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necessitate society’s continued investment in adequate defense
against these unpredictable and irrational events.
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some birth defects have been identified, it is clear that several of
the genes mutated in malformation syndromes or genes whose ex-
pression is disrupted by environmental agents or teratogens are
part of conserved signal transduction pathways. One can consider
malformations to be inborn errors of development whereby path-
ways important for controlling development throughout evolution
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lows pediatricians to relate the phenotype of humans who have de-
velopmental disorders to the functions of genes in a signal
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Respiration at birth depends on maturation changes in lung tissue
architecture, cell differentiation, and gene expression. At the tran-
scriptional level, maturation is controlled by the actions of a group
of transcription factors mediating gene expression in the lung. A
network of transcription factors regulates gene expression in the re-
spiratory epithelium, which then influences cell maturation
throughout the lung. Glucocorticoids (via the glucocorticoid recep-
tor), acting primarily in the pulmonary mesenchyme, influence
maturation in the respiratory epithelium. Elucidation of the inter-
secting pathways controlling perinatal lung function may provide
opportunities to induce pulmonary maturation in preterm infants
at risk for respiratory distress syndrome before birth, and will help
identify genes and processes important for various aspects of lung
function.

843

855

873

CONTENTS



Renal Cystic Disease: New Insights for the Clinician 889
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This article cannot comprehensively cover the enormous strides
made in defining the molecular and cellular basis of renal cystic
diseases over the last decade. Therefore, it provides a brief over-
view and categorization of inherited, developmental, and acquired
renal cystic diseases, providing a relevant, up-to-date bibliography
as well as a useful list of informative Internet Web sites. Its major
focus is the translational biology of polycystic kidney disease. It de-
monstrates how emerging molecular and cellular knowledge of the
pathophysiology of particular diseases such as autosomal domi-
nant polycystic kidney disease (ADPKD) and autosomal recessive
polycystic kidney disease (ADPKD) can translate into innovative
therapeutic insights.
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tributed to developmental immaturity of surfactant production.
Studies of different ethnic groups, gender, targeted gene ablation
in murine lineages, and recent clinical reports of monogenic causes
of neonatal respiratory distress syndrome have demonstrated that
genetic defects disrupt pulmonary surfactant metabolism and
cause respiratory distress syndrome, especially in term or near-
term infants and in older infants, children, and adults. In contrast
to developmental causes of respiratory distress, which may im-
prove as infants and children mature, genetic causes result in both
acute and chronic (and potentially irreversible) respiratory failure.
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Respiratory syncytial virus (RSV), the recently identified human
metapneumovirus (HMPV), and the human parainfluenza viruses
(HPIVs), cause most cases of childhood croup, bronchiolitis, and
pneumonia. Influenza virus also causes a significant burden of dis-
ease in young children, although its significance in children was
not fully recognized until recently. This article discusses pathogens
that have been studied for several decades, including RSV and
HPIVs, and also explores the newly identified viral pathogens
HMPYV and human coronavirus NL63. The escalating rate of emer-
gence of new infectious agents, fortunately meeting with equally
rapid advancements in molecular methods of surveillance and
pathogen discovery, means that new organisms will soon be added
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to the list. A section on therapies for bronchiolitis addresses the fi-
nal common pathways that can result from infection with diverse
pathogens, highlighting the mechanisms that may be amenable
to therapeutic approaches. The article concludes with a discussion
of the overarching impact of new diagnostic strategies.
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Pulmonary hypertension is an elevation in pulmonary artery pres-
sure that is associated with a spectrum of diseases and causes. Its
clinical severity and presentation are widely varied. The field of
study has changed immensely over the past several years. Signifi-
cant knowledge has been gained in the pathophysiology, genetics,
and vascular biology associated with pulmonary hypertension.
These discoveries have contributed to medical interventions that
have improved outcomes associated with pulmonary hyperten-
sion. This article reviews pulmonary hypertension in children, fo-
cusing on idiopathic pulmonary hypertension. Because most
information is associated with children who have this form of the
disease, formerly classified as primary pulmonary hypertension,
medical therapy is discussed with a focus on this patient group.
Additional therapeutic concepts relevant to other causes of pul-
monary hypertension are highlighted.
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The cellular and molecular basis of congenital heart disease (CHD)
is an evolving area of rapid discovery. This article introduces the
basic mechanisms underlying cardiac development and CHD in or-
der to permit a clear understanding of current diagnostics and ther-
apeutics and their future development. It is clear that although
significant advances have been made in understanding mechan-
isms controlling heart formation, the direct causes of CHD remain
poorly defined. Future studies that delineate the complexity of
these mechanisms are required to provide a comprehensive under-
standing of the etiologies of CHD. Such understanding will lead to
the development of novel approaches to prevention and therapy.
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Blood pressure, the product of cardiac output and peripheral vas-
cular resistance, follows a circadian rhythm and is altered by a host
of circulating and local substances and by many physiologic
events. The number of genes, signaling pathways, and systems in-
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volved in blood pressure regulation is enormous, and dissecting
those factors that are most important in hypertension has proven
challenging. This article discusses molecular mechanisms of hyper-
tension in several conditions in which mutations in a single gene
give rise to hypertension and then considers the contribution of
these and other genes to essential hypertension.

Reactive Oxygen Species Cerebral Autoregulation in Health
and Disease

Maia Terashvili, Phillip F. Pratt, Debebe Gebremedhin,
Jayashree Narayanan, and David R. Harder

Reactive oxygen species (ROS) are a family of oxygen-derived free
radicals that are produced in mammalian cells under normal and
pathologic conditions. Many ROS, such as the superoxide anion
(O;7) and hydrogen peroxide (H,O,), act as cellular signaling mo-
lecules within blood vessels, altering mechanisms mediating me-
chanical signal transduction and autoregulation of cerebral blood
flow. This article focuses on the actions of ROS, such as O, and
H,0,, and how they influence mechanisms responsible for the
modulation of pressure-induced myogenic tone in the cerebral cir-
culation and blood flow autoregulation in response to elevated
arterial pressure. ROS may be a key target for therapeutic interven-
tions in pediatric patients who have hypoxic injury or altered cere-
bral metabolism induced by trauma or infection.
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Genomic medicine has rapidly changed the practice of pediatrics. In this
second of two issues of the Pediatric Clinics of North America, the authors
continue to translate a new vocabulary of scientific terminology into a mean-
ingful framework for the practicing pediatrician.

In the previous issue (Avner ED, Kliegman RM. Scientific Foundations
of Clinical Practice, Part 1. Pediatric Clinics of North America 2006;53:559—
806), authors introduced new diagnostic modalities (preimplantation genetic
diagnosis, microarrays), discussed the application of functional genomics to
our understanding of common pediatric diseases (immunological disorders,
bacterial infections, asthma, inflammatory bowel disease, ocular disorders,
psychiatric disorders, obesity), and described the potential and pitfalls of
new genomic therapies (gene therapy, pharmacogenomics, hematopoietic
cell transplantation). In the current issue, a talented group of translational
investigators continue to review specific methodologies that form the basis
of this revolution in clinical practice, and then further describe the new sci-
entific foundations of pediatrics. In these articles, laboratory bench findings
are rapidly translated into mechanisms of disease, and subsequently provide
the basis for innovative therapies to treat acute and chronic childhood
diseases.

The editors know that a deeper understanding of the new scientific foun-
dations of clinical practice will lead to improvements in child health and
welfare. During these difficult times when children are threatened daily by
man-made and natural complex humanitarian emergencies, may we have
the wisdom to always use this knowledge to protect the children we serve.

0031-3955/06/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.pcl.2006.08.011 pediatric.theclinics.com
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Novel technological developments have always lead to fundamental
changes in our understanding of disease mechanisms, ultimately changing
the way we diagnose and treat patients. For example, the invention of the
microscope lead to unprecedented discoveries that direct diagnosis and
treatment, as demonstrated by the important role of a histologic character-
ization in cancer. It is not be surprising, therefore, that the identification of
DNA, genes, and their downstream products, and the understanding of the
molecular mechanisms leading to disease give us new tools for a novel mo-
lecular view of health and disease. As the Human Genome Project provides
us with an unprecedented knowledge about all genes of the human genome,
we now know the building blocks that determine biologic processes in hu-
mans [1]. The knowledge about DNA sequence, however, only provides
a first glimpse, because RNA and ultimately proteins carry forward the in-
formation coded in genes. Consequently, extensive research efforts focus
now on an integrated view linking all these components together to describe
biologic systems. In large part this is enabled by the development of technol-
ogies for sequencing, expression analysis, and improved protein analyses.
This global view of integrative systematic and comprehensive analysis to
identify and describe processes and pathways involved in normal and abnor-
mal states is summarized by the term functional genomics. With a specific
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focus on disease, this analysis extends on the molecular level as a description
of how DNA variation contributes to disease susceptibility. Ultimately, this
molecular view of disease should provide us with novel molecular diagnostic
tools and targets for improved treatment and drug development. In this ar-
ticle the authors review briefly the necessary technologies, focus specifically
on the analysis of DNA as a first step to identify causal gene mutations that
can be used for diagnostic tests in a clinical setting, and expand on key issues
to bring the understanding of genetics of complex disease into clinical
practice.

Tools and infrastructure

As an emerging discipline, functional genomics builds critically on the de-
velopment and the availability of molecular technologies. At each step in the
cascade from gene to protein, various methods have been developed and re-
fined to address specific analytic needs. These include, on the molecular
level, the development of cost-efficient sequencing and high-throughput
analysis of DNA variants. For RNA analysis, with the development of
chip-based expression profiling, the analysis of hundreds and thousand
of RNAs enables us to analyze comprehensively the expression pattern of
a large number of genes in cells or diseases of interest. Finally, the emerging
area of proteomics has progressed significantly to permit simultaneous anal-
ysis of large numbers of proteins with increased accuracy and sensitivity.
The next sections provide a brief review of some of the most widely used
technology platforms for functional genomics.

DNA analysis

With regard to DNA analysis platforms, methods can be separated based
on overall goal. Sequencing represents a well-established platform that
allows the identification of novel DNA variants—also known as single
nucleotide polymorphisms (SNPs)—and the determination of previously
identified mutations by resequencing analysis. Over the years, the technol-
ogy has been optimized with regard to reagents and further development
of high-throughput sequencers. In part, the progress in sequencing technol-
ogy was a critical component for the Human Genome Project to establish
the full sequence of the human genome. Currently, direct sequencing as
a means of DNA analysis is used mainly for the identification of novel mu-
tations or the analysis of rare mutations that cannot be analyzed easily and
cost-efficiently using other, more targeted platforms [2]. Significant research
efforts are focused toward reducing the cost of sequencing, however, ulti-
mately leading to analysis of an individual’s entire genome sequence for
a target cost of $1,000 [3].

For the analysis of a set of known and predefined mutations, a variety of
genotyping platforms have been established and the technology has matured
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significantly over the last few years. The decision of which platforms would
be most appropriate for a project depends on several factors. The different
genotyping platforms vary in throughput, genotyping cost, and the ease of
establishing an assay. For studies focusing on the analysis of a limited num-
ber of markers or the testing of defined and previously identified mutations,
lower-throughput methods, such as the ABI TagMan method, would be
most appropriate. These lower-throughput methods are performed mainly
in single reactions and assay one SNP or mutation at a time. With improved
automation, these methods allow for the analysis of hundreds to thousands
of samples for a limited number of markers. One advantage of the ABI Tag-
Man platform is also the availability of established assays for a large num-
ber of previously identified SNPs. This availability allows for a rapid
analysis of known DNA variants without the need for establishing and eval-
uating the assay performance. For a large number of diseases, however, risk
mutations have not yet been identified and substantial efforts are geared to-
ward improving our understanding of the genetic architecture of a disease
and the identification of mutations that predispose to disease.

Identification of genes for common diseases leading toward
DNA disease markers

In comparison to other specialties, genetics already plays a significant
role in the field of pediatrics. Most diagnostic tests that are currently in
use focus on rare diseases, often with a Mendelian mode of inheritance. Sin-
gle-gene disorders, however, may account for only a small percentage of the
overall diseases in patients seen by pediatricians. Consequently, the focus
has expanded toward improving our understanding of how genes and ge-
netic factors contribute to common pediatric diseases, such as asthma, dia-
betes, or obesity. In addition, pharmacogenetics and genomics also can be
added to this list as we aim to understand how variation of genes involved
in drug metabolism affect the therapeutic response to commonly used drugs.
It is generally accepted that most common forms of pediatric diseases likely
result from the interaction of several genetic and environmental factors.
Such diseases therefore are multifactorial (genes and environment) and
polygenic (multiple genes required in each patient) in nature.

