-old mice and then challenged them with a high
salt diet at 4-5months of age. The data suggested that PC1
deficiency in the nephron may exert a salt-wasting effect
(Lakshmipathi et al., 2020). Overall, significant ongoing research
efforts are devoted to the role of PC1/PC2 in ADPKD
development, and not all of the existing controversies have
yet been resolved. Undoubtedly, PC1/PC2 and their interaction
and effects on intracellular signaling play a key role in the
pathogenesis of this complex disease. We anticipate direct
manipulation with the known mutations in PKDI through
cutting-edge genetic approaches would be a very promising
way to ameliorate disease progression.

The main cause of ARPKD is a mutation in the PKHDI
gene (Outeda et al., 2017). The product of PKHDI is FPC,
which has a length of 4,074 aa and molecular weight of 447 kDa
(Figure 2; Melchionda et al., 2016). The FPC is localized in
the primary cilia and basal bodies in renal epithelial cells and
participates in the organization of microtubules and/or
mechano-and chemo-sensibilization of primary cilia, as well
as in regulation of intracellular adhesion and cell proliferation
(Puder et al., 2019).

CILIA AT THE FOREFRONT OF THE
DISEASE: PC1/PC2 COMPLEX, IFT, AND
EXOCYST

The primary cilium is an organelle protruding into the lumen
of the renal tubular cells of different nephron segments, including
proximal tubules, distal tubules, loop of Henle, and principal
cells of the CD (however, primary cilia are absent on the
intercalated cells; Figure 3; Liu et al, 2003). The
mechanosensation of the primary cilia is debatable. According
to one of the dominant hypotheses, the primary cilium acts
as a unique mechano-and chemosensor that is capable of
determining the presence of fluid flow as well as its composition,
and regulating Ca®* influx (Nauli et al., 2003; Lee et al., 2015;
Pala et al., 2017). However, there is an opposite assumption
that in primary cilia, mechanosensation does not regulate Ca**
signaling (Delling et al., 2016). Delling and colleagues showed
that the initial oscillation of Ca** occurs in the cytoplasm in
response to flow and then diffuses into the cilia. However, it
remains unclear what the source of the mechanically induced
Ca’* oscillations is in this case.

There are five main parts in the structure of the primary
cilia: axoneme, ciliary membrane, ciliary plasma, basal body,
and the transition zone (Figure 3). The ciliary membrane
contains a plethora of receptors, ion channels, and sensory
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FIGURE 3 | Cilia in PKD development. A schematic of the renal epithelium with cilia is shown on the left. An expanded detailed schematic of primary cilium is
shown on the right. The major components of primary cilium are basal body, transition zone, axoneme, cilium membrane, and plasma. The basal body is a base of
cilia that contains a lot of ciliary proteins; nine doublet microtubules extend from the basal body, forming the axoneme enclosed by the ciliary membrane and ciliary
plasma. Transition zone (T2) is a diffusion barrier which plays a critical role in ciliogenesis. TZ is formed by Y-shaped fibers, which connect axonemal microtubules to
the ciliary membrane. The intraflagellar transport (IFT) system (includes anterograde and retrograde transport) is necessary for ciliary transport and cilia growth. IFT
system consists of two protein complexes, IFT-A and IFT-B. The IFT-B core complex includes at least 14 IFTs, and one of the most well-studied ones is IFT88. The
membrane of the cilium contains PC1/PC2 complexes, which are a part of the mechanosensitive unit of cilia. The protein complex exocyst is an important
component of ciliary function; exocyst mediates the tethering of transport exocytic vesicles to the plasma membrane prior to fusion. Genetic defects in ciliary genes
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proteins, and the cilioplasma is enriched with signaling and
transport proteins, which are activated in response to mechanical
and chemical stimuli. The axoneme and the basal body connect
through a diffusion barrier - the so-called transition zone or
the gate, which is formed by the characteristic Y-shaped doublet
microtubules connected to the ciliary membrane (Y-links). This
barrier separates the ciliary matrix and cilioplasma from the
cytoplasm. Disturbances in the structure and function of the
cilia lead to a spectrum of diseases known as ciliopathies.
Dysregulation of expression, maturation, and trafficking of
polycystins to the cilium is shown to be involved in pathogenesis
of PKD (Ma et al., 2013; Cai et al., 2014).

In the healthy kidney, the length of the renal cilia should
be within a certain range, which can change during the cell
cycle or as the body develops. However, significant changes
in the length of the primary cilia or their loss have been
linked to impaired renal function (Park, 2018). The cilia are
assembled, disassembled, and maintained with the help of the
intraflagellar transport (IFT) system. The most well-known
mutations in IFT system genes leading to ADPKD are reported
in the IFT88/POLARIS gene, resulting in loss of IFT88, and
a mutation in the IFT20 gene. Another gene required for the
formation of the primary cilium and involved in PKD is KIF3A
(Kinesin Family Member 3A, microtubule-based anterograde
translocator for membranous organelles). Tissue-specific
inactivation of Kif3a in transgenic mice leads to cystogenesis,
as well as inhibition of the cilia growth in cyst-lining cells
(Lin et al., 2003).

