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Abstract

Autosomal recessive polycystic kidney disease (ARPKD), historically called infantile PKD,
is a major cause of morbidity and mortality in neonates, infants and young adults.
Autosomal dominant polycystic kidney disease (ADPKD), historically referred to as adult
PKD, is increasingly recognized as a significant cause of morbidity and mortality in
children and young adults. ARPKD, a dual-organ disease with hepatic and renal
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involvement has an incidence of 1: 20,000 to 1: 40,000. All ARPKD patients are invariably
afflicted with congenital hepatic fibrosis (CHF) of varying degrees of severity. Improved
survival of ARPKD patients has led to recognition of significant clinical complications of
CHF and the highly variable age at which it presents, ranging from early childhood to
young adulthood. ADPKD, with an incidence as high as 1:400, affects more than 13 million
individuals worldwide, and accounts for 7-10% of end stage kidney disease (ESKD) in
adults. However, asymptomatic disease is increasingly recognized in infants and children
and nearly equivalent numbers of ADPKD and ARPKD patients may be seen in academic
pediatric nephrology clinics. The delineation of the basic molecular and cellular
pathophysiology of ADPKD and ARPKD has seen remarkable progress in the last decade.
This progress has led to the development of promising therapies currently being evaluated
in clinical trials. Early diagnosis of ADPKD and ARPKD allows for optimal anticipatory
care (for example, early blood pressure control). Given the predicted benefit of early
intervention with new disease-specific therapeutics, screening at-risk youth, a previously-
discouraged strategy, may now be warranted. This chapter will discuss central clinical
characteristics essential for diagnosis and the care of children with ARPKD or ADPKD. We
will also highlight recent insights in the molecular and cellular pathophysiology of PKD
and the clinical translation into new therapies that promise to alter the natural history of
disease for children with genetic PKD.
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Introduction

Cystic kidney diseases (CKDs) are a clinically and genetically diverse group of renal cystic
diseases that have tubular cysts or renal dysplasia as a phenotypic element of their disease
phenotype (1). These “phenocopies” and differentiating features are covered in detail in
different Chapters in this text. Traditionally, the term polycystic kidney disease (PKD)
refers to one of two genetically-distinct disorders: autosomal recessive polycystic kidney
disease (ARPKD-OMIM 263200); and autosomal dominant polycystic kidney disease
(ADPKD-OMIM 173900 and OMIM 173910).

ARPKD is the result of mutations in a single gene, the polycystic kidney and hepatic
disease 1 (PKHD1) gene which encodes the fibrocystin/polyductin protein complex
(FPC). ARPKD is typically diagnosed in the latter half of the trimester of pregnancy at
birth or shortly thereafter with massive bilaterally enlarged kidneys that may complicate
delivery. This disease was traditionally called infantile PKD, a name that no longer
applies.
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ADPKD is a heterogenic disease caused by mutations in two genes, PKD1 encoding
polycystin 1 (PC1) and PKD2 encoding polycystin 2 (PC2). ADPKD, usually asymptomatic
well into adulthood, is characterized by bilateral, progressive growth of renal cysts that
most likely began in utero. It is now recognized that that both ARPKD and ADPKD can be
clinically symptomatic in infants, children and adolescents and causing substantial degrees
of morbidity and mortality in these age groups (2-8). The manifestations of childhood PKD
can have considerable significant overlap in clinical and radiographic features making
differential diagnosis between the two diseases difficult. This chapter will highlight the
central clinical characteristics essential for the diagnosis and care of children with ARPKD
or ADPKD, followed by a discussion regarding the existing knowledge of the molecular
and cellular pathophysiology of these two genetic diseases, and how this information is
informing development of current and future PKD-specific therapies.

Although ADPKD is typically an adult-onset, systemic disease, when presenting in the
neonatal period, ADPKD may be clinically indistinguishable from ARPKD (9-11). In such
instances, a detailed history, complete physical, imaging, and rarely, genetic testing and/or
biopsy are usually sufficient to distinguish the two (7, 11, 12). Although no single finding is
diagnostic (4, 6, 11) certain clinical features can help differentiate between ARPKD and
ADPKD and these differentiating features are discussed in detail in different Chapters.
Early diagnosis of asymptomatic individuals with either ARPKD or ADPKD currently
offers the opportunity for maximal preemptive care such as tight blood pressure control,
close surveillance of extrarenal manifestations (CHF, cardiovascular disease), avoidance of
potential dietary and lifestyle progression factors and targeted disease-specific therapies
that are on the horizon (6-8, 11, 13,14).

Autosomal recessive polycystic kidney disease (ARPKD)

ARPKD (OMIM 263200) is a rare, hepatorenal fibrocystic disease, characterized by non-
obstructive, fusiform, cystic distension of renal collecting ducts with unpredictable degrees
of congenital hepatic fibrosis (CHF), as a result of a biliary ductal plate malformation.
Progressive biliary disease leads to periportal fibrosis or CHF, and may progress to Caroli
disease, a cystic widening of the intrahepatic bile ducts; and the common bile duct (4, 6, 12,
15, 16). ARPKD has an incidence rate of 1/20,000, is commonly diagnosed in utero or at
birth, and despite a wide variability in phenotype, occurs due to mutations in a single gene,
the PKHD1 gene (17-19). Despite the characteristic neonatal presentation of ARPKD, there
is a significant variability in both age and presentation of initial clinical symptoms
including the comparative level of renal and biliary abnormalities (15, 20, 21). The
variability in the degree of organ involvement in ARPKD is not well understood but it is
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generally recognized (7, 22-24). This phenotypic variability is regulated by the influence of
other disease modifying genes, the combination of the two different parental PKHD1
mutations, epigenetic factors, hormonal effects, and environmental influences (23, 25).