Over the years, there has been an intensive discussion about the methods
to map and identify genes for such polygenic, common diseases. Although
the classical linkage approach has been successful for diseases with Mende-
lian forms of inheritance, this approach has been more challenging for poly-
genic diseases. The genes typically identified with this linkage strategy have
been those with low-frequency mutations causing a substantial effect on the
phenotype [4]. Conversely, the gene variants that underlie common disease
are likely to have smaller effects. Under these circumstances, it is well known
that the linkage approach alone might not be sufficient to identify possible
loci [5]. Consequently, there is a need to develop further strategies to
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overcome these limitations. Using a high-density set of markers in an asso-
ciation study is likely to have greater power to localize genes with moderate
effects on multifactorial disorders. With the development of highest-
throughput analysis methods coupled with advanced bioinformatic data
analysis, the association study approach has gained substantial interest [6].

With this in mind, there is still significant discussion about the best ap-
proach for association mapping. This discussion mainly is based on the un-
certainty about what one might call the allelic architecture of polygenic
diseases: how many genes contribute to the disease risk, how many muta-
tions in a gene are present, what is their frequency, and what is the effect
of each mutation? Because only a few disease genes actually have been iden-
tified for common diseases, our understanding of the underlying allelic ar-
chitecture relies on these examples and simulation studies. The “common
disease—common variant’” hypothesis builds the basis for the newly initi-
ated HapMap project aiming to develop genomewide haplotype information
for whole genome association scans. Based on simulations incorporating
evolutionary processes, such as selection, mutation, and genetic drift, there
is also support for models that favor the notion that alleles with lower fre-
quency can contribute significantly to polygenic diseases [7]. The frequency
of disease alleles might also depend on whether an association study starts
by looking at a priori functional candidate genes or whether the analysis
starts from a linkage signal. In any case, following the seminal work by
Risch and Merikangas [6], genomewide association analyses are likely to
be a powerful approach for disease mapping. There has been encouraging
progress overall, as illustrated by the recent successes of locating functional
variants associated with such common diseases as non—insulin-dependent di-
abetes mellitus, inflammatory bowel disease, asthma, prostate cancer, and
coronary artery disease [8—14].

Genomewide association studies for disease marker identification

The proposed technology of genomewide association (GWA) scanning
builds critically on the technological platform for high-throughput genotyp-
ing. Over the last few years, this technology has matured significantly and
several platforms have been made commercially available. Currently, two
main platforms are commercially available from Affymetrix (http://www.
Affymetrix.com) and Illumina (http://www.Illumina.com) allowing for the
analysis of 500,000 or more SNPs at a time. The methodologies differ in
the actual assay method. Although the Affymetrix chip uses oligonucleotides
built on an array, the Illumina platforms uses beads labeled with oligonucle-
otides that are placed on an array. Currently, the markers that are selected
on the platforms differ based on different selection criteria and in some part
because of technical constraints of the method. Although it is difficult at this
moment to assess advantages of one platform over the other, a recent com-
parison between these two techniques comes to the conclusion that both
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methods can be used for GWA [15,16]. With this technology available,
several studies currently are underway to identify genes for common dis-
eases. As these methods are novel, only a few reports have been published
recently showing the feasibility and power of this approach. Most recently
in a genomewide screen using the Affymetrix 100k SNP chip, Klein and col-
leagues [17] identified complement factor H (CFH) as a gene influencing the
risk for age-related macular degeneration. A second recent example focused
on obesity as a common disease with polygenic nature. Herbert and
coworkers [18] used an association study approach with a 100,000 SNP
chip and identified a common variant in the INSIG2 gene as a risk factor
influencing BMI. Although the initial association was detected in a popula-
tion sample from the Framingham Heart Study, the significant effect of
a marker in this gene was replicated in a second white population sample,
in African Americans, and in a pediatric cohort. These findings provide
strong support that GWA can identify genes with significant effects. The
finding that a gene that has been identified in an adult population can be
replicated in a pediatric cohort is of significant importance also. Although
caution is necessary and exceptions exist, the results from adult studies
clearly warrant confirmation in pediatric patients for diseases that evolve
from childhood to adulthood. Conversely, evidence from pediatric studies
clearly should be tested in adult cohorts.

Taken together, these examples demonstrate that GWA is a promising
approach to identify genes for common diseases. The identification of dis-
ease-causing genes is, however, only a first step in identifying markers for
a disease process, improving our understanding of novel disease mecha-
nisms, and describing the function and effect of these genes.

DNA mutations as markers of disease progression

Although large-scale linkage and association studies will uncover the ge-
netic underpinnings of complex diseases, the question ultimately remains
whether these methods identify genes with significant clinical or prognostic
relevance. The authors recently demonstrated an association of the
3020insC polymorphism of the CARDI5/NOD2 gene to pediatric-onset
Crohn disease (CD) in a prospective cohort of white children. The
CARDI15/NOD2 gene was one of the first genes to be positionally cloned
for a complex disease based on a prior genomewide scan. Particular SNPs
within this gene have been associated previously with adult-onset Crohn dis-
ease, and the authors have extended these findings to children with the disease.
As a subset of children who have CD progress to severe disease requiring sur-
gical intervention, the authors’ goal was to determine if the 3020insC SNP
could identify a subset of children at high risk for surgery who would benefit
from early aggressive therapy. This study also demonstrated that the disease
identification paradigm actually can result in the discovery of clinically rele-
vant genes that can be used to improve risk prediction.
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In a prospective study, 163 white children who had CD were recruited
with parents and followed for up to 70 months. The authors used a Cox pro-
portional hazards model, stratified according to the presence or absence of
the 3020insC allele, to determine the effect of this mutation on surgery-free
survival.

The unadjusted hazard ratio carrying the 3020insC variant was 6.07
(95% CI 2.76-13.37, P<.0001), indicating that the hazard for surgery is
six times greater in children with this SNP compared with those without
(Fig. 1). This finding suggests that this variant could be used as a prognostic
factor for early surgery in white children who have CD. Although this study
is specific to pediatric-onset CD, the authors believe it also might serve as an
example of how gene identification strategies can lead to new clinically im-
portant prognostic markers in pediatric disease [19].

RNA analysis

Because DNA variation influences diseases processes, it is obvious that
RNA as the downstream product of genes similarly reflects the disease pro-
cess. In some cases, such as cancer, changes in gene expression are fundamen-
tal characteristics of pathogenesis. The mechanisms for these changes can be
complex. For example, mutations in coding regions can directly affect the
gene product, mutations in splice sites can result in splice variants, mutations
in 5’ regulatory regions can affect RNA levels, and 3’ mutations can influence
RNA stability. Whatever mechanism of mutation ultimately is involved, the
gene expression program of a cell reflects these changes at some point. Con-
sequently, the quantitative analysis of gene expression evolved as a powerful
tool for diagnosis and disease characterization. Most progress in this field has
been made related to cancer and cancer diagnostics. For example, for adult
patients who have acute myeloid leukemia, the current classification system

0.4 1 Adjusted HR for Insertion=5.832 (2.621 - 12.979)
p < 0.0001
0.3 1

Survivor Function Estimate

T T T T T T T T

T
0 10 20 30 40 50 60 70 80
Months to Surgery

Fig. 1. Survival analysis in pediatric-onset Crohn disease in children stratified by CARDIS ge-
notype. Squares denote children homozygous or heterozygous for 3020insC; circles denote chil-
dren homozygous for wildtype. Children who have the 3020insC have a significant higher risk
for surgery.



FUNCTIONAL GENOMICS IN MOLECULAR MEDICINE 813

does not reflect fully the molecular heterogeneity of the disease, and treat-
ment stratification is difficult. In a recent study by Bullinger and colleagues
[20] expression profiling was used to identify patients at increased risk. Hier-
archical clustering analysis to identify molecular subgroups with distinct
gene-expression signatures identified a gene expression pattern grouped in
a set of a 133-gene clinical-outcome predictor, which accurately predicted
overall survival among these patients. Similar results have been described
for other types of cancer, such as diffuse large B-cell lymphomas [21], ovarian
cancer [22], or liver tumors [23]. Ultimately, the molecular classification of
a disease on the RNA level in combination with the genetic analysis in the
future should allow placing a patient in a specific molecular subgroup. The
development of this genetic- and genomic-derived classification can direct
the treatment toward genomic-tailored and more individualized treatment.

Protein analysis

Proteomics deals with the identification, characterization, and quantita-
tive and functional analyses of proteins in cells. The systematic and compre-
hensive analysis of the protein remains a daunting task. This challenge is
attributable in part to the substantial complexity of proteins, the great var-
iability of their functional activity because of posttranslational modifica-
tions, and the functional importance of their localization. Furthermore,
protein—protein interaction significantly influences the function of proteins.
Significant technological progress has been made in protein sequencing.
Various databases exist that systematically describe protein sequence and
model the three-dimensional structure of proteins. Approaches exist to char-
acterize functional classes linking protein families to predicted function.
With the development of better and more sensitive methods determining
protein concentrations by mass spectrometry, and the development of pro-
tein arrays, the technological basis has been established to increase the num-
ber of proteins that can be analyzed simultaneously. This technology will be
important to link gene expression information with protein discovery to de-
lineate posttranslational modifications. Significant technological challenges
still remain, however. For example, sample preparation remains a critical
component for a high-throughput analysis of biologic samples. Currently,
protein analysis often is performed following indications from genetic and
genomic studies. In the future, a comprehensive analysis of RNA expression
patterns and protein levels and activity will be an important component to
understand how genes and genetic factors determine disease phenotypes.

Moving functional genomics to clinical practice

Identifying disease-relevant genes will give us an unprecedented view of
the molecular basis of disease. Developing specific knowledge about how
a gene causes a disease, identifying detailed disease mechanisms, and
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systematically and comprehensively analyzing gene function in health and
disease are daunting tasks. Bringing genetic knowledge to the clinic, how-
ever, might not depend on the final elucidation of the function of a gene be-
cause genetic markers, the expression profile, or a protein signature also can
serve as a biomarker and disease correlate. In fact, it is perceivable that ge-
netic biomarker information will be used in disease diagnosis and treatment
before we fully understand exact genetic mechanisms. For example, measur-
ing the prostate specific antigen is now a widely used test for early detection
of hypertrophy and prostate cancer, whereas the exact role and function of
this protein remains less clear [24].

Clinical correlates and functional genomics

As outlined above, the various technologies allow for a comprehensive
analysis of molecular targets. Ultimately the information from these analy-
ses will focus on a subset of novel molecular diagnostics that can be used as:
(1) markers to identify patients at increased risk before onset of clinical dis-
ease manifests, (2) markers for earlier detection of disecase because molecular
changes may precede overt clinical disease manifestations, (3) markers to
identify patients who have more severe disease progression requiring inten-
sified treatment, and (4) markers to identify patients who may benefit from
a specific treatment regimen because the drug affects specific disease mech-
anisms or drug metabolism or efficacy is influenced by genetic factors.
Whatever technological platform is used—whether DNA, RNA, protein,
or a combination of all these technologies—evaluation of clinical validity
is fundamental to establish these molecular methods in clinical practice.

Molecular markers as clinical correlates

Prognostic markers correlate with clinical outcomes as either progression
markers or risk markers. Markers related to the progression of a disease can
be surrogates for other clinical criteria (clinical correlates) that are estab-
lished predictors of the disease. Clinical correlates are good markers to eval-
uate and establish the response to treatment if the direct measurement of the
disease is complex, invasive, or expensive. In many cases progression of dis-
ease determines prognosis. When the disease severity does not correlate
closely with outcome, however, these clinical correlates have only a limited
value to predict the overall outcome. Prognostic markers, conversely, are
correlated with the progression of the disease or certain defined risks linked
to the disease. Progression markers do not necessarily have to correlate with
disease burden or disease mechanisms as long as these markers capture crit-
ical information related to the overall outcome. These markers have high
potential as surrogate end-point markers in trials if the actual end-point is
difficult to determine during a clinical trial. In some cases genetic and geno-
mic information also might be used as risk markers to identify patients who
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have a severe disease prognosis. Risk markers do not necessarily have to re-
spond to treatment, because these markers might only reflect the overall se-
verity of a disease independent of treatment or clinical response. Finally,
predictive markers are related to response, outcome, toxicity, or a combina-
tion of these factors. Ultimately, biologic markers might capture informa-
tion as clinical correlates that determine the overall risk and severity of
a disease, and correlate with the overall prognosis. Consequently, a critical
validation of the proposed biomarkers for clinical benefit must be per-
formed to be used in clinical practice. Most likely, the most promising leads
will be identified from carefully designed clinical trials, which provide high-
quality clinical data collected in a standardized environment combined with
information on clinical outcome or therapeutic response. In addition, large-
scale observational epidemiologic studies are necessary to provide baseline
characteristics with regard to normal variation, such as gene mutation fre-
quencies. The reanalysis of previous clinical trials or established study pop-
ulations and information from disease registries with available biologic
samples is a cost-efficient strategy to test these molecular markers. Finally,
as the clinical importance of a test is always determined by its sensitivity,
specificity, or positive predictive value, these characteristics have to be estab-
lished in the relevant clinical populations. In that respect, it is important to
perform adequately powered studies in the respective pediatric populations
as a basis for clinical applications.