Normally, the PC1-PC2 complex in the ciliary membrane
inhibits the so-called cilia-dependent cyst activation (CDCA)
signal. In ADPKD, the dysfunction of PC1-PC2 promotes cyst
growth due to weakening of the CDCA inhibition (Ma et al,,
2013). Moreover, ciliary PC1-PC2 can regulate CDCA signals
that control the diameter of renal tubular lumen or the shape
of renal epithelial cells (Saburi et al., 2008; Ma et al., 2017).
According to the predominant hypothesis, this complex translates
the extracellular flow shear stress into a Ca** signal (Rydholm
et al., 2010; Doerr et al., 2016). It should be noted, however,
that some studies contradict this assumption and report complete
lack of mechanically induced Ca’* increases in primary cilia
(Delling et al., 2016). In addition, ciliary PC1-PC2 is important
for maintaining epithelial cells in differentiated and polarized
states (Nauli et al., 2003; Malekshahabi et al., 2019). Inhibition
of this complex leads to a decreased Ca?* influx into the cell,
which disrupts downstream cascades (Boehlke et al., 2010).

Another ciliary protein complex which is crucially important
in PKD is the exocyst, which is a highly conserved eight-
protein complex responsible for directing and securing exocytic
vesicles from the trans-Golgi network to their sites of fusion
with the plasma membrane (Mei et al,, 2018). The exocyst is
necessary for cell growth and correct development of primary
cilium in renal cells (Picco et al, 2017) and includes Sec3p,
Sec5p, Sec6p, Sec8p, SeclOp, Secl5p, Exo70p, and Exo84p
proteins. In the primary cilia of renal tubular cells, the exocyst
co-localizes and interacts with PC2 (Fogelgren et al., 2011).
The Secl0 subunit is known to biochemically interact not only
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with PC2, but also with IFT88 and IFT20 (Fogelgren et al,
2011). Mutations in any component of the exocyst can lead
to cystic kidney disease (Chacon-Heszele et al., 2014). The
exocyst and its regulators are recognized as very important
components of primary cilium regulation (Noh et al, 2018).
Over the years, it has become clear that PKD is a ciliopathy,
and manipulating ciliary proteins and signaling cascades initiated
in or by cilia (especially those associated with PC1/PC2) as
new targets are promising. Unfortunately, no therapies based
on these mechanisms have emerged so far, and we are looking
forward to the development of novel pharmacology that would
allow for cilia-specific targeting.

HORMONES AND GROWTH FACTORS
IN PKD

Based on numerous clinical and translational studies aimed at
identifying novel aspects of ADPKD and ARPKD pathogenesis,
growth factors have emerged as potentially important effectors.
This section provides relevant information about growth factors,
hormones, and cytokines that affect progression of PKD via effects
on processes, such as cell growth, proliferation, and differentiation.

Epidermal Growth Factor

Cellular proliferation, fibrosis, inflammation, and fluid secretion
can be accelerated by the epidermal growth factor (EGF); EGF
signaling is activated when EGF binds to its receptors [EGFRSs,
such as EGFR (also known as ERB1), ERBB2, ERBB3, and
ERBB4]. EGF signaling plays a role in the expansion of renal
cysts; abnormal mislocalization and overexpression of EGFR
was demonstrated in human and mouse cyst-lining epithelial
cells, which are also typically characterized by disturbed cell
polarity. In addition, EGF and its related growth factors can
directly affect sodium reabsorption in the distal nephron
(Zheleznova et al., 2011). Sweeney et al. showed in 2017 that
tesevatinib (TSV), a multi-kinase inhibitor (especially effective
for the EGFR family), reduced phosphorylation of key mediators
of cystogenesis and alleviated renal and biliary disease in bpk
and PCK models of ARPKD (Sweeney et al., 2017). Taken
together, the data indicate that overactive EGF/EGFR signaling
contributes to the pathophysiology of AD and ARPKD, suggesting
that inhibition of this pathway is a potential therapeutic target.

Transforming Growth Factors and Fibroblast
Growth Factor

In human ADPKD, the levels of transforming growth factor 1
(TGF-p1) were shown to be higher compared to the control
group (Kocer et al., 2016). A recent study found that overexpression
of TGF-f1 in the PkdI*“®*¢ mouse model ultimately leads to
loss of renal function (Hopp et al, 2012; Zhang et al, 2020).
Leonard et al. demonstrated that iKspCre-PkdI™™ mice
(conditional Pkdl deletion leading to cystic disease) exhibit
increased expression of activin ligands (members of the TGF-f3
family; Leonhard et al, 2016). In this study, sequestration of
activin ligands was able to inhibit cystogenesis in three different

mouse PKD models. Experiments performed in a 3D culture of
ADPKD cells from human kidneys demonstrated the inhibitory
effect of TGF-B2 on cyst formation (Elberg et al, 2012).

In another study, TGF-a was reported to be abnormally
overexpressed in bpk mice (ARPKD model), potentially
accelerating the disease (Dell et al., 2001). However, an increase
in TGF-a is likely not the primary cause for disease progression.
In a transgenic slowly progressing cystic mouse model
homozygous for the Pcy gene, TGF-a was not required for
cyst formation and did not initiate cyst development, although
it was able to accelerate the enlargement of cysts once cystogenesis
was initiated (Gattone et al., 1996).