Epidemiology and genetics

ARPKD is caused by mutations of PKHD1 gene that encodes the FPC. PKHD1 was cloned
by two independent research groups in 2002 (18, 19). PKHD1 is an exceptionally large gene
that spans approximately 470 kb of genomic DNA and consists of 86 exons, with 67 exons
included in the longest open-reading frame transcript (18). A number of alternatively
spliced transcripts have been identified; however, the exact function and clinical
significance of these isoforms are unknown (26). Nearly 750 PKHD1 mutations have been
identified to date (http://www.humgen.rwth-aachen.de).

With the cloning and identification of PKHD1 as the causative gene in ARPKD, attempts
to define genotype-phenotype correlations have been attempted but to date only general
correlations can be made. Recent discoveries regarding transcriptional complexities have
only complicated any tenuous correlations and must be considered for appropriate genetic
counseling.

A series of published ARPKD kinships demonstrate that mutations in PKHD1 are
dispersed across the gene, without obvious clustering at mutational hotspots, and most
families have distinctive (“private”) mutations (19, 27-29). Additionally, nearly all patients
are compound heterozygotes (23, 30), that is, each allele carries a different mutation.
Missense, nonsense, frame shift and truncating mutations have all been described (31).

Patients with truncating mutations on both alleles typically displayed a severe phenotype,
with a high rate of perinatal or neonatal demise (23, 27, 30). Patients with a least one
missense mutation (amino acid substitutions) are more likely to, survive the neonatal
period and beyond.(32, 33). Boddu et al. found 22 novel renal transcripts derived through
numerous methods of alternative splicing. These include the use of alternate
acceptor/donor splice sites, exon skipping and in a specific animal model of Pkhd1l,
inclusion of novel exons (26). These studies suggest that unconventional PKHD1 splicing
occurs frequently and these splicing events may represent another pathogenic mechanism
leading to ARPKD (26). The functional activity of these transcripts is unknown but these
observations add a level of complexity for genetic counseling.

As the term autosomal recessive inheritance indicates, parents are heterozygotes (carriers),
and are clinically-unaffected. The risk of any pregnancy producing an affected offspring is
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25% and there is a 50% chance that unaffected offspring will carry a mutation in PKHD1 (4,
12). There appears to be no gender preference for ARPKD and all ethnic and racial
groups are equally affected.

Diagnosis

With the advent of modern obstetrical ultrasonography (US), many patients with ARPKD
are identified in the prenatal period. The diagnosis of ARPKD is based on clinical
observations and our current understanding of the disease process. The diagnostic criteria
proposed by Zerres et al. with modifications (11, 12, 34), are generally used and include:

1. US features typical of ARPKD, including enlarged, echogenic kidneys, with poor
corticomedullary differentiation; and
2. One or more of the following;:

a. Absence of renal cysts in both parents, particularly if they are at least 30
years old,

b. Clinical, laboratory or radiographic evidence of hepatic fibrosis,

c.  Hepatic pathology demonstrating characteristic ductal plate abnormalities,
Previous affected sibling with pathologically or genetically confirmed
disease,

e. Parental consanguinity suggestive of autosomal recessive inheritance.

ARPKD is typically diagnosed in utero or at birth and manifests as progressive renal
insufficiency and portal hypertension (PH) (34-36). The most severely affected fetuses display a
classic “Potter” phenotype (oligohydramnios sequence) with massively enlarged echogenic
kidneys with poor corticomedullary differentiation due to fusiform dilatation of the collecting
ducts, respiratory insufficiency, cranial abnormalities and club feet (36). Oligohydramnios is
detectable in utero, but may not develop in ARPKD until the third trimester (37).

Pulmonary insufficiency, a serious complication that generally occurs as the result of
oligohydramnios, results in respiratory failure and subsequently neonatal death in
approximately one third of neonates presenting with large, echogenic kidneys (4, 7, 11,
38). Patients that survive the neonatal period have a 1 year survival rate of 85% and a 10
year survival rate of 82% (25, 36). A smaller, though increasingly recognized subset of
patients with ARPKD are diagnosed as older children or adults with abdominal
enlargement secondary to enlarged kidneys or hepatosplenomegaly (21, 35, 39). These
patients typically present with signs and symptoms related to congenital hepatic fibrosis
including PH and esophageal bleeding (20, 25, 40). Other associated comorbidities
including systemic hypertension, progressive renal insufficiency, and less commonly,
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chronic lung disease in older children (35), especially in children who had respiratory
insufficiency at birth. Improvements in neonatal critical care have allowed neonatal
survival rates to improve, and with more patients with ARPKD surviving to adulthood,
liver and other complications are likely to become more prevalent (20).

Pre-implantation genetic diagnosis through linkage analysis or mutational analysis is
possible in families with at least one pathologically or genetically confirmed affected child
when the mutation on both the maternal and paternal allele can be identified. Linkage
analysis can also be used to identify the carrier status of an unaffected child. In “genetically
informative” families, the accuracy of prenatal diagnosis using linkage analysis is >95%
(41). Successful preimplantation genetic diagnosis has been reported for ARPKD (42). A
list of laboratories that offer genetic testing including pre-implantation genetic diagnosis
for ARPKD is available at www.geneclinics.org.

Pathology

The typical kidney phenotype consists of enlarged echogenic kidneys with loss of
corticomedullary differentiation due to fusiform dilatation of the collecting ducts. Renal
ultrasound of infants and young children, reveal bilaterally enlarged echogenic kidneys with
poor corticomedullary differentiation (Figure 1a). The kidneys retained a reniform contour
(Figure 1b), and multiple tiny cysts are confined to collecting ducts (Figure 1c) (11, 12, 36, 43).
Macroscopically, the cut surface reveals a radial pattern of the spindle-shaped collecting duct
cysts that extend into the renal cortex (Figure 1c). Microscopically (Figure 1d) the cysts are
usually less than 2 mm in diameter and microdissection and immunohistological studies
have demonstrated these “microcysts” to be dilated collecting ducts (36, 43-45). The
glomeruli and other tubular segments appear to be decreased in number due to collecting
duct ectasia and interstitial changes that squeeze and atrophy the renal parenchyma.
Proximal tubular cysts have been identified in fetal kidneys, (46), but are generally t not seen
after birth. The calyces, renal pelvis and renal vessels appear normal.