Summary

Technological development in genetics and genomics provides unprece-
dented possibilities to identify the underlying molecular basis of many com-
mon diseases. With the availability of the human genome sequence and
growing information on the most frequent DNA variations combined with
the molecular analysis on the RNA expression and protein level, diseases
might be characterized in the future at the molecular level. Describing
gene function and the specific role of DNA, RNA, and proteins in the disease
process provides novel diagnostic tools and treatment. Ultimately, the goal is
always to provide optimal therapy for each patient. Understanding how the
unique genetic signature of an individual influences the risk and prognosis of
disease is the basis for individualized medicine in the years to come.
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Bioterrorism is the calculated use of violence against civilians to attain
political, religious, or ideologic goals using weapons of biological warfare.
Bioterrorism is particularly concerning because these weapons can be man-
ufactured with ease and do not require highly sophisticated technology.
Moreover, biologic agents can be delivered and spread easily and can affect
a large population and geographic area. The terrorist attacks occurring
around the world necessitate society’s continued investment in adequate
defense against these unpredictable and irrational events.

A bioterrorist attack, or even the threat of an attack, can have an enor-
mous impact, with economic, political, and public health implications. The
impact of a true bioterrorist attack depends on the specific agent or toxin
used, the method and efficiency of dispersal, the population exposed, the
level of immunity in the population, the availability of effective postexpo-
sure prophylaxis or therapeutic regimens, and the potential for secondary
transmission [1]. Understanding and quantifying the impact of a bioterrorist
attack are essential to developing an effective response.

Many events throughout history have involved the use of biological
weapons. One of the first well-documented events was during the 14th cen-
tury medieval siege of Kaffa [76]. The attacking Tartars catapulted dead and
dying plague victims into the city to spread the plague among the enemy.
This action hastened the ensuing plague pandemic in Europe, and hundreds
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and thousands of people were killed by the disease. The biological and
chemical weapons used during World War I resulted in many deaths. Mod-
ern technology significantly advanced biological weapons in the 20th cen-
tury. The Geneva Protocol for the “Prohibition of the Use in War of
Asphyxiating, Poisonous or Other Gases and of Bacteriological Methods
of Warfare” was issued in 1925 and the Geneva Convention on the “Prohi-
bition of the Development, Production, and Stockpiling of Bacteriological
and Toxin Weapons and on Their Destruction” was developed and ratified
in 1972 [126]. However, although many countries signed the convention,
several continued offensive research and production of biological agents
as recently as the mid-1990s. Additionally, increasingly more subnational
terrorist and radical groups have independently worked on offensive use
of biological weapons since the mid-1980s. A recent example was the Bacil-
lus anthrax event in 2001, which resulted in few deaths but significant soci-
etal disruption and cost [2].

Because of its scientific leadership, talent, resources, and health systems,
the United States has special responsibility for leading efforts to prepare for
a bioterrorist attack. Such a crisis would also certainly have a grave impact
on the global economy. Large corporations should be planning their own
response to the absenteeism, travel restrictions, isolation, and quarantine
policies a terrorist attack or threat might cause, including using their consid-
erable resources to help communities handle an event. The measures taken
in the United States and throughout the world will hopefully create systems
that will control an outbreak caused by a deliberate release of bioterrorism
agents [3]. Important tools in this planning are rapid, sensitive, and accurate
diagnostic assays to help governments and public health organizations iden-
tify most infectious agents that might be used in bioterrorism attacks. This
article discusses the current status of diagnostic assays for the most likely
bioterrorism agents.

Organisms with the highest bioterrorism potential

Many virulent and pathogenic organisms can be used individually or to-
gether as weapons to harm a person or community. Infectious agents iden-
tified as posing the greatest threat are classified by the Centers for Disease
Control and Prevention (CDC) as CDC category A, B, or C agents (Table 1).

Importance of laboratory diagnosis

Rapid, accurate detection and identification of bioterrorism agents are
important not only for confirming that a bioterrorism event has occurred
but also for treating individual patients and implementing suitable public
health measures. Although diagnostic tests are available for most CDC cat-
egory A, B, and C bioterrorism agents, many are time consuming, have less
than optimal sensitivity and specificity, or cannot test for multiple agents
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Table 1
List of the Centers for Disease Control and Prevention category A, B, and C agents
Category A Category B Category C
Variola major (smallpox) Brucella spp. (brucellosis) Influenza A and B viruses
Bacillus anthracis (anthrax) Burkholderia mallei (glanders)  Nipah virus
Yersinia pestis (plague) Burkholderia pseudomallei Hantavirus
Clostridium botulinum toxin (meliodosis) Rabies
(botulism) Chlamydia psittaci Drug-resistant
Francisella tularensis (psittacosis) tuberculosis
(tularaemia) Coxiella burnetii (Q fever) Yellow fever
RNA viruses that cause Ricinus communis (ricin) Rickettsia conorii
hemorrhagic, fevers (viral Clostridium perfringens Tickborne encephalitis
hemorrhagic fevers) (epsilon toxin) Tickborne viral
Rickettsia prowazekii hemorrhagic fevers

(typhus fever)
Staphylococcal enterotoxin B
Viral encephalitis (alphaviruses)
Food safety agents

(Salmonella, Shigella, and

Escherichia coli)

Water safety agents

(Vibrio cholerae)

simultaneously. Diagnostic tests that can detect multiple pathogens simulta-
neously offer attractive advantages, including the ability to screen patients
presenting with nonspecific symptoms (eg, rash, lower respiratory symp-
toms, sepsis, fever) or screening asymptomatic individuals who have possi-
ble exposure to an unknown agent.

The U.S. Food and Drug Administration (FDA) has not approved any
diagnostic assays for CDC category A, B, and C bioterrorism agents. The
Department of Defense (DOD) has assay design requirements and specifica-
tions for detecting virtually all agents in the CDC category A, B, and C lists,
which include approximately 50 to 60 agents. Considering that the DOD
requires multiple genes per agent to be analyzed for accurate evaluation
of biological warfare agents, this number effectively doubles.

Routine assays for laboratory diagnosis of bioterrorism agents

The current gold standard for laboratory diagnosis of bioterrorism
agents is standard culture, biochemical assays, or serologic assays. For
bacterial agents, routine assays would include standard culture, modified
staining with light microscopic analysis, motility testing, lysis by gamma
phage, capsule production staining, hemolysis, wet mounts, staining for
spores, slide agglutination, direct fluorescent antibody testing, rapid immu-
nochromatography, and ELISAs to measure antibody titers. Biochemical
assays are another method for diagnosing bacterial agents. Biochemical
systems for recognizing biological agents include measuring products and
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enzymatic activity associated with microbial metabolism, but these
methods generally are not as specific as antibody- or nucleic acid—based
methods because the targeted product or enzyme may also be present in
other organisms [4]. The routine assays for viral agents include virus iso-
lation through tissue culture or growth in eggs, direct and indirect immu-
nofluorescence assays (DFA/IFA), immunodiffusion in agar, electron
microscopy, modified staining and light microscopic analysis, plaque re-
duction neutralization testing, hemagglutination inhibition assay, neur-
aminidase activity assays, complement fixation, enzyme and optical
immunoassays, and ELISAs to measure antibody titers or antigen concen-
tration [5,6]. Pathologic examination of tissues and immunohistochemistry
staining can also play an important role in diagnosing bioterrorism-related
agents, such as anthrax, plague, tularemia, botulism, smallpox, and viral
hemorrhagic fevers [7].

Molecular methods for laboratory diagnosis of bioterrorism agents

Molecular assays are becoming the new gold standard for bioterrorism
detection (Table 2). The published sensitivities and specificities are close
to 100% when compared with culture or serologic assays [8—40]. In fact,
studies comparing molecular assays with culture have shown significantly
better sensitivity (10%—-33%) if a method for determining true-positives is
included. Examples of current molecular methods used in diagnosing bioter-
rorism agents are described later.

Molecular diagnostic assays to detect infectious agents in humans or
other animals usually involve target isolation (usually nucleic acid [NA], ei-
ther DNA or RNA), target amplification, and then specific pathogen iden-
tification or detection (amplification product detection). Efficient methods
of target or signal amplification are needed because these assays must detect
pathogens to less than 10 NA copies in a reaction starting with very little
material. Target amplification has been favored over signal amplification
methods because stoichiometry limits the amount of signal amplification
possible without getting background amplification (signal-to-noise ratio).
In identifying pathogens in the environment (eg, water, air), signal amplifi-
cation may be adequate because the ability to concentrate the target out of
large sample volumes lessens the need for target amplification. Proteomics
may also offer diagnostic assay possibilities for these agents in the future.
The following discussion identifies molecular assays by their method of
amplification and detection.

Signal amplification

Branch-chained DNA assays
The branch-chained DNA (bDNA) assay uses centrifugation of clinical
samples to concentrate pathogens, which releases their DNA. Special
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oligonucleotides are added to bind to the DNA and the wall of the vessel.
Other oligonucleotides are added to bind to the previous oligonucleotides
to begin creating a branching mechanism that will amplify the signal. Fi-
nally, a final oligonucleotide is added that binds to the previous oligonucle-
otide and also binds to an enzyme. The enzyme is added and a color change
occurs that allows the DNA of the organism from the original sample to be
quantified. This method shows high specificity but low sensitivity (25,000
copies/mL) [41]. However, in the second generation of bDNA assay, a pre-
amplifier is used to increase the number of labeled probes that can be bound
to the targets, and the sensitivity is increased by two logs. To reduce the
background noise, in the third generation of bDNA the non-natural bases
isocytidine and isoguanosine are incorporated into the amplification probes.
For example, third-generation bDNA assays for HIV-1 detection report
sensitivities to a detection limit of approximately 50 copies/mL [42].

Hybrid capture assay

Hybrid capture assays depend on the formation of DNA/RNA hybrids,
and a DNA/RNA hybrid—specific antibody is used to capture and detect the
hybrids. For DNA target detection, NA isolation occurs and an RNA probe
that is complementary to the target DNA is added to the sample. The DNA/
RNA hybrids are bound by the antibodies that have been coated on a solid
support. Captured hybrids react with a second antibody conjugated with an
enzyme. After this step, a chemiluminescent substrate is added and a color
reaction occurs. This assay has been used to detect cytomegalovirus. Studies
using signal amplification to detect CDC Category A through C agents
could not be found.