Fibroblast growth factors (FGFs) are a family of cell signaling
proteins that regulate various biological processes, including
inflammation (Hanudel et al., 2019). Clinical studies in patients
with ADPKD demonstrated higher levels of FGF23 compared
to control groups. Predominantly, they observed an increase
in the cleaved C-terminal fragment of FGF23, which lacks
phosphaturic activity (Takenaka et al., 2020), while the FGF23
coreceptor — Klotho - was shown to be reduced in ADPKD
patients and DBA/2-pcy mice (Kanai et al, 2018; Takenaka
et al, 2020). Although the importance of growth factors,
especially EGF, has been firmly established in AD and ARPKD,
more studies are needed in order to provide more mechanistic
information on the TGF and FGF23/Klotho pathway in patients
with PKD, as their role still remains somewhat obscure.

Endothelin

The endothelins (ET-1, ET-2, and ET-3) are a family of
multifunctional peptides with potent effects on renal electrolyte
handling, fibrosis, and inflammation (Raina et al., 2016). ET-1
has a variety of effects on renal physiology through its major
receptor subtypes, ETa and ETb. In ADPKD, the circulating
and local ET-1 systems are abnormally activated, and the
expression of ETa and ETb receptors have been reported to
be increased in human tissues (Kocyigit et al., 2019). Interestingly,
the use of selective antagonists of ET-1 receptors showed that
the ETa/ETb balance is critical for the progression of disease.
For instance, ETb blockade accelerated cyst growth in a Pkd2"s*'-
orthologous mouse model of ADPKD (obtained by intercrossing
Pkd2*'~ and Pkd2"$*VS% founder mice), while simultaneous
blocking of ETa neutralized this effect (Chang et al., 2007).
Current evidence suggests that a balance between receptor
subtypes is necessary to maintain kidney structure and function,
and one can hypothesize that the same is likely true for PKD.

Renin-Angiotensin-Aldosterone System

Renin-angiotensin-aldosterone system (RAAS) is tightly linked
to the high blood pressure that develops as a complication in
the majority of ADPKD patients (Patch et al, 2011; Hian
et al, 2016). Besides increased blood pressure, there is a
possibility that dysregulation of RAAS can potentially contribute
to disease progression by activating signaling cascades that
promote cyst growth and especially affect epithelial transport.
Kim et al. (2019) revealed that high activity of intrarenal RAAS
(assessed by urinary angiotensinogen) is associated with increased
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excretion of K* in patients with PKD, and suggested intrarenal
RAAS activity as a prognostic marker for mortality and renal
function decline [data obtained from the KoreaN cohort study
for Outcome in patients With Chronic Kidney Disease (KNOW-
CKD; Kim et al., 2019)]. However, reports regarding the effects
of RAAS blockade in ADPKD are controversial. The hypertension
in PKD (HALT-PKD) study demonstrated that although strict
control of
blood pressure in ADPKD is associated with a slower TKV
increase, it is independent of the pharmacologic intensity of
the RAAS blockade (Brosnahan et al, 2018). In a recent
randomized control trial (NCT01853553), spironolactone (a
mineralocorticoid-receptor antagonist) reduced blood pressure
in ADPKD patients but did not affect the majority of markers
of oxidative stress and inflammation (Nowak et al, 2019).
However, despite these slightly disappointing findings, there
are still unanswered questions about the role of RAAS in
ADPKD. A nationwide population-based cohort study from
Taiwan demonstrated that the RAAS blockade combined with
statin therapy can reduce the risk of cerebrovascular events
in ADPKD (Sung et al,, 2017). Saigusa et al. reported that
loss of cilia (Ift88~'~ mice) or PC1 (Pkdl™~ mice) is able to
increase renal angiotensinogen level (Saigusa et al., 2015), and
later showed that RAAS blockade attenuates renal cystogenesis
in Pkdl mice (Saigusa et al., 2016; Fitzgibbon et al., 2018).
Earlier, Loghman-Adham et al. suggested that overactivity of
intrarenal RAAS results in an increased level of intratubular
Angiotensin II in ADPKD patients (Loghman-Adham et al,,
2004). A recent study by Salih et al. reported similar circulating
RAAS component levels in ADPKD and chronic kidney disease
(CKD) patients; however, higher wurinary excretion of
angiotensinogen and renin was found to be a unique feature
of ADPKD (Salih et al, 2017). Konvalinka et al. reported
lower urinary excretion of Angiotensin II-regulated proteins
(BST1, LAMB2, LYPA1, RHOB, and TSP1) in ADPKD compared
to CKD, which was attributed to a lack of communication
between cysts and tubules (Konvalinka et al., 2016). It should
be emphasized that hypertension is a complication of ADPKD-
induced chronic kidney failure and cannot be regarded as a
direct cause of disease. Alleviating high blood pressure can
indeed help the prognosis of ADPKD treatment, but the
treatment of hypertension should not be equated with the
treatment of ADPKD.