In contrast to renal cysts in ADPKD, where the tubular cysts detach from the tubule of origin, the
fusiform cystic tubules in ARPKD remain in contact with the urinary stream. This has two
important implications: 1) obstruction is not a component of cyst formation in ARPKD (44, 47);
and 2) the afferent and efferent opening of an ARPKD collecting duct cyst remains in continuity
with the urinary stream, and thus the urine is more likely to reflect changes that occur with cystic
formation and growth. In ADPKD, where cysts pinch off from the tubular segment of origin,
changes occurring in the cystic lesion are unlikely to be reflected in the urine. With increased
patient survival and disease progression, hyperplasia results in larger renal cysts and interstitial
fibrosis begins to develop which produces a pattern more like ADPKD (see Figure 3) (11, 12, 48).
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Figure 1. ARPKD in a 2-month-old boy. (a) Longitudinal high-spatial-resolution (8-MHz)
ultrasonographic (US) image of the right kidney shows diffuse tubular ectasia involving the
medulla and extending to the cortical surface (arrowhead). Note that the tubular nature of these
cysts can be resolved by using a high-frequency transducer. The left kidney demonstrated a
similar appearance (not shown). (b) Photograph of the gross specimen of the kidneys reveals a
spongy appearance of the surface due to underlying cysts involving the cortex. (Scale is in
centimeters.) (c) Photograph of the bivalved kidney shows a streaky appearance due to dilated
tubules extending to the cortical surface with obscuration of the corticomedullary junction. (d)
Photomicrograph (original magnification, x4; hematoxylin-eosin stain) of the kidney shows the
radially-oriented, ectatic collecting ducts (*) with glomeruli and normal tubules between the
cysts, perpendicular to the connective tissue capsule.Reprinted, with permission, from Chung, et
al. RadioGraphics 2014; 34:155-178 (43).

Biliary ectasia and the consequential hepatic fibrosis are invariably present in ARPKD.
These biliary abnormalities are the result of a ductal plate malformation resulting in
congenital hepatic fibrosis and biliary ductal ectasia (Figure 2) (7, 12, 16, 20). Although
hepatic involvement is invariably present at the microscopic level at birth, it is
symptomatic in only 40-50% of neonates (34). As the CHF advances, hepatomegaly and PH
develop in a number of patients.
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Figure 2. Pathologic findings of the liver in ARPKD-CHF. (a) Photograph of a liver section
shows periportal fibrosis (arrowheads). (b) Photomicrograph (original magnification, x10;
hematoxylin-eosin stain) of the liver shows the portal vein and hepatic artery (arrowhead) in a
portal area expanded by fibroblastic proliferation (arrow). Reprinted, with permission, from
Chung, et al. RadioGraphics 2014; 34:155-178 (43).

PH is an increase in the blood pressure within the portal venous system and is clinically
defined by the presence of splenomegaly, thrombocytopenia, low platelets counts,
hypersplenism, enlarged hemorrhoids, and esophageal and gastric varices (20). In ARPKD,
intrahepatic dilatation of both the central bile ducts and both large and small peripheral bile
ducts in the setting of CHF (Caroli’s syndrome) can occasionally progress to macrocysts and
dilation of the extrahepatic bile duct (12, 20, 49). The combination of renal collecting duct and
biliary ectasia with periportal fibrosis is unique to ARPKD (16, 40, 50-52).

Clinical

Lung development requires amniotic fluid to distend the developing fetal lung and
adequate physical space for diaphragmatic movement is required (38). In ARPKD,
oligohydramnios and restriction of diaphragmatic movement due to large cystic kidneys
results in pulmonary hypoplasia. Pulmonary insufficiency is the major cause of morbidity
and mortality in neonates with ARPKD. Infants with true pulmonary hypoplasia remain
hypoxemic despite neonatal interventions and rarely survive (4, 11, 12).

At birth, patients usually have large, palpable flank masses that may be large enough to
complicate delivery. Most newborns with ARPKD (70-80%) have some degree of impaired
renal function which is often followed by a brief improvement as respiratory issues are
alleviated, and renal development continues (7, 10, 34). Hyponatremia which may exist
initially, usually resolves quickly, unless the patient has acute renal failure (34, 53). Most
patients have a urinary concentrating defect and symptoms of polyuria and polydipsia (7,
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10, 12, 48, 53, 54). Although kidneys may be markedly enlarged at birth, over time, the
majority show stable to decreased renal size (12, 55, 56).

Although all ARPKD patients demonstrate some degree of microscopic evidence of CHF at
birth, the consequence of these findings is unpredictable. Complications of CHF may
develop at any time between birth and adulthood or they can remain asymptomatic even
into adulthood (57). The renal and hepatobiliary disease components of ARPKD advance at
varying rates for reasons that are unclear. However, the progressive biliary ductal ectasia
and CHF must be closely monitored because the hepatobiliary disease can lead to the
development of PH which can be severe (12, 16, 20).

PH is the main complication of CHF. Manifestations of PH can include
hepatosplenomegaly, hypersplenism with low platelet counts, variceal and hemorrhoid
bleeding and most importantly an increased risk of developing bacteremic infections from
ascending cholangitis (7, 11, 16, 57). Recent studies of PH in ARPKD reveal that this
progression starts early in life, and can initially be identified by hepatomegaly that starts in
the left lobe of the liver (20, 34).

The clinical significance of severe hepatobiliary disease has become an increasingly
important as ARPKD survival rates improve. Recent studies into the hepatobiliary
component of ARPKD estimate that 40% of ARPKD survivors will demonstrate severe
renal and severe hepatobiliary disease. The remaining 60% of ARPKD survivors will
exhibit degrees of dual-organ disease that can be generally grouped into either severe
kidney/mild hepatobiliary disease, mild kidney/severe hepatobiliary disease, or mild
kidney/mild hepatobiliary disease (20, 58). Platelet count was identified as an accurate
measure of the severity of PH in patients with ARPKD and correlates well with spleen size
(20).