Target amplification

Nucleic acid-based sequence amplification

Nucleic acid—based sequence amplification (NABSA) is a transcription-
based isothermic amplification method that amplifies RNA from either an
RNA or DNA target. Compared with polymerase chain reaction (PCR),
NASBA assay needs three enzymes: avian myeloblastosis virus reverse tran-
scriptase, RNase H, and T7 RNA polymerase. This assay involves three
steps: (1) the formation of cDNA molecules from the target RNA by the ol-
igonucleotide primers containing a T7 RNA polymerase binding site with
reverse transcriptase, (2) RNase H degradation of the initial RNA target
in the RNA-DNA hybrids, with the second primer binding to the cDNA
and extending so that (3) the double-stranded DNA with T7 RNA polymer-
ase binding site is formatted and serves as a substrate of T7 polymerase, re-
sulting in transcription of multiple copies of antisense RNA that will be used
as new targets to make more cDNA and double-stranded DNA. NASBA
has been used to detect influenza viruses (including avian strains),



Table 2

Current molecular methods for diagnosis of bioterrorism agents

(44

Molecular method

Specific amplification product
detection methods

Organisms

Study

Nucleic acid sequence—based
amplification
Polymerase chain reaction

Polymerase chain reaction—based
sequencing assay

Reverse-transcription polymerase
chain reaction

Singleplex with gel detection

Nested

Multiplex with gel detection

Multiplex with liquid bead array
detection

Multiplex with enzyme
hybridization assay detection

Singleplex with gel detection

Singleplex with enzyme
hybridization assay detection

Multiplex with gel detection

Multiplex with enzyme
hybridization assay detection

Influenza A, Flaviviruses,
Escherichia coli, Salmonella

Orthopoxviruses, Burkholderia
spp, Brucella spp, Francisella
tularensis, Bacillus anthracis,
Yersinia pestis

Rickettsia conorii, R prowazekii,
Y pestis, Coxiella burnetii,
Chlamydia psittaci

F tularensis, Y pestis

Y pestis, Bacillus anthracis,
F tularensis

F tularensis, Y pestis, Bacillus
anthracis, Variola major

Mycobacterium tuberculosis,
Bacillus anthracis, Y pestis,
F tularensis, Brucella spp,
Burkholderia spp

Dengue, hantavirus, Ebola, Lassa,
Junin, arboviruses, influenza A
and B

Influenza A and B

Dengue, influenza A and B
Influenza A and B

[43-48]

[16,19,37-39,70,71]

[31,32,34,40]

7
[19,73] Z
[56] y
[55]
[35,51]

[8,24-28,30,86-88,94,106,108]

[9,106]

[10,24,58,118,105,107,115,125]
[9,111]



Quantitative competitive
polymerase chain reaction

Real-time polymerase chain
reaction

DNA microarray

Singleplex

Singleplex

TagMan-based

SYBR Green
Multiplex

Escherichia coli

Bacillus anthracis, Y pestis,
F tularensis, Brucella spp,
Burkholderia mallei,
Burkholderia pseudomallei,
orthopoxviruses, dengue

Coxiella burnetii, F tularensis,
dengue, orthopoxviruses

Y pestis, Bacillus anthracis, dengue

Bacillus anthracis, Y pestis,
Burkholderia mallei, influenza A
and B

Bacillus anthracis, Y pestis,
F tularensis, orthopoxviruses,
hantavirus, Clostridium
botulinum, Brucella spp,
influenza A and B, E coli

[50]

[35,36,75.,95]

[23,33,59,72]
[22,53]
[53,64,107,112,113,116,117,121]

[52,60-62,65,119,104,109,114,
120,124]
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flaviviruses, and microbial pathogens that are concerns to food safety, such
as Salmonella and Escherichia coli [43—48].

Polymerase chain reaction

Recent progress has been made in designing singleplex PCR assays for
some of these agents, bringing the speed and accuracy of molecular biology
to their diagnosis. This method amplifies specific DNA segments using cy-
cles of template denaturation, primer annealing, and replication using ther-
mostable DNA polymerase at varying temperatures [49]. Singleplex PCR
with gel detection has been used for many bioterrorism agents, including or-
thopoxviruses, Burkholderia spp, and Francisella tularensis (see Table 2).
Nested singleplex PCR reactions can also be used to detect Rickettsia con-
orii, R prowazekii, Yersinia pestis, Coxiella burnetii, and Chlamydia psittaci
(see Table 2) [31,32,34,40].

Reverse transcription—polymerase chain reaction

To amplify an RNA target, the RNA must be reversely transcribed to
cDNA by an RNA-dependent DNA polymerase using random hexamers
or one of the PCR primers as the primer. MuLV and AvLV are two com-
monly used reverse transcriptases. Some reverse transcription-PCR (RT-
PCR) assays use a single enzyme—a recombinant DNA polymerase from
Thermus thermophilus—that has two functions: reversely transcribing the tar-
get RNA to cDNA and amplifying the cDNA to obtain the PCR product.

Quantitative competitive polymerase chain reaction

Quantitative competitive (QC) PCR is based on coamplifying a sequence
that will be quantified with a known amount of competitor sequence resem-
bling the target. Because both sequences amplify with the same primers, the
two sequences should be from the same region of DNA for the primers to
amplify each with equal efficiency, but should differ slightly in size so they
can be distinguished by agarose gel electrophoresis. A dilution series of three
to five PCR mixtures should be made, each with an unknown amount of tar-
get DNA and a known dilution series of competitor DNA. The target and
competitor DNA compete for the same primers; when the concentration of
each is equivalent, band intensities will be equivalent. The point of equiva-
lence is determined by visually assessing band intensities or digitally analyz-
ing the gel image and generating a regression line [50]. QC PCR has been
used to detect and quantify E coli 0157 cells [50]. QC PCR is a useful tool
for detecting and quantifying pathogens when real-time PCR equipment is
not available.

Polymerase chain reaction—based sequencing assay
With the rapid development of sequencing equipment and reduced price,
DNA sequencing has become a routine assay in many laboratories. The
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capillary-based electrophoresis instruments make the automatic sequencing
reactions available. Although Sanger-based dideoxy sequencing method is
used most, other methods, such as Pyrosequencing assay and mass spec-
trometry assay, are promising alternatives. Pyrosequencing is used mainly
for analyzing single nucleotide polymorphisms and characterizing short se-
quences [51]. This method is based on an enzyme-cascade system with real-
time monitoring, and the result is accurate and can be obtained in 1 hour
[51]. A pyrosequencing assay was used to identify rifampin-resistant strains
of Mycobacterium tuberculosis [51]. Other PCR-based DNA sequencing as-
says have been used to identify different strains of Bacillus anthracis, Y pes-
tis, F tularensis, Brucella spp, and Burkholderia spp (see Table 2) [35].

Multiplex PCR

Multiplex PCR amplifies two or more DNA sequences in one reaction.
The biochemical method is similar to singleplex PCR, with various methods
used to improve amplification within the primer mixture or detection of the
PCR product [52-54]. Several uses of this method have been reported for
bioterrorism agents using different methods of PCR product detection
(see later discussion and Table 2). Examples of PCR product detection other
than gel electrophoresis include enzyme hybridization assay (EHA), which is
similar to an ELISA assay and performed in 96 well plates [55]; Luminex
beads, which allow amplification DNA targets with subsequent hybridiza-
tion to fluorescent beads that pass through a flow cytometer for measure-
ment [56]; and DNA microarray detection [52].

Multiplex reverse transcription—polymerase chain reaction

Multiplex RT-PCR detects multiple different RNA agents using RT-
PCR. Examples of this method for detecting bioterrorism agents include as-
says for detecting flaviviruses (dengue) and influenza A and B viruses (see
Table 2). One study developed a rapid and cost-effective multiplex RT-
PCR-based diagnostic test for detecting and serotypically characterizing
dengue viruses in the acute phase of illness in a single tube [24].

Real-time polymerase chain reaction

Real-time PCR allows simultancous DNA quantification and amplifica-
tion. In real-time PCR, the target amplification and PCR product detection
occur in the same tube, at the same time. The real-time PCR machine uses
precision optics that can monitor fluorescence emissions when target ampli-
fication occurs. A computer software program in the machine monitors and
analyzes the data throughout the PCR cycles and generates amplification in-
formation in real time. Common quantification methods include using fluo-
rescent dyes that intercalate with double-stranded DNA, and modified
DNA oligonucleotides (called probes) that fluoresce when hybridized with
a complementary DNA. The three main fluorescence-monitoring systems
for DNA amplification are hydrolysis probes, hybridizing probes, and
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DNA-binding agents [57]. Hydrolysis probes include TagMan probes (Ap-
plied Biosystems, Foster City, California) [23], molecular beacons [53], and
Scorpions (DxS Ltd, Manchester, United Kingdom) [57]. Hybridizing
probes include LionProbes (Biotools, Madrid, Spain) [57], and DNA-binding
agents include SYBR Green (Applied Biosystems, Foster City, California)
and fluorescence resonance energy transfer (FRET) probes [22,53].

Although the CDC is currently developing several singleplex real-time
PCR assays to be the new gold standard for detecting bioterrorism agents
in the United States, no studies have been published on these tests, nor
have they been clinically field tested. Real-time PCR has been shown to
be an effective method of detection for small panels [58]. However, as the
panels become larger, real-time PCR is limited by the number of fluoro-
phores that can be detected in a single reaction (currently three or four).
This method involves fewer steps and everything is added at the beginning,
thus decreasing the risk for contamination seen in methods that require ma-
nipulation of the amplified DNA outside of the closed reaction tube. Addi-
tional advantages of this test over standard format PCR are that it is faster
and slightly cheaper. However, disadvantages include higher start-up costs,
higher reagent costs, more difficulty setting the low cutoff values, and less-
stable commercial reagents. A TagMan real-time PCR assay was developed
for detecting orthopoxviruses, F tularensis, Coxiella burnetii, and dengue vi-
rus (see Table 2) [23,33,59,72]. Real-time PCR assays using SYBR Green
probes were developed for Y pestis, Bacillus anthracis, and dengue virus
[22,53]. As seen in Table 2, some multiplex real-time PCR assays are being
used to detect Bacillus anthracis, Y pestis, Burkholderia mallei, and influenza
A and B.

DNA microarray

DNA microarray is a collection of microscopic DNA spots attached to
a solid surface, such as glass, plastic, or a silicon chip, to form an array.
The affixed DNA segments are known as probes, thousands of which can
be used in a single DNA microarray. Microarray technology evolved
from Southern blotting. Measuring gene expression using microarrays is rel-
evant to many areas of biology and medicine, such as studying treatments,
disease, and developmental stages. Lapa and colleagues [60] described the
use of microarrays (Micro Arrays of Gel Immobilized Compounds on
a Chip [MAGIChip]) to detect and identify five different orthopoxviruses.
However, because the clinical sample first had to be amplified using a single-
plex PCR assay to detect a gene sequence common to all five species, the ul-
timate limit of detection (LOD) depended on the PCR, not the microarray.
PCR linked with amplification product detection using electronic DNA mi-
croarrays have shown a tremendous amount of flexibility and control in de-
tecting NA. Sites on the microarray can be easily configured and modified
for a range of assay formats. Because nonactivated sites do not draw NA,
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multiple samples can be analyzed and multiple runs performed on the same
microarray without cross-contamination [61,62].

Current laboratory diagnosis of selected important bioterrorism agents
Bacillus anthracis

Anthrax is a zoonotic disease that is transmissible to humans through
handling or consumption of contaminated animal products. The etiologic
agent of anthrax, Bacillus anthracis, is a spore-forming gram-positive bacil-
lus. Human anthrax has three major clinical forms: cutaneous, inhalation,
and gastrointestinal. The characteristics that make anthrax a potential bio-
terrorism weapon are its stability as a spore, its ease of culture and produc-
tion, its ability to be aerosolized, and the serious disease it causes. If left
untreated, all forms of anthrax can cause septicemia and death.

A standard culture on a 5% Sheep Blood agar plate and a Gram stain
normally identifies Bacillus to the genus level through colony identification.
Confirmatory identification of Bacillus anthracis performed by the CDC in-
cludes phage lysis, capsular staining, and direct fluorescent antibody (DFA)
testing on capsule antigen and cell wall polysaccharide. Immunologic tests
include specific ELISAs to measure antibody titers to particle agglutination
or capsular components. Indirect microhemagglutination provides similar
results to ELISA but has drawbacks, including short shelf life of reagents
and longer preparation times [63]. All methods are labor intensive, lengthy,
or lack sensitivity or specificity. In particular, rapid immunologic-based tests
marketed for environmental testing in the United States lack sensitivity and
specificity. More recent lateral flow immunoassay kits have shown improved
specificity (100%) but still poor LOD and sensitivity [17]. Singleplex PCR
tests have been developed to detect conserved regions common to all Bacil-
lus anthracis strains and to try to detect specific subtypes of the organism.
Higgins and colleagues [18] compared several PCR-based techniques for de-
tecting pathogenic organisms. He was able to detect anthrax using the Taq-
Man 5 nuclease assay (real-time PCR), but its clinical usefulness could not
be assessed. PCR assays to the particle agglutination gene are available at
national and some state reference laboratories. Moser and colleagues [64]
used a real-time PCR platform called MultiCode-RTx to simultaneously an-
alyze the presence of Bacillus anthracis—specific virulence plasmid-associated
genes (three targets at one time) on a LightCycler-1 (Roche, Basel, Switzer-
land). The triplex showed high sensitivity and specificity (100%) and LODs
nearing single copy levels [64].