In ARPKD, the data related to RAAS are rather limited.
A study in a PCK rat model reported that the intrarenal,
but not systemic, RAAS activation was associated with
ARPKD (Goto et al., 2010). In earlier studies, conflicting
data were reported, showing both increased and decreased
RAAS components in ARPKD patients and the Lewis rat,
an ARPKD model (Loghman-Adham et al., 2005; Phillips
et al., 2007). More controlled, large-scale studies are required
to improve our understanding of the role of RAAS blockade
in the management of hypertension during PKD,
potential involvement of RAAS in the molecular mechanisms
underlying AD and ARPKD pathophysiology, and the
usability of its components as prognostic biomarkers for
PKD progression.

MITOCHONDRIA-RELATED SIGNALING
PATHWAYS

Mitochondria, the cellular powerhouses and important signaling
nodes, can be linked to virtually every signaling pathway,
and mitochondrial abnormalities have recently been directly
implicated in cystogenesis. Oxidative stress is often observed
in cystic cells (Ishimoto et al, 2017; Nowak et al, 2018;
Andries et al., 2019). Structural damage has been reported
in mitochondria in the cystic cells, which are more swollen,
and exhibit indistinct and damaged cristae (Ishimoto et al.,
2017). Cyst-lining cells from heterozygous Han:SPRD Cy
(Cy/+) rats and Ksp-Cre Pkd1%¥1x mice were reported to
have increased ROS production and reduced mitochondrial
DNA (mtDNA) copy numbers compared with their wild-type
counterparts (Ishimoto et al, 2017). It is established that
metabolic reprogramming occurs in cystic cells as a result
of their need for intensive proliferation and growth (Podrini
et al., 2020). Figure 4 summarizes the mechanisms of metabolic
changes described below.

In healthy cells, glucose metabolism includes glycolysis that
converts glucose to pyruvate. Pyruvate is transported to
mitochondria, where it is converted to acetyl-CoA, which in
turn goes through the tricarboxylic acid cycle (TCA) cycle to
produce the NADH and succinate that are needed to create
energy in oxidative phosphorylation (OXPHOS). However, in
cystic cells, pyruvate is more intensely converted to lactate
(Beck Gooz et al,, 2014; Riwanto et al, 2016). This process
is known as a shift from OXPHOS to aerobic glycolysis or
the “Warburg effect”; a similar shift from OXPHOS to glycolysis
was discovered in Pkd1—/— mouse embryonic fibroblasts (MEFs),
kidneys from humans with ADPKD (Rowe et al., 2013), and
murine models of ADPKD (Rowe et al., 2013; Chiaravalli et al.,
2016; Riwanto et al., 2016). 2-deoxy-D-Glucose (2-DG, glucose
analog that cannot be metabolized) reduced cyst growth in
murine models of ADPKD (Rowe et al., 2013; Chiaravalli et al.,
2016; Nikonova et al, 2018), heterozygous Han:SPRD rats
(Cy/+; Riwanto et al.,, 2016), and ADPKD miniature pigs (Lian
etal., 2019). Likely due to increased glycolysis, glycosphingolipid
(GSL) accumulation was observed in PKD, for instance, in
Pkdl conditional knockout mice (Natoli et al,, 2010; Rogers
et al, 2016) and PCK rats (Ruh et al, 2013). GSLs play a
role in the formation and function of the cilia, but they can
also prompt mitochondrial permeability transition and outer
membrane permeability, which leads to increased ROS release
and oxidative stress. Some studies showed increased expression
of the key glycolytic genes, hexokinase 1 (HK1) and HK2, in
human ADPKD primary cells (Chen et al, 2015; Riwanto
et al., 2016). Furthermore, the cellular promoter of the Warburg
effect, hypoxia-inducible transcription factor-la (HIF-1ar), and
its target gene pyruvate dehydrogenase kinase 1 (PDK1), which
keeps pyruvate away from the TCA cycle, were upregulated
in Pkdl™~ cells. HIF-1a plays a protective role via HIF-la-
mediated mitophagy in acute kidney injury. Renal tubular-
specific HIF-1a knockout mice exhibit decreased mitophagy,
increased apoptosis, and elevated ROS production induced by
hypoxia/reoxygenation (Fu et al., 2020). HIF-1a also regulates
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FIGURE 4 | Metabolic and mitochondria-mediated effects in PKD. (A) In mitochondria of the healthy cells, PDH converts pyruvate to acetyl-CoA. Acetyl-CoA is
the main fuel for the TCA cycle, which produces NADH and succinate needed for OXPHOS to create ATP molecules. PPARa and PGC1a promote energy
metabolism by affecting FAO and OXPHOS and help maintain normal mitochondrial biogenesis. PC1/PC2 complexes in cilia and mitochondria-associated
membranes of the ER keep Ca?* concentration level in range that is sufficient to successfully modulate mitochondrial metabolism, facilitate the work of TCA cycle
enzymes, and affect ATP synthase activity. (B) In cystic cells, there is a Warburg shift in ATP production from OXPHOS to glycolysis. Overexpression of HIF-1a
increases the expression of GLUT1, which allows more glucose molecules to pass into the cell. In addition, HIF-1a affects PDK1 that inhibits PDH and reduces
conversion of pyruvate to acetyl-CoA. miR-17 inhibits PPARa and PGC1a, which decreases OXPHOS, FAO, and mitochondria biogenesis, and results in ROS
production and mitochondrial swelling. In addition, the abnormalities of Ca®* transport caused by PC1/PC2 dysfunction also decrease OXPHOS and TCA cycle
efficacy, and PDH activity. The AMPK-ERK-mTOR pathway can be targeted to curtail mitochondrial metabolic abnormalities; metformin and other similar drugs
can activate AMPK and (independently) suppress cAMP production, which also affects mitochondria. ERK1/2 inhibits AMPK activity and upregulates mTORCT,
which then stimulates aerobic glycolysis, increases ATP production, and further inhibits AMPK. Abbreviations: pyruvate dehydrogenase (PDH), oxidative
phosphorylation (OXPHOS), affecting fatty acid oxidation (FAO), AMP-activated protein Kinase (AMPK), extracellular signal-regulated kinase (ERK), mammalian
target of rapamycin complex 1 (mMTORC1), peroxisome proliferator-activated receptor-a (PPARw), peroxisome proliferator-activated receptor y coactivator 1o
(PGC1a), reactive oxygen species (ROS), pyruvate dehydrogenase kinase 1 (PDK1), hypoxia-inducible transcription factor-1a (HIF-1a). Green triangles denote a