Hypertension, a common presenting feature in both infants and children, is often severe,
can be difficult to control and frequently requires multidrug treatment (6, 11, 12, 39, 48, 59).
Hypertension is often found in patients with normal renal function and it will eventually
affect nearly all children with ARPKD (11, 24, 35). The pathophysiology of hypertension in
ARPKD multi-factorial but activation of the intrarenal renin-angiotensin system is thought
to be an important component (15).

Treatment and complications

Advances in neonatal critical care have led to increased survival rates of neonates with
ARPKD. Predicting which neonates with ARPKD who require immediate artificial
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ventilation will have life-threatening degrees of pulmonary hypoplasia is currently not
possible (4, 7, 10). This is due to the fact that, severe pulmonary distress may be caused by
a potentially-reversible fluid overload, true neonatal pulmonary hypoplasia, or restricted
motion of the diaphragm due to massively enlarged kidneys. In selected cases, a more
accurate assessment of the long-term pulmonary prognosis of the patient can be achieved
through continuous venovenous hemofiltration, or a unilateral or bilateral nephrectomy to
allow diaphragmatic movement, coupled with peritoneal dialysis (60, 61).

Young patients with ARPKD, including those without significant renal insufficiency,
should be closely monitored. The loss of concentrating ability in these patients creates a
significant risk of dehydration with intercurrent illnesses. Hyponatremia due to impaired
urinary dilution (rather than sodium wasting) is common in ARPKD. When present, fluid
intake should be curtailed without compromising nutrition (24). In patients with severe
polyuria, thiazide diuretics may be used to decrease distal nephron solute and water
delivery. Patients with metabolic acidosis will require supplemental bicarbonate therapy.

Urinary tract infection (UTI) rates as high as 50% have been reported with in patients with
ARPKD, with girls having a greater frequency than boys (12). Any child with an abnormal
urinalysis, antibody therapy should be guided by clinical features and appropriately obtained
urine cultures. If a UTI is diagnosed, an evaluation to rule out vesico-ureteral reflux,
obstruction, or bladder dysfunction is recommended (4, 7, 62). Infants and children with
ARPKD are at risk of the consequences of progressive CKD (e.g. growth failure, anemia, renal
osteodystrophy and cognitive deficits) and this risk increases as renal function declines (7, 11,
12).

In patients with symptomatic end stage kidney disease (ESKD), peritoneal dialysis is
preferred modality and is shown to work well even with intra-abdominal organomegalies
including liver, spleen and kidneys [9, 40]. Renal transplant should be appropriately
considered (7, 24). If transplantation is necessary, a nephrectomy may be necessary to permit
room for transplant placement in patients with enormous kidneys and may be indicated to
control hypertension. Patients suffering from severe renal and severe biliary disease should
be evaluated for a combined liver and kidney transplant (58). A decision tree that guides
appropriate choices has been developed and can be found in Telega et al. (58).

Difficulties in feeding and poor growth, even in patients without renal insufficiency, are
often noted. In such cases, regular nutritional evaluation, can help guide appropriate
therapy, and feeding specialists should be part of the multidisciplinary care team. Data
from the NIH-supported Natural History Study of ARPKD indicate that normal growth
curves can be achieved with appropriate support measures (51). Improvements in neonatal
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critical care and advances in renal replacement therapy have improved patient survival
and as a result hepatic complications become the dominant clinical issue of many patients
with ARPKD (20, 34, 35, 63-65). PH, an increase in the portal venous pressure occurs in 37-
65% of ARPKD neonatal survivors (20, 25, 35). Despite the development of PH,
hepatocellular function frequently remains normal (11, 16, 20).

The most serious complications of PH are bacterial cholangitis and bleeding varices.
ARPKD patients with extensive dilatations of intrahepatic and extrahepatic bile ducts are
at increased risk of ascending bacterial cholangitis. Development of fever or rarely a
sudden elevation of liver function tests at any time should raise the suspicion of cholangitis
and appropriate evaluation and antimicrobial therapy should be initiated.

From the time of initial diagnosis, all patients with ARPKD should be evaluated by a
gastroenterologist and undergo regular evaluations for hepatobiliary complications (58).
Recommended evaluations should include periodic imaging by either magnetic
resonance cholangiopancreatography (MRCP), magnetic resonance imaging (MRI) or
ultrasound on an annual basis for increased liver echogenicity, hepatobiliary
abnormalities, and splenomegaly. Platelet counts have been reported to be a surrogate
marker of the severity of PH and should be checked immediately (20). Endoscopy is
routinely required to find varices early and treat them by endoscopic bind ligation (EBL)
to prevent potentially lethal bleeding. Platelet count (as a surrogate marker of the
severity of PH) (20) and hemoglobin/hematocrit are routinely monitored as a sign of
hypersplenism, splenic sequestration and GI hemorrhage with varices. Porto-systemic
shunting may be indicated in cases where variceal sclerotherapy is inappropriate or has
failed (53, 66), but Telega et al. recommend this should be done in consultation with a
transplant surgeon (58). Patients with severe PH and moderate to severe renal disease
should be evaluated for dual liver and kidney transplant (58).

ARPKD patients are potentially at risk for neurocognitive and behavioral dysfunction due
to early onset severe hypertension and CKD (67) although little data exist to guide clinical
practice (24). In addition to the significant medical problems, the psychosocial stresses of
ARPKD on the patient and family can be formidable (4, 7) and should be kept in mind.
Social support measures may be required for exhaustion because of due to the demands of
new roles, depleted finances, and other aspects of a changed lifestyle (4).