Yersinia pestis

Yersinia are gram-negative bacilli and members of the family Enterobac-
teriaceae. The genus includes three species that are pathogens to humans
and animals: Y pestis, Y pseudotuberculosis, and Y enterocolitica [66].
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Y pestis is the most notorious species and causes bubonic plague, or “Black
Death,” which is usually fatal unless treated quickly with antibiotics. The
fleas from rodents transmit the disease to humans and other animals. Past
studies have shown that Y pseudotuberculosis and Y pestis are similar at
the nucleotide level. According to Achtman and colleagues [67], Y pestis is
a recently emerged clone of Y pseudotuberculosis. Despite this nucleotide
similarity, the pathogenic mechanisms are different: Y pseudotuberculosis
and Y enterocolitica cause gastrointestinal disease, whereas Y pestis causes
plague. Y pestis is also known to disable the immune system in humans
by injecting proteins into macrophages, one of the body’s key defenders
against bacterial attack. Inhaling a small number of Y pestis can lead to
pneumonic plague, which is highly lethal and can spread from person to per-
son. This bacterium can be grown and aerosolized easily and is available
worldwide, making it a potent bioterrorism weapon.

Y pestis has been rapidly diagnosed using many traditional methods (eg,
culture, microscopic observation, biochemical characteristics, anti-F1 anti-
gen detection by slide agglutination, immunofluorescence, phage lytic as-
say). However, these methods are not very accurate in identifying or
diagnosing different species of Yersinia. Chanteau and colleagues [68] com-
pared F1 antigen capture ELISA assay with rapid immunogold dipstick for
early diagnosis of bubonic plague (Y pestis) and concluded that bubo fluid
rather than serum or urine specimens must be used to diagnose this agent.
However, even these poor tests (F1 ELISA, dipstick assay) provided valu-
able tools for early diagnosis and the surveillance of plague. In their exper-
iments to specifically detect plasmid-bearing Yersinia isolates with PCR,
Neubauer and colleagues [19] concluded that all possible pathogenic Yersi-
nia isolates could be identified based on PCR analysis with fewer false-
positive reactions than the autoagglutination test. This PCR assay has not
been evaluated for routine use.

Francisella tularensis

F tularensis is one of the two recognized species of the genus Francisella.
It is a virulent, facultative, intracellular bacterium. According to Johansson
and colleagues [69], the bacterium is widely distributed in nature and has
been isolated from approximately 250 wildlife species, many of which can
transmit disease to humans. Types A and B are the two major subtypes,
with type A more virulent. Tularemia is acquired by direct contact with in-
fected animals, through contaminated water or food, or from vectors such
as biting insects or ticks. Airborne transmission can also occur during pro-
cessing of agricultural products. This disease is epidemic in humans and an-
imals, with clinical manifestation depending on the means of transmission.
Tularemia is also known as rabbit fever and deer fly fever. In the natural set-
ting, tularemia is a predominately rural disease with clinical presentations
that include ulceroglandular, glandular, oculoglandular, oropharyngeal,
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pneumonic, typhoidal, and septic forms. Experts believe that of the various
ways that F rtularensis could be used as a weapon, an aerosol release would
have the greatest adverse medical and public health consequences.

Rapid diagnostics for tularemia are not widely available. Culture is the
definitive test for F tularensis but can take several days. In many clinical lab-
oratories, the diagnosis of tularemia is usually confirmed by showing an an-
tibody response to F tularensis. However, this method normally does not
allow a definite diagnosis within the first 2 weeks, when antibiotic therapy
would be most helpful [70]. Therefore, simple and reliable diagnostic tests
that could be used to identify persons infected with F tularensis in the
mass exposure setting must be developed. F tularensis has been detected
from pus using PCR [71], and several PCR assays, including the TagMan
5’-nuclease assay (real-time PCR), have been developed to identify F tular-
ensis from bodily fluids of infected animals and vectors [72—75]. However,
using rapid immunochromatography testing, ELISA, and PCR to analyze
F tularensis bacterial cellular components, Berdal and colleagues [74] con-
cluded that the rapid immunochromatography test was more handy and
versatile, whereas Higgins and colleagues [18] showed that PCR had greater
efficacy in identifying F tularensis. Rapid methods for identifying F tularen-
sis, such as the immunofluorescence assay and ELISAs for detecting antigen
and the RNA hybridization assay, have been tried but have not been in-
cluded in routine diagnostics. These assays also lack the sensitivity and spec-
ificity of PCR. Singleplex PCR tests and multiplex PCR assays (see later
discussion) are being studied for diagnosing tularemia. Overall, PCR has
shown greater efficacy in identifying F tularensis compared with other
methods [76].

Variola major

Smallpox caused by Variola major (family Orthopoxviruses) was a devas-
tating disease and caused massive epidemics and fatalities. Although the dis-
ease was eradicated in 1977, the remaining stocks of smallpox virus
constitute one of the most dangerous threats to humanity [77-79]. This
agent is believed to be one of the most potentially deadly and effective bio-
logical weapons because it is easily transmitted, no effective therapy exists,
and few people carry full immunity. Meltzer and colleagues [80,81] con-
structed a mathematical model to show the spread of smallpox once the vi-
rus is released after a bioterrorism attack. They assumed that if 100 people
were initially infected with the virus, and every infected person transmitted
the infection to 3 additional people, then stopping the outbreak would take
up to 1 year if 9 million vaccine doses were used and effective quarantine
implemented, and still 4200 people would become infected and approxi-
mately 1200 would die.

Smallpox is usually diagnosed by the presence of characteristic virus par-
ticles on electron microscopy of vesicular scrapings. Under a light
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microscope, aggregations of variola virus particles, called Guarnieri bodies,
are found. Another rapid but insensitive method to detect Guarnieri bodies
in vesicular scrapings is to use Gispen’s modified silver stain, which stains
cytoplasmic inclusions black. Neither of these laboratory tests is capable
of discriminating variola from the other poxviruses, such as monkeypox
and vaccinia (attenuated vaccine strain of smallpox). This differentiation
classically requires isolation of the virus and characterization of its growth
on specific media. Tarantola and colleagues [21] introduced a new and im-
proved immunofluorescence staining technique to test scabs or vesicular
or pustular impressions for smallpox, and compared it with the existing
methods (immunodiffusion in agar and culture on chorioallantoic mem-
branes of embryonated eggs). Although no false-negative results occurred,
a high rate of false-positive results were found, and therefore immunofluo-
rescence could not be recommended as a routine screening test for smallpox.
The development of PCR and other molecular diagnostic techniques prom-
ises a more accurate and less cumbersome way to discriminate between var-
iola and other orthopoxviruses [82]. Although MAGIChip detects and
identifies five different orthopoxviruses (including smallpox), it does not
allow multiple unrelated organisms to be detected without initial use of
a multiplex PCR. A TagMan real-time PCR assay was developed for
single-organism diagnosis from pathology specimens [59].

Ebola and Lassa fever

Several enveloped RNA viruses that typically cause viral hemorrhagic fe-
ver (VHF) syndrome include the Filoviridae (Ebola, Marburg) and Arena-
viridae (Junin, Lassa). These viruses are typically transmitted to humans
through contact with infected animal reservoirs or arthropod vectors, and
some may be highly infectious through aerosol [83]. However, the highest
fatalities are caused by the filoviruses, whose genomic organization is well
studied. The genus Filovirus contains four subtypes of Ebola (Zaire, Sudan,
Ivory Coast, and Reston) and a single species of Marburg virus. Three of the
Ebola species have caused death in humans, whereas the Ebola virus Reston
has only caused disease in nonhuman primates. Arenaviruses belong to the
family Arenaviridae, whose members are generally associated with rodent-
transmitted disease. Based on their serologic properties, genetic composi-
tion, and geographic distribution, the arenaviruses are classified into two
major groups: Old World and New World. Junin virus causes an endemoe-
pidemic disease, acute hemorrhagic fever. The VHF agents may be used as
weapons because no vaccines or treatments exist for the disease (except
Lassa) and it is highly fatal.

Antigen capture ELISA testing, IgG ELISA, PCR, virus isolation, and
real-time PCR can be used to diagnose VHF within a few days of the onset
of symptoms [22-27,84-86]. Persons tested later in the disease course or af-
ter recovery can be tested for IgG and IgM antibodies The disease can also
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be diagnosed retrospectively in deceased patients through immunohisto-
chemistry, virus isolation, or PCR. Leroy and colleagues [28] compared tra-
ditional methods of ELISA antigen capture, Ebola-specific IgM and IgG
antibody detection, and RT-PCR as diagnostic techniques. Compared
with antigen or IgM detection, the sensitivity of RT-PCR in identifying
acute infection was 100% and 91%, respectively, and specificity was 97%.
Antigen capture detected only 83% of infections identified with PCR,
whereas IgM identified only 67%. More significantly, RT-PCR detected
Ebola RNA in blood even 1 to 3 weeks after symptoms disappeared,
when the antigen was undetectable. RT-PCR was the most sensitive method
and was able to detect virus over a broad time range during symptomatic
disease.

Lozano and colleagues [29] designed an RT-PCR-based assay to detect
Junin virus in whole blood samples. The RT-PCR-based assay was com-
pared with traditional methodologies, including ELISA, plaque neutraliza-
tion tests, and occasionally viral isolation. This assay showed a 98%
sensitivity and 76% specificity. Using the consensus sequences of these re-
gions, Lozano and colleagues [87] designed primers and used RT-PCR to
perform restriction fragment length polymorphism analysis. They then com-
pleted a phylogenetic analysis on Old World and New World arenaviruses
and were able to show a clear relationship between these two groups. Using
primers from a region of the small RNA segment of Lassa virus coding for
the glycoprotein, Trappier and colleagues [30] evaluated PCR and hybrid-
ization procedures for diagnosing Lassa fever. The study did not show
a clear correlation between the results obtained with PCR and those using
virus isolation methods. Of the results, 32% were false-positive. Bockstahler
and colleagues [88] reported similar results with an RT-PCR—based assay.
This problem is common with PCR assays when they ‘“‘beat” the current
gold standard, and these false-positives may have been true-positives.

Rift Valley fever, Hantavirus, and dengue

Other enveloped RNA viruses that typically cause VHF syndrome in-
clude Bunyaviridae (Nairovirus, Phlebovirus, Rift Valley fever, Hantavirus),
and Flaviviridae (yellow fever, dengue). Bunyaviridae and Flaviviridae are
also known as Arboviruses (arthropod-borne). Flaviviridae contains the
genera flavivirus (which includes the viruses causing Japanese encephalitis,
dengue fever, yellow fever, and tickborne encephalitis). The hantaviruses
(Bunyaviridae) have been implicated as the cause of two acute diseases:
hemorrhagic fever with renal syndrome and hantavirus pulmonary
syndrome.

Numerous methods are used to diagnose hantaviruses and flaviviruses,
including indirect immunofluorescence, plaque reduction neutralization
test, hemagglutination inhibition test, and complement fixation [89-92].
These tests are technically demanding and reproducibility of results is
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poor. A recent IgM antibody capture ELISA uses a defined set of antigens
[93] for rapid screening of human samples for various arboviruses. However,
it requires antigens that are tailored to the geographic origin of the speci-
men. In addition, ELISAs have decreased sensitivity and specificity com-
pared with PCR assays. Kuno [94] used different PCR protocols to try to
develop a universal diagnostic RT-PCR protocol for different arboviruses.
However, several protocols would have been needed, with many optimiza-
tions regarding enzymes, reagents, and equipment, and would be generally
cumbersome. Anwar and colleagues [95] described a method of detecting
and quantifying dengue virus using a stem-loop mediated reverse transcrip-
tion real-time PCR assay. Because of the use of a reverse transcription
primer folded into the stem-loop structure and the use of primer sequences
specific to this stem-loop structure, this assay has shown very high specificity
and excellent sensitivities as low as 10 copies per reaction [95].