decrease in substance/protein, while red triangles denote an increase.

the expression of glucose transporter 1 (GLUT1) and increases
glucose permeability in cystic cells (Rowe et al., 2013).

The metabolic alterations observed in PKD may be mediated
by the ERK pathway. ERK1/2 inhibits AMPK (AMP-activated
protein kinase) activity. On the other hand, ERK1/2 can
upregulate mTORC1 (mammalian target of rapamycin complex),
which then stimulates aerobic glycolysis, increases ATP
production, and further inhibits AMPK. Upregulation of the
AMPK pathway can downregulate ERKs activity toward the
basal level (Rowe et al, 2013). There is evidence to suggest
that stimulation of the AMPK pathway might be a promising
means for new ADPKD treatments (Takiar et al.,, 2011; Chang
et al., 2018). Recently, AMPK has been shown to phosphorylate
and inhibit cystic fibrosis transmembrane conductance regulator
(CFTR), an ion channel mediating renal CI~ secretion.
Interestingly, caloric restriction also reduced cystogenesis in
ADPKD models (PkdI®“®¢ and Pkd2“$*'~ mice), by
downregulating the AMPK and the mammalian target of

rapamycin (mTOR) pathway (Warner et al., 2016). Metformin,
an activator of AMPK, was able to slow cystogenesis by inhibiting
both the CFTR and mTOR in vitro; however, metformin can
work independently of AMPK, by inhibiting AC and suppressing
cAMP production (Takiar et al, 2011; Rees et al., 2014).
Currently, a large clinical trial (Therapeutic Administration of
MEtformin-PKD; NCT02656017) is probing whether stimulation
of AMPK (using metformin) can be utilized as an effective
and safe therapy in ADPKD (Figure 4).

Dietary interventions, such as fasting and ketogenic diets,
which downregulate aerobic glycolysis because of low glucose
availability, ameliorated cyst growth in an orthologous mouse
model of ADPKD with a mosaic conditional knockout of Pkd1
(Kipp et al., 2016), in Pkd1*“*¢ and Pkd2“$*"" mice (Warner
et al, 2016), and in rat (Han:SPRD Cy/+), mouse (PkdI«
cond: Nes<), and feline models of PKD (Torres et al, 2019).
However, the dependence of cystic cells on aerobic glycolysis
is controversial. For instance, although Menezes et al. observed
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reduced OXPHOS in PkdI™~ cells, they also reported that
these cells used fatty acids as their primary energy source
(Menezes et al., 2016). Overall, there is consensus regarding
the OXPHOS reduction, among other metabolic changes in
ADPKD (Menezes et al., 2016; Padovano et al., 2017; Lakhia
et al,, 2018; Podrini et al., 2018). Rowe et al. discovered a
weak contribution of OXPHOS to ATP production in Pkdl™"~
MEFs (Rowe et al., 2013). Several other studies also reported
a reduced oxygen consumption rate in Pkd1™~ mouse cortical
collecting duct cell line (Menezes et al., 2016), Pkd1™~ mouse
renal proximal tubule cell lines (Padovano et al, 2017), and
PKDI7~ human tubular cells (Ishimoto et al., 2017).

Reduction of OXPHOS occurring in PKD may be associated
with decreased expression of peroxisome proliferator-activated
receptor y coactivator lao (PGCla), a master regulator of
mitochondrial biogenesis. Interestingly, PGCla is activated by
AMPK and affects a major transcriptional factor, PPARa (Jager
et al., 2007). Both PGCla and PPARa promote energy metabolism
by affecting fatty acid oxidation (FAO) and OXPHOS (Figure 4;
Hajarnis et al., 2017; Ishimoto et al., 2017; Lakhia et al., 2018).
In human and mouse renal cysts, the whole network of PPARa-
target genes was shown to be downregulated (Song et al., 2009;
Hajarnis et al., 2017), while increasing Ppara expression was
able to attenuate cyst growth (Hajarnis et al, 2017). In a
PkdI*“®¢ mouse model of ADPKD, treatment with PPAR«
agonist fenofibrate increased mitochondrial function as well
as slowed cyst growth and the proliferation of cystic epithelial
cells (Lakhia et al., 2018).