A multi-disciplinary team that includes a pediatric nephrologist, and pediatric
gastroenterologists in concert with, dietitians, social workers, and if needed psychiatrists
and other support staff may be necessary to provide optimal comprehensive care for
patients with ARPKD.
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Autosomal dominant polycystic kidney disease (ADPKD)

ADPKD, more common than ARPKD, has a incidence rate of 1:400-1:1000 with 13 million
people affected worldwide, and accounts for 7 to 10% of ESKD in adults. ADPKD was
historically termed “adult” polycystic kidney disease due to the classic presentation of
clinical symptoms that typically do not arise until adulthood. ADPKD is a systemic disease
with early-onset hypertension and extrarenal manifestations that include, cystic lesions in
the liver, spleen, and pancreas and vascular abnormalities that may including mitral valve
prolapse and less frequently, intracranial aneurysms (ICAs).

Despite the classic textbook description of ADPKD as an adult disease, significant clinical
manifestations of ADPKD can be seen in children and in some cases, in utero (2, 3, 5, 8).
Pediatric patients who do present in childhood have similar renal findings to those of
affected adults. In contrast, the extrarenal manifestations of ADPKD commonly seen in
adults (for example, cysts in the liver and pancreas and ICAs) are infrequently or rarely
observed in pediatric patients. A detailed discussion of these extrarenal manifestations of
ADPKD can be found in other Chapters of this volume and therefore only pediatric specific
topics stemming from childhood ADPKD will be discussed below.

It is increasingly being recognized that pediatric ADPKD patients, with early
manifestations of disease, are most likely to benefit from early therapeutic interventions (7,
8, 11, 68). It is important therefore that clinicians be aware of these ADPKD-related
manifestations when caring for children with, or at risk of, ADPKD.

Renal cysts in ADPKD kidneys form in utero and bilateral enlarged cystic kidneys, left
ventricular hypertrophy with or without systemic hypertension, proteinuria, gross
hematuria, nephrolithiasis, flank pain, and impaired renal function can be seen in infants,
children and adolescences (2, 3, 7, 8, 11). The most clinically-significant, potential lethal
extrarenal manifestation of ADPKD, ICAs rarely occurs in children. In patients with
ADPKD there is a significant degree of phenotypic variability in the rate of progression
even among family members, implying factors other than the primary mutation, influence
the clinical course of ADPKD. These include modifying genes, epigenetics, dietary and
environmental factors.

Diagnosis
As previously noted, the clinical spectrum of pediatric or early-onset ADPKD is especially

broad and on rare occasions may be difficult to distinguish ADPKD from ARPKD
especially in newborns. However, ADPKD in early childhood generally presents as
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unilateral or bilateral renal cysts in a normal or in mildly enlarged kidneys. Unfortunately,
it is still difficult to predict how ADPKD will progress in children with this presentation.
The disease may become more clinically symptomatic or the disease may remain
asymptomatic well into adulthood (9, 36, 54, 59, 69-72). The differential diagnosis of
ADPKD is further discussed in Chapter 1 of this text.

Pathology

The typical appearance of ADPKD in children by US is one or more renal cysts within
enlarged kidneys (see Figure 3a). In ADPKD children, kidney cysts form in glomeruli and
all tubular segments (see Figures 3b, 3c, 3d, and 3e). The cyst formation is commonly
asymmetric and may occasionally present as unilateral (7, 73). In general, the finding of
even a single solidary renal cyst in an at-risk pediatric or adolescent patient should prompt
further evaluation as simple cysts are extremely rare in children (7). Glomerular cysts may
be a component of ADPKD or can occur as a separate, autosomal dominant disease entity.
Unlike ARPKD, in which the cystic lesions are ectatic and remain in continuity with the
nephron of origin, in ADPKD enlarging cysts “pinch off’ or detached from the tubule and

do not remain connected to the urinary stream.
Clinical features

As previously noted the clinical spectrum of pediatric or early-onset ADPKD is particularly
broad and there is still little evidence to allow accurate prediction of those patients that will
rapidly progress. It may present infrequently as severe disease as noted above may be
indistinguishable from ARPKD. More frequently, pediatric ADPKD will presents as unilateral
or bilateral renal cysts in near normal or mildly enlarged kidneys. Children with this
presentation may be symptomatic or may they may remain asymptomatic into adulthood (9,
36, 54, 59, 69-72). Additional renal manifestations of childhood ADPKD include micro and
gross hematuria, hypertension, proteinuria, and rarely abdominal, flank or back pain (7, 8).
Overt proteinuria is ordinarily a feature of more advanced structural kidney disease and is
rare in children with ADPKD (74) but little to no correlation between microalbuminuria and
either kidney volume or function in children with ADPKD has been reported (75, 76).

As with ARPKD, hypertension as early as the newborn periods can be a presenting feature in
children with ADPKD. Hypertension often precedes biochemical and clinical manifestations of
ADPKD and is an important screening measure for at risk children (2, 54, 68, 69, 77). A strong
correlation between hypertension and larger kidneys has been observed in multiple cohorts of
ADPKD children (74-76, 78). If the affected parent has hypertension, it is more likely to
develop at a greater frequency and at an earlier age in their offspring with ADPKD (79).
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Figure 3. Renal cysts in ADPKD. (a) Longitudinal ultrasound (US) image of the right kidney in a
14-year-old girl reveals multiple round renal cysts (arrowheads). (b) Coronal computed
tomography (CT) image in the same patient after administration of intravenous contrast
material shows multiple cysts in both kidneys (arrowheads). (c) Photograph of the gross
specimen from another patient shows the bosselated surface of the kidney due to many
underlying cysts. (d) Photograph of the sectioned gross specimen from another patient shows
innumerable round medullary and cortical cysts replacing much of the parenchyma. (Scale is in
centimeters.) (e) Photomicrograph (original magnification, *4; hematoxylin-eosin stain)
demonstrates multiple cysts crowding the intervening renal parenchyma with distention of
tubules by proteinaceous material (*). Multiple smaller cysts are seen interspersed in the
parenchyma as well (arrowhead). Reprinted, with permission, from Chung, et al. RadioGraphics
2014; 34:155-178 (43), and the Radiological Society of North America (RSNA).