Influenza (avian, human, and other animals)

Influenza is an orthomyxovirus and can be separated morphologically
from its cousin, the paramyxovirus, by its segmented genome. This charac-
teristic also allows for the genetic reassortment, which leads to rapid shifts in
antigenic characteristics within influenza and results in pandemic disease (ie,
millions of deaths). The three major types of influenza (A, B, and C) are dif-
ferentiated by stable type-specific RNA-associated nucleoprotein. Influenza
A has 16 hemagglutinin (HA) and 9 neuraminidase (IN) antigenic subtypes
and influenza B has 1 major antigenic subtype with several different subline-
ages. Influenza is efficiently spread person to person through inhalation of
aerosolized droplets produced by coughing and sneezing [96]. This efficient
spread causes infection in up to 30% of school-aged children during a typical
yearly epidemic, which can reach even higher levels (>40%) during a pan-
demic or if a terrorist releases an engineered recombinant virus [97]. Until
recently, influenza B was believed to only infect humans. However, the re-
cent discovery in seals of strains genetically identical to those in humans
has suggested that this virus may be able to reside in animal reservoirs
and re-emerge, causing pandemic disease [98]. Influenza A viruses are well
adapted to their natural hosts, causing only mild or subclinical forms of
the disease; however, they are isolated in concentrations sufficient for effec-
tive transmission to other potential host species. All subtypes of influenza
type A have been found in wild bird populations. HA and N have 144 pos-
sible combinations, but only a very small number have actually been found
in nature. A much smaller range of subtypes has been found in other an-
imals, such as pigs, horses, dogs, and marine mammals. The natural his-
tory of avian strains remains unclear, except that water birds like ducks
and geese seem to have higher incidence rates then other species. Until
the latest HSN1 epidemic, the wild avian hosts were believed to be immune
to disease from these viruses. In 2005, influenza virus subtypes HS5NI
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became one of the most important zoonotic infections in Russia, Europe,
and Asia.

Tissue culture and isolation in embryonated eggs (specific pathogen-free)
was the gold standard for detecting influenza A and B in humans and influ-
enza A in animals (eg, avian), respectively. However, these methods have
been replaced with molecular methods over the past 10 years. Tissue culture
and egg inoculation will (for the near future) remain regionally important to
maintain a source for analyzing genetic and antigenic change in virus pop-
ulations (eg, the yearly influenza vaccine). Serology is not usually helpful in
acute diagnosis; 10% to 30% of patients who have documented influenza or
other respiratory virus infections were found to be serologically negative
[99,100].

Significant advancements in rapid diagnostic methods have occurred,
with many more on the horizon. For influenza, antigen-based assays have
been used for more than 30 years and, in order of their introduction, include
IFA/DFA, enzyme immunoassay, optical immunoassay, and neuraminidase
activity assays [12,99,101-103]. Although these methods are still used widely
and have the advantage of being inexpensive and easy to use, they lack sen-
sitivity and specificity, especially during times of low prevalence (off-season)
or in special populations such as individuals who are immunocompromised
or elderly. Some methods seem able to detect multiple avian and other an-
imal strains, but few have been clinically tested against more then one or
a few different influenza antigenic types. If they do not detect a specific an-
tigenic subtype (eg, H7N2), they cannot be easily adapted to new agents or
multiplexed.

PCR and microarrays have been used to study influenza antigenic sub-
types [104-109], and large numbers of real-time PCR assays have been re-
ported. Trani and colleagues [113] developed a highly sensitive one-step
real-time PCR for detecting (but not subtyping) avian influenza viruses
that used TagMan MGB probes. They reported that this assay detected
down to 0.001 median tissue culture infectious dose (TCIDsgy) or 5 to 50
RNA gene copies per reaction and detected 100% of H1-13 and N1-6, §,
9 influenza A subtypes without any crossover with influenza B or other
avian diseases [113]. However, the LOD was only determined in three
runs with one antigenic type, and only a small number of clinical samples
were tested. Individual real-time PCR assays to the N gene have been
developed for five of the nine subtypes (Kathy Kurth, personal communica-
tion, 2006).

Multiplex detection of select bioterrorism agents

Several different technologies and methods have been used for multiplex
detection of different bioterrorism agents, including standard oligonucleo-
tide microarray with singleplex PCR [114]; real-time PCR assays [53, 115-
117], which are currently limited to only one to four analytes; and multiplex
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immunoassay or PCR with detection by Luminex beads (MiraiBio, Ala-
meda, California) read on a flow cytometer [56,115], which have decreased
LOD and have only been tested for environmental samples. The autono-
mous pathogen detection system developed at Lawrence Livermore for en-
vironmental testing was only tested at higher target levels than needed for
clinical testing.

Song and colleagues [65] developed a multiplex DNA fiberoptic micro-
sphere—based microarray for detecting many different bioterrorism agents,
including Bacillus anthracis. An optical fiber bundle was chemically etched
to yield microwells. In these microwells, 18 different 50-mer single-stranded
DNA probes that were covalently attached to 3.1-um microspheres were dis-
tributed, forming a randomized multiplex high-density array. The microar-
ray was able to detect target concentrations as low as 10 fM in a 50 pL
volume [65]. Unfortunately, this LOD is equivalent to approximately 10°¢
DNA copies/mL, which would not be sensitive enough for clinical appli-
cations. This array was reported as highly specific [65]. A multiplex PCR
assay for several different orthopoxviruses (including smallpox) with gel
detection has been described [16] with good sensitivity.

Khanna and colleagues [55] reported a multiplex PCR assay, which in-
cludes Bacillus anthracis, F tularensis, Y pestis, V zoster, and smallpox using
highly conserved regions of the PA genome, the fu/ 4 protein gene, the virus-
associated gene, the ORF29 gene, and the HA gene to detect these agents.
This multiplex PCR-EHA identified these bioterrorism agents using a simple
96-well plate format. The LOD for F tularensis was at 10° colony-forming
units per mL, for B anthracis and Y pestis was at 10~° dilution of the geno-
mic DNA, and for V zoster was at 107> TCDsy/mL. Recombinant DNA
controls for F tularensis, Bacillus anthracis, and V major were detected at
10? copies/mL, whereas Y pestis was detected at 10" copies/mL. The analytic
specificity showed no cross-reactivity to 16 closely related organisms. F phil-
omiragia obtained from the American Type Culture Collection showed some
unexplained cross-reactivity in the assay. Further work on this assay has
added an internal control without significant loss of analytic sensitivity,
and a clinical trial is currently underway.

Previously, the only work reported on multiplex RT-PCR in bioterrorism
viruses was within a specific virus family (eg, dengue [23,26,118], hantavirus
[119]), but no attempts were made to detect different virus species. We devel-
oped a multiplex RT-PCR (RNA) assay to detect the Ebola virus (three
types), Lassa virus, hantavirus (Sin Nombre strains), Rift Valley fever virus,
and dengue virus (four strains). Preliminary analytic work has shown excel-
lent LOD and specificity, and clinical testing will begin soon (Kelly J. Hen-
rickson, Jiang Fan, Andrea J. Kraft, unpublished data, 2006). Considerable
progress has been made in developing multiplexed amplification reactions
suitable for diagnosing respiratory illness [110,111]. Although gel electro-
phoresis detection is still used by some laboratories, it requires considerable
hands-on time and has limited resolution. Several laboratories have
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successfully used plate-based assays, such as the PCR-based EHA or en-
zyme-coupled probes. The oldest and most widely used commercial molec-
ular assay for influenza A and B is the Hexaplex (Prodesse, Waukesha,
Wisconsin), which uses multiplex RT-PCR-EHA to detect the seven most
common respiratory viruses [112]. This assay was developed in our labora-
tory at the Medical College of Wisconsin and has recently been adapted to
Nanogen’s electronic microarray with excellent correlation between assays
[120]. Spackman and colleagues [121] developed a multiplex real-time RT-
PCR assay for detecting HS and H7 subtypes of avian influenza, with the
sensitivities determined to be 10* HA gene copies for H7 subtypes and 10*
to 10° HA gene copies for H5 subtypes. When compared with hemaggluti-
nation inhibition assay results, the assays agreed on 95.2% of the samples
tested [121].

Future

Continued research is critical to develop new detection strategies for bio-
terrorism agents, including NA isolation, amplification, and amplification
product detection, each as separate stand-alone processes and as complete
devices. Promising amplification product detection strategies for multiplex
PCR include capillary electrophoresis, mass spectrometry, three-dimen-
sional flow through microarray, and electronic microarrays [120,122—125].
Finally, whether NA-based or proteomic-based, more sensitive, specific,
rapid, easy to use, and inexpensive techniques to identify most category
A, B, and C agents must be developed, field tested, and made widely avail-
able. These methods must be adaptable to new agents and have the ability to
detect multiple pathogens simultaneously.

Summary

The United States, European Union, and other countries have recently
expended much time and funds to develop diagnostic assays to rapidly de-
tect and identify bioterrorism agents. These efforts have resulted in great
strides and the introduction of many detection technologies. Many of these
technologies could ultimately be used to detect and identify all bioterrorism
agents. However, challenges still remain, such as (1) false-positive PCR re-
sults, (2) positive samples unrelated to a bioterrorism event (ie, bioterrorism
agents can be found naturally in human samples, such as respiratory secre-
tions, blood, stool, and urine, or in powder, food, and water); (3) optimizing
sample collection, storage, transportation, and target concentration for each
method or assay; (4) isolating genomic material; (5) removing assay inhibi-
tors; (6) keeping specific pathogens alive if using culture methods; (7) deal-
ing with low sample volumes for clinical samples or high sample volumes for
environmental samples; and (8) universal or multiplex pathogen detection.
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Although several assays are available for detecting bioterrorism agents, only
a few have been clinically evaluated. All assays must ultimately face the
problem that many diseases caused by bioterrorism agents show similar
symptoms, and exposed individuals must be tested for many potentially
toxic or deadly pathogens. Therefore, multiplex assays seem to hold the
key to solving this pressing global problem.
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Gene therapy, defined as the introduction of an exogenous gene into a re-
cipient cell to achieve a therapeutic benefit, is already a reality. Despite wide-
spread negative publicity associated with vector-induced oncogenesis in
several patients, sustained correction of an X-linked form of severe com-
bined immunodeficiency as a result of retroviral-mediated gene therapy
was achieved several years ago [1]. This success notwithstanding, these com-
bined results effectively illustrate the very real possibility of insertional
mutagenesis associated with any integrative modification of the human
genome. In evaluating technology platforms with the potential to address
this issue, a theoretical consideration of the broader properties of an ideal
gene therapy vector system may be informative.

Such a vector should not be limited by any arbitrary constraints on the
size of a desired gene imposed by the biology of the host virus but would
instead be able to express that gene in a sustained, physiologically appropri-
ate manner as determined by its endogenous regulatory elements, which
may be spread over hundreds or even thousands of kilobases (kb) of geno-
mic DNA. This vector should not express any foreign proteins that may trig-
ger potentially fatal immunogenic reactions [2—4]. In addition, such a vector
should be nonintegrative, thereby bypassing the potential for insertional on-
cogenesis, as well as being immune to gene silencing effects imposed by the
local chromatin environment at the point of insertion [5]. Last, such a vector
would be capable of replicating and segregating with high fidelity side by
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side with the native chromosomes of the host cell, being faithfully transmit-
ted through subsequent generations of daughter cells, while continuing to
express its therapeutic protein payload. These properties are not consigned
to a gedanken experiment; rather, they define the potential of the emerging
technology of human artificial chromosomes (HACs).

The chromosome as vector

To appreciate fully the concept of using HACs as potential vectors and
how HACs are designed and constructed, a brief synopsis of the salient fea-
tures of naturally occurring human chromosomes may be useful. Stripped to
its essentials, a typical chromosome is composed of genes, telomeres that are
responsible for capping and protecting the linear ends of chromosomes from
nucleolytic attack and degradation, and, perhaps most crucially from the
standpoint of long-term stability, a centromere. The centromere is the cis-
acting chromosomal locus responsible for mediating the establishment of the
kinetochore, a trilaminar protein/DNA complex responsible for securing at-
tachments to and movements of the chromosome along the mitotic spindle ap-
paratus (Fig. 1) [6,7]. The kinetochore is composed of a number of constitutive
proteins, including the centromere-specific histone variant CENtromere Pro-
tein (CENP)-A, as well as the centromeric chromatin-associated proteins
CENP-B and -C. In addition, numerous other proteins associate dynamically
with the kinetochore in a cell cycle-dependent manner, including microtubule
motors such as CENP-E and components of the mitotic spindle checkpoint
that control the onset of anaphase during cell division [6,7]. Notwithstanding
the significant issues related to proper control of gene expression, the centro-
mere represents the key structural and functional component of an autono-
mous, mitotically stable potential gene therapy vector [8].