There is evidence that the polycystin complex (PC1/PC2)
by itself affects cellular energy metabolism. It was shown that
both PC1 and PC2 are localized at the mitochondria-associated
ER membranes (MAMs; Padovano et al., 2017). PC1/PC2 forms
Ca’*-permeable ion channels and can modulate mitochondrial
enzymes, such as pyruvate dehydrogenase phosphatase (PDP),
isocitrate dehydrogenase (IDH), and oxoglutarate dehydrogenase
(OGDH), that are important in TCA cycle and also affect
ATP synthase activity (Rossi et al., 2019). Interestingly, cells
lacking PC1 have decreased Ca**-dependent OXPHOS activity
(Figure 4; Padovano et al, 2017). In addition, the reduction
of PC2 expression affects mitochondria Ca* buffering and
increases the fragmentation of the mitochondrial network (Kuo
et al, 2019). Clearly, the dysregulation of mitochondrial
metabolism is an emerging and intriguing area of interest in
PKD research, and there are many pathways under consideration
that might lead to the development of novel treatments.
We believe that mitochondrial bioenergetics are one of the
most exciting targets in PKD and are looking forward to studies
uncovering the intertwined network of mitochondria-mediated
signaling cascades involved in cystogenesis.

DIETARY INTERVENTIONS IN PKD

A growing number of studies report that PKD progression
can be mitigated using non-pharmaceutical strategies, such as
dietary interventions. For instance, water, salt, phosphate, and
protein intake can potentially affect cyst growth (Torres et al.,

2011a; Omede et al., 2020). Furthermore, caloric restriction
(Kipp et al., 2016; Warner et al., 2016), 2-DG intake (Chiaravalli
et al, 2016), and ketogenic diet (Torres et al,, 2019) proved
effective in slowing down ADPKD progression in animal models.

Salt Intake

Salt intake is crucial for CKD. Two recent large-scale projects,
the Consortium for Radiologic Imaging Studies of Polycystic
Kidney Disease (CRISP) and HALT-PKD, both showed a
correlation between increased salt intake and severity of ADPKD
progression. CRISP demonstrated that higher urinary sodium
excretion (a surrogate of salt intake) was associated with greater
GFR decline and increased TKV, which are indicative of
functional and structural disease progression (Torres et al,
2011a). HALT-PKD, a randomized clinical trial, investigated
if strict blood pressure control affects ADPKD progression
(Torres et al., 2014). Sodium restriction in HALT-PKD resulted
in a modest reduction in urinary sodium excretion (Torres
et al.,, 2017a). Both HALT-PKD and CRISP showed that salt
restriction is beneficial to the management of ADPKD, although
in a PCK rat (an ARPKD model) an extreme restriction of
dietary salt promoted cyst growth (Ilatovskaya et al., 2019).
There is a U-shaped rather than a linear relationship between
sodium intake and cardiovascular outcomes (Heerspink and
Ritz, 2012; Middleton and Lehrich, 2014). For instance, in
patients without renal disease not only higher sodium excretion,
but also lower sodium excretion as well is associated with an
increase in cardiovascular death (O’Donnell et al, 2011).
Therefore, the non-linear relationship between salt intake and
cardiovascular outcomes should be taken into consideration
when designing and interpreting studies, and recommending
low salt/salt-deficient diet to patients.

Water Intake

Apart from salt, water intake is another dietary factor to
be considered in PKD. Increased water intake in PCK rats
suppressed renal effects of vasopressin, which led to decreasing
intracellular cAMP levels (Nagao et al., 2006). Preclinical
evidence provided recently showed that an increase in water
consumption leads to a reduction in ADPKD progression in
the LPK (Lewis polycystic kidney) rat model (Sagar et al,
2019). However, the clinical effectiveness of higher water intake
is still an open question, and interventional studies are warranted.
There are several recently completed or ongoing randomized
clinical trials that explored if increased water intake ameliorates
ADPKD progression. One of them is a PREVENT-ADPKD
pilot trial [ACTRN12614001216606 (Wong et al., 2018)], which
should be completed in 2021, and another study is “Determining
feasibility of Randomisation to high vs. ad libitum water INtake
in polycystic Kidney disease” [DRINK; NCT02933268
(El-Damanawi et al., 2018)]. The DRINK trial has already been
completed, and adult ADPKD patients with high water intake
(HWI) during 8weeks showed lower urine osmolality and
higher urine volume compared with patients with ad libitum
water intake. HWI did not result in acute effects on GFR
(El-Damanawi et al., 2020).
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Caloric/Protein Restriction and Acid
Precursors Intake