The use of ambulatory blood pressure monitoring (ABPM) to assess blood pressure (BP) in
ADPKD patients has permitted greater precision and revealed abnormalities of BP in
ADPKD patients. Nearly 33% of children with ADPKD demonstrate exclusively nocturnal
hypertension (80, 81). A significant proportion of normotensive young adults with ADPKD
have “prehypertension” by ABPM (68, 82). Blunted “nocturnal dipping” on ABPM has also
been reported to be associated with endothelial dysfunction in this population (83). The
pathogenesis of hypertension in ADPKD is multifactorial and beyond the scope of this
chapter. Excellent reviews are available (68).
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Cardiovascular disease is a major feature of ADPKD, and children with ADPKD
demonstrate a substantial correlation between left ventricular mass index (LVMI) and
systolic blood pressure (68, 84). Hypertensive and pre-hypertensive (blood pressure in the
upper range of normal (75-95t percentile for age, sex, and height) children with ADPKD
have a statistically significantly higher LVMI than normotensive ADPKD children (8,
78, 84).

Adult ADPKD patients have an increased incidence of cardiac valvular abnormalities such
as mitral valve prolapse, and these abnormalities have also been reported in children with
ADPKD (36, 84, 85). In addition to hypertension, other presenting symptoms can include
abdominal pain, palpable abdominal masses, gross or microscopic hematuria, UTIs, and
abdominal or inguinal hernias. The occurrence of gross hematuria after minor trauma to
the side or back should raise the possibility of ADPKD in at risk children. Renal
insufficiency in children with ADPKD has been reported but it is generally rare (4, 12, 69,
71). A renal concentrating defect was found in 58% of children with ADPKD in a cohort of
children with ADPKD (10, 86). The finding of a renal concentrating defect was shown to
correlate with the presence of hypertension by ABPM (87). These findings suggest that
impaired renal concentrating ability may be a rough measure of disease severity in
children with ADPKD. Renal infections can be a presenting feature in an infant or child
with ADPKD (54). Pain from renal stones or a ruptured cyst rupture can also occur in
children with ADPKD.

The extrarenal cysts seen in adults with ADPKD (85, 88) occur infrequently in pediatric
patients. However, can they provide clinical criteria for a differential diagnosis if found in a
child with ADPKD (11). Liver cysts (detected by US) were thought to be a rare finding in
children with ADPKD, but a recent MRI study found liver cysts in 55% of adolescents and
young adults with ADPKD (89). Liver cysts in children, when present, are not generally
associated with pain, infection, and hepatomegaly.

Treatment and complications

Currently treatment options for ADPKD patients is limited to management of renal and
extra-renal complications. Asymptomatic children at risk for ADPKD should be closely
monitored especially for the development of hypertension and pre-hypertension,
hematuria, polyuria, proteinuria or palpable abdominal masses. Any of these findings
should prompt further evaluation.

Identification and treatment of hypertension in children is vital in order to slow progression to
ESKD in ADPKD. In adults with ADPKD, more intensive blood pressure control (<120/80)
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was reported to have a greater impact on LVH reduction than standard control (<140/90) (90).
Recent report from the HALT/PKD study failed to demonstrate any benefit gained by adding
an angiotensin receptor blocker (ARB) telmisartin to an angiotensin converting enzyme
inhibitor (ACEi) lisinopril on ADPKD progression in adult patients with early or moderately-
advanced kidney disease. However, a second arm of the HALT/PKD study in younger
patients with moderately-preserved renal function, a beneficial effect on total kidney volume
(TKV), decreased urinary albumin excretion and LVH was observed when the blood pressure
was reduced to a lower target level with an ACEi (91, 92). These data may be particularly
applicable to children especially earlier in the disease process. In a randomized double-blind
placebo-controlled phase III clinical trial of pravastatin on height-corrected total kidney
volume (HtTKV) and LVMI by MRI, pravastatin was effective in slowing the progression of
structural kidney disease in older children and young adults with ADPKD (76).

These considerations notwithstanding, well-established international guidelines for staged
therapy of hypertension in pediatric patients should be followed.(93). There is little data
regarding specific features of UTIs or renal cyst infections in children with ADPKD but the
clinical course and certainly the treatment would likely be similar to that for adult ADPKD
patients (94, 95).

Flank pain in pediatric ADPKD patients is unusual most likely due to fewer cysts.
However, as the disease progresses, particularly in adolescents, flank pain may require
intervention. A recent review summarizes the multifactorial pathogenesis and
management of chronic pain in ADPKD (96).

Cerebral aneurysms and bleeding occurs in approximately 10% of ADPKD patients and
this trait seems to cluster within families (97-99). However, since this rarely occurs before
20 years of age routine screening of pediatric ADPKD patients is not recommended until
they reach the age of 20 years old, (100). Screening by magnetic resonance angiography
(MRA) may be recommended for patients with symptoms or a positive family history once
they reach 20 years of age (97).

Prognosis

The prognosis of early-onset ADPKD presenting in utero or in the neonate was once
thought poor. However, recent studies of "very early onset" ADPKD suggest that the
prognosis is not as dire as generally presumed. (4, 101, 102).

Given the findings that aggressive treatment of hypertension reduces LVH and the use of

pravastatin slows progression of structural kidney disease as well as reduces LVH,
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screening of at risk patients to identify those at risk for rapid progression has become
increasingly important (8, 76). New therapies that effectively and safely reduces the
number and/ or size of renal cysts will most likely provide maximum benefit when started
early in the disease course. A recent systematic review of factors that predict progression in
ADPKD can be found in (103) .

Pathophysiology of cyst formation in childhood PKD

Delineation of our understanding of molecular mechanisms that drive pathophysiology of
cyst formation in PKD is advancing rapidly. However, abnormal cell-signaling networks
ultimately produce disease burden. Therefore, therapeutic interventions are largely based
on targeting the complex aberrant cellular signaling which defines the cystic cellular
phenotype noted below.