The DNA component underlying the centromere of all normal human
chromosomes is alpha-satellite. Alpha-satellite is a class of repetitive ele-
ments based on the hierarchical organization of a 171-base pair (bp) mono-
meric unit, tandemly multimerized into a higher-order repeat unit, itself
tandemly repeated over several megabases within the centromeric region
of all normal human chromosomes (see Fig. 1). Studies of both naturally oc-
curring and experimentally derived human chromosome rearrangements
have provided clear evidence that long arrays of tandemly repeated alpha-
satellite DNA serve as the underlying genomic component of a functional
centromere within human chromosomes [8—11].

A conclusive demonstration of the causal role of alpha-satellite in estab-
lishing the centromere was made possible by techniques permitting the sys-
tematic manipulation of synthetic alpha-satellite arrays capable of forming
centromeres de novo [10]. Although the occurrence in rare abnormal chro-
mosomes of neocentromeres at chromosomal locations not containing al-
pha-satellite suggests that alpha-satellite is not an absolute prerequisite for
centromere function [7], only cloned alpha-satellite DNA can establish



HUMAN ARTIFICIAL CHROMOSOMES 845

alpha satellite DNA

microtubules

\/

S kinetochore
S CENPs

~

Fig. 1. The centromere is the locus at which the kinetochore, a protein/DNA complex mediat-
ing interactions with microtubules of the spindle apparatus, is assembled. As shown here, the
centromere typically is located at the site of the cytogenetically visible primary constriction.
The centromere is composed of tandemly organized repetitive arrays consisting of alpha-satel-
lite DNA. The kinetochore, shown here as the typical “double dots” flanking the centromere as
observed by immunostaining with an antibody against a kinetochore component, is assembled
at the site of the centromere. CENPs, CENtromere Protein.

centromere function de novo [10,11]. How this is achieved mechanistically
remains to be established. This point notwithstanding, alpha-satellite—based
HACs as well as a number of classes of engineered natural chromosomes
with functional centromeres are under active development as gene therapy
vectors. The principles underlying the design, construction, and manipula-
tion of these classes of vectors are outlined in more detail later.

Engineered and artificial chromosomes

Using the so-called “top-down” strategy, a variety of approaches have
been applied to engineer native chromosomes to generate smaller chromo-
some derivatives, which in turn may be modified further by recombinogenic
methodologies with a range of gene expression cassettes. For example, am-
plification, rearrangement, and truncation of native mouse chromosomes
can result in the formation of huge (50400 megabase) mega-amplicons,
referred to by a variety of names including ‘“‘sausage chromosomes” or
“satellite-DNA—derived artificial chromosomes™ (SATACs) [12,13]. These
amplified mouse chromosomes have been manipulated through site-specific
recombination and shown to express simple reporter constructs. Addition-
ally, they may be transferred by microcell-mediated chromosome transfer
(MMCT) into human primary cells as well as into mesenchymal and hema-
topoietic stem cells [13—15].

A more controlled and systematic engineering strategy involves the use of
telomere-mediated truncation to pare down an existing human chromosome
into a microchromosome derivative. Telomere-mediated chromosome frag-
mentation is based on the integration of cloned human telomeric DNA into
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an existing chromosome arm, which occasionally may lead to de novo telo-
mere seeding and consequent breakage of the chromosome arm at the inte-
gration site. The integration site of the cloned telomeric array then may be
targeted by homologous recombination. This method has been used to form
microderivatives of several normal human chromosomes as well as deriva-
tives of rare, abnormal human chromosomes that contain neocentromeres
[16-19]. In all these cases, modification of the microchromosome with
recombinase recognition sites permits the subsequent introduction of gene
expression cassettes [20]. Additionally, these engineered human chromo-
somes can be transferred between cell lines, for example, between a host
cell line and a targeted recipient primary or stem cell line, by MMCT [21].

A fundamentally different strategy involves a “bottom-up” approach in
which cloned chromosomal elements, including alpha-satellite DNA, telo-
meric DNA, and genomic DNA, are preassembled into a defined artificial
chromosome vector or are assembled spontaneously by the host cell through
a combination of nonhomologous recombination and DNA repair mecha-
nisms [10,11].

To facilitate the establishment of a clear and consistent nomenclature, the
authors reserve the term ““human artificial chromosome™ to describe a species
created entirely de novo from individual, structurally defined chromosomal
components, as first shown for the construction of yeast artificial chromo-
somes (YACs) [22]. Analogous to YAC vectors, HACs have clearly defined
centromeric, replication origin, and, where relevant, telomeric elements, all
of which typically are cloned into a bacterial artificial chromosome (BAC),
YAC, or P1 phage—based (PAC) vector backbone. BAC-based artificial chro-
mosomes may be assembled as either linear or circular molecules requiring
only a mammalian selectable marker and a cloned alpha-satellite array, which
may be of natural origin or assembled synthetically (Fig. 2) [23]. The rapid
and reproducible assembly of unimolecular BAC-based vectors has been
assisted further by the development of specialized recombination-based
methodologies for the assembly of high-molecular-weight BAC vectors con-
taining large, repetitive (>100-kb) arrays [23,24].

The essential elements required for assembly of an optimal HAC have
been under active investigation since the initial development of this tech-
nology [10]. Strategies for the establishment of de novo telomeres from
synthetic telomere seeds consisting of small tandem arrays of telomeric re-
petitive elements have greatly facilitated the construction of linear artificial
chromosomes [25,26]. Studies comparing circular BACs (which by definition
lack telomeres) and linear BAC vectors, however, have shown that they are
equally competent for the assembly of de novo human artificial chromo-
somes [27], suggesting that for most applications telomeres may be entirely
redundant.

The DNA sequence elements that demarcate mammalian replication
origins remain poorly defined. Nevertheless, because replication origins
may occur on average once in approximately every 100-kb of genomic
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Fig. 2. One strategy for generating a de novo human artificial chromosome. A segment of
alpha-satellite DNA is synthesized or cloned from an endogenous centromeric array into a bac-
terial artificial chromosome (BAC) vector containing a gene of interest (G). Alpha-satellite—
containing BAC then is transfected into a recipient human cell, where it can be identified as
an autonomously segregating human artificial chromosome (arrow) adjacent to the cohort of
normal endogenous human chromosomes.

DNA [28,29], any sufficiently large genomic fragment may suffice to provide
origin function in the context of an artificial chromosome. One of the few
defined examples of a mammalian origin of replication lies within the
well-characterized B-globin locus, which has been shown to have specific
replicator function reproducible in trans to its native chromosomal location
[30]. The entire B-globin locus control region has, in fact, been incorporated
successfully into a HAC [24].

The demonstration of the unique ability of alpha-satellite to nucleate de
novo centromere formation was the critical observation permitting the
development of HAC technology [8,10,11]. Alpha-satellite derivatives of
both natural and synthetic origin from a variety of human chromosomes
have been shown to be capable of establishing de novo centromeres, with
a frequency that seems to depend largely on the presence of certain key pro-
tein-binding elements known as CENP-B boxes [9-11,23,24,27,31-33]. In
contrast, sequences other than alpha-satellite are unable to function in
a de novo centromere formation assay [27,32,34]. Taken together, these re-
sults confirm the unique, albeit poorly understood, ability of alpha-satellite
DNA to create artificial chromosomes, a property likely to underlie the
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continued development of artificial chromosome technology for the foresee-
able future.

Toward physiologically relevant gene expression from engineered
and artificial human chromosomes

Although the technology to generate mitotically stable HACs is now well
established, from the standpoint of gene transfer studies related to eventual
gene therapy, the ultimate aim of artificial chromosomes is to carry a geno-
mic copy of a human gene of therapeutic interest and to express it in rele-
vant recipient cells in a properly regulated manner. To this end, only
limited progress with engineered chromosomes has thus far been reported.
For example, a chromosome 2l-derived minichromosome vector was
created with a tetracycline-inducible expression cassette to generate DNA-
dependent protein kinase (DNA-PKcs), a protein involved in nonhomolo-
gous end joining in a drug-responsive manner [35]. The same engineered
vector also has been modified to express the human erythropoietin gene
and has been transferred successfully to primary human fibroblasts by
MMCT and shown to be functional [21]. Additionally, this chromosome
derivative has been transferred into human mesenchymal stem cells [36]
and engineered to express the precursor form of insulin at the RNA level,
although no functional, secreted insulin was detected in this study [37].

Human gene expression also has been demonstrated from much larger
genomic fragments engineered into human minichromosomes through an
elaborate recombination scheme in the recombination-proficient chicken
DT40 cell line [38]. This modified minichromosome then was transferred
to mouse embryonic stem cells and used to make transgenic mice expressing
human immunoglobulin genes. Additionally, minichromosome vectors con-
taining the entire human immunoglobulin heavy chain and lambda light
chain loci have been used to engineer transchromosomic cattle expressing
human immunoglobulins [39,40]. In another experiment, a spontaneously
arising linear minichromosome was co-opted as an expression vector for
the human interleukin-2 (IL-2) cDNA [41]. Although IL-2 expression was
demonstrated, the site of insertion of the cDNA into the minichromosome
was not evaluated, so the chromosome context from which IL-2 is expressed
is uncertain. This result underscores the potential advantage of cloning large
genomic fragments, rather than small cDNAs, into vectors such as HACs
that permit a more controlled environment.

Several studies have demonstrated, as a proof of principle, expression of
a human gene from artificial chromosomes created de novo from individu-
ally cloned, defined chromosomal components. An approximately 150-kb
HPRT genomic fragment has been shown to complement a HPRT-deficient
cell line when expressed from the context of a unimolecular BAC-based
artificial chromosome vector [42] or from a de novo microchromosome
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created by cotransfection of two different BACs, one containing the HPRT
locus and the other an alpha-satellite array [43]. The cotransfection ap-
proach also has been used to generate artificial chromosomes expressing
the guanosine triphosphate cyclohydrolase I locus [44]. Using a more sys-
tematic strategy, the authors demonstrated that prefabricated HACs con-
taining the entire B-globin locus control region are capable of producing
B-globin RNA in certain fibroblast cell lines [24]. Although these proof-
of-principle experiments establish that large genes can indeed be expressed
from HACs, no studies to date have rigorously demonstrated the regulated
expression of a gene or examined the levels of expression relative to an en-
dogenous gene copy.

One of the principal rate-limiting steps in the assembly of artificial chro-
mosomes has been the technical difficulty associated with the manipulation
of high-molecular-weight repetitive DNA. Progress in the development of
HAC technology has been made possible, however, by the creation of novel
recombinogenic methodologies for the rapid and reliable manipulation of
BACs carrying defined, cloned chromosomal components. For example,
any genomic BAC carrying any defined gene in its endogenous regulatory
context may be converted into a BAC-based HAC vector by a single-step
in vitro reaction based on the integration of a transposable element carrying
a synthetic alpha-satellite array [23]. Other, more involved methodologies
based on the Cre/lox recombination system also have been reported
[24,45]. Taken together, these strategies permit any custom-built BAC-based
HAC to be defined and constructed quickly and efficiently. Last, although
preliminary studies indicate that engineered and artificial human chromo-
somes are capable of expressing custom-built gene cassettes in certain exper-
imental cell lines, the successful expression of a therapeutic transgene in
a physiologically relevant manner in a clinically relevant host cell (ie, a pri-
mary or stem cell line) remains an objective yet to be achieved.

In vitro and in vivo strategies for delivery of human artificial chromosomes

Certain classes of herpesvirus may be capable of delivering the large
alpha-satellite arrays and genomic regulatory elements that typically consti-
tute a HAC vector directly into the human body as an infectious particle
[46]. Although delivery is technically feasible, it is difficult to imagine at
the current stage of development how such particles may be targeted specif-
ically within the body, and therefore this discussion is focused on in vitro
strategies for HAC delivery. Such approaches typically revolve around the
genetic modification of adult-derived hematopoietic or bone marrow stem
cells with the vector carrying the therapeutic transgene, in this case an engi-
neered or artificial chromosome vector. Engineered human chromosomes al-
ready have been transferred successfully into human mesenchymal and
hematopoietic stem cells using the technique of MMCT [21], and expression
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of reporter transgenes has been observed. These initial results must be
treated with caution, however; for technical reasons associated with the
MMCT methodology, the engineered microchromosomes typically are
maintained in a rodent cell line [14,15,36-39]. The effects of this alien epige-
netic environment on the nature of chromatin or the functionality of the mi-
crochromosome have yet to be determined. Additionally, it remains to be
rigorously demonstrated that the vector has not been subjected to rearrange-
ments during the transfer. Although the sequence of human chromosome 21
is, of course, known, providing initial defined composition of matter for the
microchromosome derivatives, detailed analysis of the structure of the mi-
crochromosome during and after transfer to a recipient cell may not be tech-
nically feasible. Some in vivo studies of the behavior of other engineered
chromosomes, such as SATAC:s in transgenic mouse models, have been per-
formed [47], and transgenic cattle have been created from engineered human
chromosomes [39,40]. Again, however, detailed structural and stability anal-
ysis of the microchromosomes is required before their utility for human gene
therapy can be contemplated seriously.