Three independent papers showed that caloric and protein
restriction can decrease renal cyst growth during ADPKD (Kipp
et al, 2016; Warner et al., 2016). It is known that ADPKD cysts
have altered glucose metabolism, since there is a Warburg-like
shift (for more on this, see in the section of this review featuring
mitochondria-related mechanisms in PKD). The discovery of
increased aerobic glycolysis in cysts allowed to suggest the use
2-DG to attempt to curtail disease development. It was proven
that inhibition of the pyruvate to lactate conversion pathway by
2-DG can slow the disease progression in Ksp-Cre:Pkd1'¥~ mouse
model and a Han:SPRD rats (Cy/+) rat model of ADPKD (Rowe
et al, 2013; Riwanto et al, 2016). Reduced food intake also
decreased serum glucose level and ameliorated ADPKD progression
in PKDn/<nd: NesC (Kipp et al., 2016) and Pkd1*“®¢ (Warner
et al,, 2016) mouse models, and the mechanisms were, respectively,
reported to be mediated by activation of the AMPK pathway,
which is a negative regulator of mTOR (Rowe et al., 2013; Kipp
etal,, 2016; Riwanto et al., 2016; Warner et al., 2016). Interestingly,
even a very moderate caloric restriction (—23%) significantly
decreased cyst growth and reduced interstitial fibrosis and
proliferation of cystic epithelia (Kipp et al, 2016). It should
be noted, however, that using restricted food intake is not easy
for patients to adhere to over the long term. Along these lines,
an alternative to caloric restriction, time-restricted feeding (TRF),
also slows cyst growth and even protects animals from the negative
effects of fasting (Torres et al.,, 2019). During TRF experiments,
Torres et al. noticed increased levels of f-hydroxybutyrate (BHB),
which is a marker of ketosis. They showed that a ketogenic diet
(another way to inhibit aerobic glycolysis) lowers glucose levels
and slows PKD progression in juvenile and adult Han:SPRD
rats, a model of ADPKD. In addition, BHB can replace succinyl-CoA
in the TCA cycle and improve mitochondrial efficiency (Torres
et al,, 2019). The Ketogenic Dietary Interventions in Autosomal
Dominant PKD (Keto-ADPKD) clinical trial started at the end
of 2020 (NCT04680780, https://clinicaltrials.gov/ct2/show/
NCT04680780).

Many studies in CKD models show that keeping hydrogen
ions levels low in plasma and urine is beneficial for disease
mitigation (Tanner and Tanner, 2000; Mahajan et al, 2010),
while increased acid intake during CKD causes rapid renal failure
(Banerjee et al.,, 2015) and decreases GFR (Goraya et al., 2012).
It is still unclear specifically how hydrogen ions facilitate cyst
growth; however, increased proton excretion was correlated with
decreased ADPKD progression, while administration of alkali
was able to reverse that trend (Cowley et al., 1996). The clinical
effectiveness of this dietary approach is yet to be explored.

Several studies highlighted that animal protein intake can
affect early kidney failure during ADPKD (Klahr et al, 1995;
Ogborn and Sareen, 1995). A very interesting trial conducted
from 2012 to 2014 (ClinicalTrials.gov NCT01810614) explored
the correlation between diet and markers of ADPKD. The goal
of the trial was to test if changes in sodium, protein, acid
precursors, and water intake can affect cyst growth. In this
pre-post feasibility study, 12 adults diagnosed with ADPKD were

given a diet with lower amounts of sodium and protein, and
higher amounts of fruits, starchy vegetables, and water, to which
the majority of the patients was able to adhere. The subjects
had a trend for a decrease in systolic blood pressure potentially
resulting from lower sodium intake. Furthermore, this diet
reduced proton excretion in the urine. A manuscript summarizing
the results of the trial mentioned that higher water intake led
to lower plasma and urine osmolality, which in turn affected
vasopressin by lowering its levels in plasma (Taylor et al., 2017).

Based on the recent findings, we can conclude that managing
dietary intake of salt, water, protein, glucose, and other nutrients
can help slow PKD progression and potentially facilitate medical
treatments and improve long-term outcomes of the disease. There
still are many questions related to the mechanisms of nutrients’
effects in PKD, but a solid base of evidence has been collected
for preclinical and clinical trials of different dietary interventions.

INFLAMMATION AND MICROBIOME IN
PKD

Many studies have reported abnormal expression of genes encoding
factors of the immune response, and overall activation of the
immune system and infiltration of immune cells in ADPKD
(de Almeida et al,, 2016). One of the current hypotheses suggests
that the events associated with inflammation and activation of
the immune system may promote PKD; for instance, it has been
shown that M2-like macrophages can promote ARPKD progression
in cpk mice by stimulating cyst cell proliferation, cyst growth,
and fibrosis (Swenson-Fields et al., 2013). Cytokines (small proteins,
peptides, or glycoproteins that mediate and regulate immunity
and inflammation) have also been employed in PKD development.
A widely studied chemokine important for PKD, which is also
involved in the development of other renal disorders, is MCP-1
(monocyte chemoattractant protein-1). MCP-1 is one of the key
regulators of monocyte and macrophage migration and infiltration,
and it was shown that the expression of MCP-1 is increased in
urine in most patients with ADPKD, as well as in cystic fluid
obtained from nephrectomy specimens (Zheng et al, 2003).
Urinary MCP-1 was suggested to be a biomarker of ADPKD,
and a key factor in the development of ADPKD therapy (Zheng
et al., 2003). Expression of MCP-1 is controlled by TNF-a (tumor
necrosis factor alpha), which is a powerful pro-inflammatory
inductor that is implicated in many signaling cascades relevant
for PKD (Zhou et al, 2015). TNF-a levels increase in cystic
kidneys during macrophage infiltration, and it was suggested
that this inflammatory cytokine may promote cyst growth and
expansion during PKD progression (Zhou et al., 2015).