Molecular pathogenesis [See chapters 7 to 16, this text]

It is clear that standard Mendelian genetics are inadequate to predict the severity or the
rate of progression of the renal disease nor the severity of extrarenal manifestations in
childhood PKD. Complex transcriptional events are clearly major disease modifiers in
childhood PKD. Recent findings including: the discovery of hypomorphic or incompletely
penetrant alleles (104); homozygosity involving either PKD1 or PKD2 (105); compound
heterozygosity (23); digenic inheritance or trans-heterozygosity (106); somatic and
germline mosaicism (107); genetic modifiers (108) and epigenetic regulators (109, 110) co-
inheritance of mutations in either PKD1 or PKD2 with other PKD-causing genes such as
HNF1B (36, 111) or the tuberous sclerosis 2 (TSC2) gene (112), all demonstrate that complex
inheritance patterns contribute to disease severity and progression in ADPKD and
ARPKD.

Cellular pathophysiology of cyst formation in PKD

Cyst development and growth is a complex, multi-factorial process and no single
element acts independently. The exact mechanisms that lead to the PKD phenotype is
still unclear; however, multiple cellular defects have been identified. Molecular factors
that have been shown to influence the extent or severity of cyst formation include: the
developmental timing of PKD1 inactivation (113, 114); reduction in functional PC1
dosage (105, 115, 116); cellular and nephron differences in sensitivity to PC1 dosage (115)
and the influence of one cyst on neighboring nephrons creating a “snowball effect”
leading to cyst development in adjacent tubules (117).
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The defining features of a PKD cystic epithelial cell include: a changeover from a mature
differentiated, nonproliferative, absorptive cell to a partially dedifferentiated; secretory cell
characterized by specific polarization defects; and increased rates of proliferation as well as
apoptosis. These changes leading to a proliferating secretory cell is a fundamental and critical
change because mathematical modeling of renal cystic epithelia establish proliferation and
secretion as necessary and sufficient to account for cyst growth in PKD (118).

Cyst formation in PKD

ADPKD and ARPKD cells share phenotypic abnormalities regardless of when they become
clinically-evident. Mutated PKD genes result in abnormal multiprotein complexes whose
abnormal function leads to aberrant signaling events resulting in the unique phenotype of
the cystic epithelial cell. The precise mechanisms by which these abnormal complexes
disrupt normal signaling and cause renal cyst formation are not fully elucidated, significant
progress in understanding the cellular events surrounding cyst formation has been made.
Key pathogenic features of the unique cystic phenotype have been identified (6, 13, 116,
19-24). These phenotypic abnormalities provide therapeutic targets for the development of
PKD therapies, and include:

e abnormalities of in expression of one or more members of the epidermal growth
factor (EGF) family of receptors and/or ligands, the (EGFR -axis), leading to an
autocrine-paracrine cycle of proliferation through activation of the Ras-Raf-MEK-
ERK pathway

e increased cAMP in concert with decreased intracellular calcium levels leads to
aberrant intracellular cAMP signaling resulting in activation of the p-Raf /MEK-
ERK pathway and stimulates both proliferation and tubular fluid secretion.

e abnormal activity of C-terminal Src kinase or cellular Src (c-Src). A critical
molecule that mediates cross-talkbetween the EGFR axis and G-protein-cAMP
pathways

e abnormal function of the primary cilia;

e changes in cell-cell, and cell-matrix interactions, and

e alternative activation of renal interstitial macrophages that contribute to the
development of progressive fibrosis.

The pathogenic processes listed above all likely contribute at some point to the central
characteristic features of renal cyst formation and progressive enlargement, namely:
(a) tubular epithelial proliferation; (b) abnormal tubular secretion; and (c) alterations in
extracellular matrix, structure, and/or function; and (d) recruitment of macrophages and
inflammatory mediators (6, 118, 121, 122, 124-128). Crucial insights into the cellular events
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leading to renal cyst formation in PKD have been discovered by orthologous and non-
orthologous models of ARPKD and ADPKD. Due to rapid advances in molecular
techniques allowing for rapid creation of genetically-manipulated or conditionally targeted
models of disease, a comprehensive listing of these models would not be feasible. The
interested reader is referred to the following, which review the most significant of these
models produced to date (104, 105, 113, 124, 129-131).

The cystic phenotype and targeted future therapy

As discussed in a number of chapters in this text, studies designed to delineate the
molecular and cellular biology of ADPKD and ARPKD have defined a unique “cystic
phenotype.” This phenotype provides a number of potential targets for the current and
future pharmacological therapy (see Figure 4 and Table 1).

Targeted therapeutic strategies can be divided into three categories based upon insights
into the pathogenesis of cyst formation in PKD and the aberrant integration of signaling
pathways identified to date. These include therapies to: (a) reduce cell proliferation;
(b) reduce cAMP levels, and (c) reduce fluid secretion.

Proliferation is an essential process that must be targeted and controlled for any therapy to
be effective. There are two main signaling pathways that lead to unchecked proliferation:
a) the EGFR family of receptors and ligands; and b) a G-protein regulated axis that leads to
increased cAMP and a phenotypic shift in renal epithelia’s response to cAMP. c-Src is a key
intermediate that connects both pathways and plays a role in perpetuating the activity of
the two pathways. A theoretical sequence of events could follow this step-by-step
description: A mutation in PKD1 lead to increased production of amphiregulin, which
activates the EGFR axis resulting in: reciprocal phosphorylation (activation) of Src that
interacts with the cAMP pathways by altering the response of renal epithelia to cAMP
levels, from a normally anti-mitotic to a pro-proliferative response and, in the presence of
the terminal tail of PC1, Src dependent activation of STAT3 leads to a persistence of the
proliferative signal.. The most promising therapies will most likely target key signaling
intermediates that integrate multiple pathways, such as Src, and/or a combination therapy
approach where multiple compounds are used to target multiple pathways simultaneously
or a single compound that targets multiple pathways such as a multi-kinase inhibitors
(MKI) like tesevatinib (132, 133) (“Tesevatinib Ameliorates Progression of ARPKD in
Rodent Models” manuscript submitted 9, 2015), currently in clinical trial for ADPKD
(ClinicalTrials.gov Identifier NCT01559363).
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Figure 4. An abridged composite of the abnormally active signal transduction pathways in PKD.
This figure represents our approach to the discovery and testing of potential therapeutic
interventions. We view proliferation as the critical factor that must be targeted for any therapy
to be effective. There are two main conduits that lead to unchecked proliferation: 1) the EGFR
axis; and 2) a G-protein axis that leads to increased cAMP and a switch in phenotypic response
of renal epithelia to cAMP. Using therapies that inhibit both pathways, a smaller dose will be
necessary to achieve maximum cyst reduction and any toxicity associated with the therapy will
be minimized. We view c-Src as a critical intermediate that connects both conduits and plays a
critical role in integrating the signaling from both conduits. Mutations in PKD1 lead to increased
production of amphiregulin, an EGFR ligand which activates the EGFR axis resulting in:
reciprocal phosphorylation (activation) of Src that alters the response of renal epithelia to cAMP,
from a normally anti-mitotic to a pro-proliferative response. In the presence of the cleaved
terminal tail of PC1, Src-dependent activation of STAT3 leads to increased proliferation. Src
activation of STAT 3 is amplified by the increased activity of both the EGFR axis and cAMP axis
thereby further driving the proliferation of tubular epithelium.
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Table 1. The future: potential therapies for childhood PKD

CLASS

VPV2R antagonist
Src-i

mTOR-i
Multikinase-i

Somastatin and/or analogues

ACEi and ARB

Statins
Triptolide

EGEFR axis inhibitors
Angiogenesis-i (+ other therapy)

MMP-i

SMAC Mimetics
HDAC-I

Bromodomain Protein-i
MIF-i

TNF-a-i

20-HETE-i

ROS-i

CDK inhibitors
HSP90-i

Manipulation genetic modifiers

ADPKD

+/-

+/?

-/?

+/?

+/?

+/? (early disease)
--/? (late disease)
?/?

?/?

+/?

+/?
+/?
+/?
+/?
+/?
+/?
-/?
+/?
+/?
+/?

7

”?

ARPKD

+/- (renal only)

+/?
-/?
+/?
+/?
?/?
?/?
?/?
?/?
+/?
+/?
+/?
+/?
?/?
?/?
?/?
+/?
+/?
+/?
+/?
7?

??

EVIDENCE
Clinical trials

(www.clinicaltrials.gov)
Preclinical Studies

(PCS) (ref#)

multiple CTs ongoing
CT- Phase II-III
CTs (poor results to date)
CT for ADPKD in progress

CTs for ADPKD in progress

HALT-PKD (91)
HALT-PKD (92)

CT (small cohort) (76)

CT (China only) PCS (135)

PCS (136)
PCS (137)
PCS (138)
PCS (139)
PCS (140-142)
PCS-(143)

PCS-(144)

PCS (145)
PCS (146)
PCS (147)
PCS (148)
PCS (149)

PCS (150)

The table lists potential therapies based upon pre-clinical trial studies (PCS) or (CT= clinical
trials). Updated listing of clinical trials can be found at (www .clinicaltrials.gov).

A number of agents in advanced states of pre-clinical development or Phase 2-3 clinical
trials are discussed in Chapter 6. Current listings of ongoing clinical trials for ADPKD and
ARPKD can be found at (www.pkdcure.org; and http:/ /clinicaltrials.gov/).
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Conclusion

The diagnosis of childhood PKD is no longer the terminal diagnosis it once was. For
children with ARPKD advances in neonatal critical care and renal replacement therapy
have allowed many to survive much longer than what was possible just a few decades ago.
Insights into the development and treatment of PH is preventing lethal complications of
hepatobiliary disease and provides for a better quality of life. Renal transplantation and
dual organ transplantation provides an opportunity for these children to live a near normal
life. Pre-implantation genetic diagnosis holds the possibility of eliminating this ARPKD
from families who can afford the procedure and who aren’t ethically opposed.

For families afflicted with ADPKD, screening of non-symptomatic at-risk offspring, once
almost universally discouraged, may change given the evidence that tight control of
hypertension can dramatically reduce development of LVH and that pravastatin can
dramatically slow structural renal damage from ADPKD. The development of targeted
therapies for PKD, and the fact that early intervention should provide the greatest benefit
may also increase the number of at-risk offspring being screened.

Despite the extraordinary progress made to date in understanding the molecular and
cellular mechanisms of cyst formation in PKD much remains to be done. As our
understanding of the molecular mechanisms improves, we must couple this knowledge
with new techniques that allow for the rapid creation of animal models that more
accurately represent the human disease state. These models will provide increased
understanding and new insights into the molecular and cellular mechanisms of PKD that
will generate new therapeutic targets as well as provide the basis for the development of
even better pre-clinical models of PKD.

Therapies will become increasingly focused on treating PKD in early childhood where they
are likely to provide the maximal benefit. The strict control of hypertension will remain an
absolute essential component of PKD therapies in the future. Therapies that currently
target abnormal signaling pathways will be carefully balanced so that pathway activity is
reduced to “normal” or wildtype levels rather than eliminated completely. Modifications to
promising compounds will be developed to guide the molecule to the site of need, making
these therapies highly specific with very low levels of toxicity (134). This specificity will
speed the development of protocols for the ethical treatment of children with PKD where
early intervention may allow a lifetime free from the deleterious effects of PKD. Epigenetic
and dietary factors that slow or hasten the progression of PKD will be uncovered and
adherence or avoidance of such factors may slow the progression of PKD and eliminate the
need for pharmacological intervention or renal replacement therapy for some.
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As clinical trials to date have shown, targeting a single molecule of pathway has not
brought the promising reduction of disease burden as originally hoped for. It is unlikely
that any single therapy or compound will be effective especially at all stages of disease.
Rational therapies will require knowledge of the extent of disease, the rate of progression,
and how this is best assessed. In the near term, therapeutic intervention will likely involve
multiple compounds, and the choice of compounds or targets will be stage specific and
change as disease progresses.
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