Innate immune cells are responsible for maintaining
homeostasis and functional recovery of the kidney after injury,
but in the early stages of kidney disease, activation of immune
cells, and of macrophages in particular, can lead to tissue
damage (Dong et al., 2007; Park et al., 2020). In PKD, changes
in the innate immune response occur at early stages of the
disease (Zimmerman et al., 2019b). Unfortunately, although
congenital kidney immune cells are mostly evolutionarily
conserved, there are significant discrepancies that make it
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difficult to extrapolate data from animal models to humans
(Zimmerman et al., 2019a). For example, a set of immune
cells shown to be activated in patients with PKD (i.e., non-specific
and infiltrating macrophages, mast cells, neutrophils, B cells,
and different types of T-cells) are different from cells activated
in mouse models (Zimmerman et al, 2020). Thus, the
discrepancies in activation of immune cells greatly complicate
the study of the role of individual components of immunity
in animal models and humans.

It is hypothesized that adaptive immune response (humoral
response mediated by B-lymphocytes and antibodies, and cell-
mediated response carried by T-lymphocytes) may also play
a role in the pathology of ADPKD. Specifically, it has been
proposed that activation of adaptive immunity can be used
as a biomarker for ADPKD: increased levels of interleukins
(IL-23, IL-6, and, in particular, IL-17) in serum and urine in
ADPKD patients and enhanced expression of SEMA7A
(Semaphorin 7A) protein on immune cells (Soleimani et al,
2015; Lee et al,, 2018). Interestingly, B-lymphoblastoid cells
(LCL) obtained from ADPKD patients express genes encoding
PC1 and PC2, and their T-cells also express PC1 and PC2,
although at a lower level compared with LCL (Aguiari et al.,
2004; Magistroni et al., 2019). Furthermore, in patients carrying
the PKD2 mutation, Ca®* signaling was found to be impaired
in circulating T-cells; T-cells derived from both patients with
PKD1I and PKD2 mutations demonstrated increased proliferation
and increased homotypic T-cell aggregation (Magistroni et al.,
2019). To date, there are still many uncertainties about the
participation of cells of adaptive and innate immunity in PKD.
The most complete and up-to-date information on this topic,
highlighting a link between PCI-PC2 complex and immune
response in ADPKD, is presented in an excellent review by
Zimmerman et al. (2020).

The immune system is tightly connected with the microbiome:
The symbiotic relationship between the components of the
immune system and the microbiota contributes to the
development of an adequate response of the body to the
disease-related changes (Li and Tang, 2018). The microbiome-
related investigative focus is just emerging in PKD, and as
with any microbiome research, it poses difficulties. For the
first time, Yacoub et al. analyzed the correlation of microbiome
and eGFR in patients with PKD (Yacoub et al., 2019). The
patients were divided into three groups depending on their
eGFR, and step-wise microbiome changes were detected in
accordance with renal function. The relative prevalence of lactic
acid bacteria Lactobacillus iners was increased in patients with
eGFR <45 ml/min (Yacoub et al., 2019). The human microbiome
consists of 50 trillion microorganisms which work cooperatively,
and any disbalance in the microbiome leads to disturbances
in overall homeostasis, and vice versa. Unfortunately, in the
case of PKD, it is difficult to investigate specific changes in
the microbiota because of the many confounding factors that
accompany PKD (hypertension, kidney failure, nephrolithiasis,
and others), which can potentially alter the gut microbiota
(Bergmann, 2019). Therefore, it is necessary to carefully select
patients for these studies, and more large-scale research is
needed in this emerging area.

CONCLUSION

Despite the availability of tolvaptan for ADPKD, it is imperative
to keep searching for new, side-effect free treatments that would
reduce the suffering of the PKD patients. Pathophysiology of
the PKD is extremely complex and includes numerous
interconnected modalities and molecular mechanisms. In addition
to the well-known defects in PC1 and PC2 in ADPKD and
dysfunction of the FPC in ARPKD, there are multiple other
pathways that are affected in these disease states. Among the
emerging promising concepts in PKD, metabolic alterations,
including modulation of mitochondrial bioenergetics, have been
established to be important for cyst growth. Some beneficial
dietary recommendations are already in place for patients with
PKD, and several novel clinical trials focusing on dietary
interventions (such as PREVENT-ADPKD, DRINK, and Keto-
ADPKD) are ongoing or have been recently completed. It is
important to develop a sustainable, patient-friendly diet, which
can be followed not only during therapy, but also throughout
life. We are hopeful that novel studies will provide patients
with effective non-pharmacological treatments complementary
to drug-based approaches. Since PKD is caused by a number
of established mutations, gene therapy could be logically suggested
as a means to alleviate disease progression. Unfortunately, current
approaches in gene therapy are far from bedside, from both
research and ethics standpoints. One of the least explored and
most intriguing areas of PKD research is the immunology of
this disease state, and especially the influence of the microbiome
and gut-kidney interactions on cyst development. We can cautiously
hope that novel discoveries in immunology and microbiology
will help us solve the mystery of the complex events associated
with PKD. PKD is a multisystem multifactorial disease that
affects the ion homeostasis, immune system, microbiome,
hormones, and a plethora of other processes; an integrated
multi-angle approach is required to find new comprehensive
tactics to alleviate its course without causing serious complications.
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