Unlike enginecered human chromosomes, BAC-based HACs may be
grown in massive scale in Escherichia coli using well-established good
manufacturing practice (GMP) methodologies. A number of important
technical obstacles remain to be overcome before such vectors achieve prac-
tical utility, however. Perhaps most importantly, such vectors have been
shown to form de novo HACs only in certain immortalized human cell lines.
Additionally, the de novo HACs reported to date typically are formed by
the uncontrolled concatamerization of the starting vector, to form mega-
base-sized derivatives [9—-11,23,24,31-33,42]. It will be crucial to demon-
strate that de novo HACs can be formed in human primary or stem cell
lines, that their composition of matter is fully definable, and that uncon-
trolled multimerization is not a necessary prerequisite for the assembly of
a stable and functional HAC. Finally, reliable delivery of defined artificial
chromosome vectors into human stem cells is a critical component of trans-
lating this technology into the clinic. Direct nuclear microinjection, erythro-
cyte-based “ghosts,” invasive bacteria, and high-capacity viruses such as
herpes simplex virus are all strategies under active development in various
laboratories [46,48—50].

Future considerations

Regardless of whether the engineered or the artificial chromosome plat-
form can be used eventually for clinical applications, reasonable extrapola-
tions can be made based on the directions of current experimentation to
advance this technology further. The authors have already described how,
potentially, any gene may be delivered by an artificial chromosome in the
context of its full complement of endogenous regulatory elements.
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Pediatric genetic disorders involving haploinsufficiency of genes whose
open reading frames and regulatory regions span hundreds of kilobases
may be especially attractive candidates for the use of artificial chromosome
vectors capable of delivering large amounts of genomic DNA. Duchenne’s
muscular dystrophy, polycystic kidney disease, lysosomal storage disorders
such as Hurler’s disease, and cystic fibrosis are disorders that fall into this
category.

In the most direct demonstration of the potential of engineered chromo-
some vectors, functional cystic fibrosis transmembrane conductance regula-
tor (CTFR, the protein affected in cystic fibrosis) has been shown to be
expressed from minichromosome vectors engineered to incorporate a 320-kb
genomic region encompassing the entire CFTR locus and its upstream reg-
ulatory regions [51]. Additionally, the authors have created HAC vectors
based around a 208-kb genomic region containing the PKDI gene [24], mu-
tations in which are responsible for polycystic kidney disease.

Disorders of the hematopoietic system, including the thalassemias, hemo-
philias, and anemias, are another class of pediatric genetic diseases poten-
tially suitable for correction with gene therapy vectors. Toward this end,
considerable effort has been spent on the design, construction, and evalua-
tion of retroviral vectors containing globin minigene cassettes that must be
capable of reproducing physiologically relevant patterns of globin gene ex-
pression, a technically demanding undertaking given the strict 12-kb upper
packaging limit associated with retroviral vectors and the distribution of the
genomic regulatory sequences associated with globin gene regulation over
some 150-kb [52,53]. An alternative approach would take advantage of
the substantially larger payload capacity of HAC vectors; in initial studies,
the authors have constructed such vectors using a 200-kb genomic fragment
containing the B-globin gene locus, including its native locus control region
elements. Although preliminary, these and other artificial chromosomes il-
lustrate the foundational principles for artificial chromosome vector design,
assembly, and evaluation that will form the basis of future generations of
artificial chromosome vector systems [24,50].
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The development of the single cell of a fertilized egg into a fully formed
human with a highly ordered and stereotypic body form requires the precise
choreography of events controlling numerous cellular processes, including
proliferation, cell fate determination, and cell migration. Although develop-
ment generally proceeds normally, there is an approximately 2% to 3% risk
that an individual child will have a recognizable malformation or malforma-
tions at birth [1]. In about half the cases, a single isolated malformation is
found, whereas the other half display multiple malformations [2]. Looking
at this a slightly different way, although the vast majority of newborns
have no recognizable abnormalities, 1 in 40 have a recognizable defect,
and thus are seen by pediatricians and pediatric subspecialists.

How should a pediatrician think about children who have birth defects or
other genetic defects? Traditionally, congenital birth defects have been
classified descriptively [3]. Is there a single defect or are there multiple
anomalies? Are the malformations caused by intrinsic or extrinsic forces?
Single primary defects can be classified by the nature of the presumed cause
of the defect as a malformation, dysplasia, deformation, or disruption [3].
Malformations and dysplasias are primary structural defects arising from
a localized error in morphogenesis that results in the abnormal formation
of a tissue or organ or an abnormal organization of cells into tissues, respec-
tively. Deformations and disruptions, on the other hand, are secondary
effects that result from forces generated extrinsic to the affected tissue or
organ, by alteration or destruction in the shape of a structure or organ
that has differentiated normally.
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Malformations affecting intrinsic structures are attributable to genetic
defects 20% to 30% of the time, and as those genes are identified our under-
standing of congenital anomalies is advancing rapidly. Approximately 7%
to 8% of developmental abnormalities are caused by mutations in a single
gene and display characteristic Mendelian patterns of inheritance [1]. The
genes for more than 100 of these single-gene disorders have been identified.
The molecular understanding of the pathogenesis of these disorders is useful
for improving our understanding of mammalian development and for
improving patient care.

The development of genetic approaches in various model organisms from
yeast to worm to fly to mouse and even in the human has contributed greatly
to our understanding of mechanisms that control embryologic development.
In the post-genome era, the sequence of the entire human genome and the
genomes of various model organisms are completed and immediately acces-
sible by way of public web browsers. It is becoming increasingly clear that
developmental processes in all eukaryotic organisms, including humans,
are controlled by evolutionarily conserved signal transduction pathways,
transcription factors, or regulatory proteins required for key developmental
events. In humans, several of the genes identified that are mutated in malfor-
mation syndromes, along with genes whose expression is disrupted by envi-
ronmental agents or teratogens, are part of these conserved signal
transduction pathways important for controlling development throughout
evolution. These studies have increased our understanding to the point
that we can consider malformations to be inborn errors of development
[2,4-6], much as metabolic disorders are considered inborn errors of metab-
olism, a term coined by Sir Archibald Garrod more than a century ago.

The goal of this article is to provide a framework that allows pediatri-
cians to relate the phenotype in humans who have birth defects to the func-
tion of a gene or genes signal transduction pathway that regulates
development. In its broadest sense, a signal transduction pathway ‘“‘trans-
duces” an external signal in the form of a ligand into changes in gene tran-
scription by binding of the ligand to specific cellular receptors (Fig. 1). There
may be a few or several intracellular events that come between the ligand—
receptor interaction and changes in gene transcription. Although there are
several conserved developmental signal transduction pathways important
for organogenesis that can be described, this article focuses on three highly
conserved pathways: the sonic hedgehog (SHH) pathway; the wingless-int1l
(WNT) pathway, and a recently described branch of this pathway called the
planar cell polarity (PCP) pathway; and the fibroblast growth factor (FGF)
pathway. Each of these pathways or gene families is conserved in inverte-
brates, such as worms (Caenorhabditis elegans) and flies (Drosophila mela-
nogaster), where the outline of each pathway and its importance during
development was first described. A brief description of each pathway is fol-
lowed by the developmental processes regulated by that pathway as defined
in model organisms, particularly in mouse models, in which the genes and
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Fig. 1. An idealized signal transduction pathway in which an extracellular ligand binds to a sur-
face receptor, resulting in the activation of intracellular signaling molecules to modify transcrip-
tion factor activity in the nucleus and alter transcription of specific genes.

developmental phenotypes are highly conserved. The human diseases with
known mutations in each pathway are described. Finally, a brief discussion
of how the coordination and integration of the activity of these pathways
during development is presented, to underscore the complexity that is lay-
ered on top of developmental pathways.

Sonic hedgehog pathway

The SHH pathway (Fig. 2) is developmentally important during embryo-
genesis to induce controlled proliferation in a tissue-specific manner, and
disruption of this pathway results in various related developmental disor-
ders and malformations [7,8,9]. By contrast, activation of this pathway in
the adult leads to abnormal proliferation and cancer.

SHH is a ligand expressed in the embryo in various regions important for
development of the brain, face, limbs, and gut. SHH is processed by proteo-
lytic cleavage to an active N-terminal form, which is then further modified
by the addition of cholesterol. The modified and active form of SHH binds
to its transmembrane receptor Patched (PTCH), and there are two family
members (PTCH-1 and PTCH-2) in mammals. SHH binding to PTCH in-
hibits the activity of the transmembrane protein Smoothened (SMOH).
SMOH acts to suppress downstream targets of the SHH pathway, the
GLI family of transcription factors, so inhibition of SMOH by PTCH
results in activation of GLI1, GLI2, and GLI3, resulting in alteration of
transcription of GLI targets.

Studies in vertebrate model organisms revealed that the SHH pathway is
important for early development and for regulating proliferation. SHH itself
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Fig. 2. A simplified version of the SHH pathway.

regulates several vertebrate developmental processes, including the defini-
tion of the posterior region of the limb and the ventral region of the central
nervous system. In the limb, SHH is expressed in a posterior structure of the
developing limb bud known as the zone of polarizing activity (ZPA). The
ZPA was identified as an area of the developing vertebrate limb that defines
the posterior side of the limb bud (see Fig. 5 below). Transplants of an em-
bryonic chicken ZPA to the anterior side of a developing chick limb bud re-
sulted in mirror image posterior duplications of the limb, suggesting that the
ZPA produces a morphogen, a diffusible substance that can change the fate
of an embryonic structure. SHH was identified as the morphogen in the
ZPA that defines the posterior region of the developing limb bud. Similarly,
SHH was found to be a morphogen in the developing central nervous sys-
tem. It is expressed first in the notochord, a structure just below the future
ventral portion of the neural plate and neural tube. SHH is expressed later in
the ventral-most portion of the neural tube, the floor plate, where a gradient
of SHH expression specifies the types of neurons generated from the ventral
half of the neural tube. PTCH, on the other hand, acts as a tumor suppres-
sor. Mice heterozygous for null mutations of PTCH display skeletal defects
and tumors, whereas homozygous mutants die in midgestation with an open
and overgrown neural tube.

Human diseases

Several human diseases are associated with defects in the SHH pathway
(Table 1). Most of the diseases result in defects in the central nervous system
and limbs or result in cancer, phenotypes expected based on the develop-
mental role of this pathway. Sporadic and inherited loss-of-function muta-
tions in SHH are found to cause holoprosencephaly, a variably severe
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Table 1

Human genetic diseases caused by mutations in the SHH pathway

Gene mutated Disease Inheritance Manifestations

SHH Holoprosencephaly AD Variable midline defects
(single maxillary incisor,
hypotelorism,
holoprosencephaly, cyclopia)

sterol delta-7-reductase Smith-Lemli-Opitz AR Syndactyly, polydactyly,

upturned nose, ptosis,
cryptorchidism, CNS
hypoplasia,
holoprosencephaly
PTCH-1 Gorlin syndrome AD Dysmorphic features (short
metacarpals, rib defects,
broad face, dental
abnormalities), cancer
predisposition
(rhabdomyosarcoma,
medulloblastoma)
PTCH-1 or -2 Tumor suppressors Somatic Basal cell carcinomas,
medulloblastomas
SMOH Oncogene Somatic Basal cell carcinomas,
medulloblastomas
GLI1 Oncogene Somatic Glioblastoma, osteosarcoma,
rhabdomyosarcoma, B cell
lymphomas
GLI3 Greig syndrome AD Hypertelorism, syndactyly,
preaxial polydactyly, broad
thumbs and great toes
Pallister-Hall syndrome AD Postaxial polydactyly,
syndactyly, hypothalamic
hamartomas, imperforate
anus
Postaxial polydactyly A AD
Preaxial polydactyly IV AD

Abbreviations: AD, autosomal dominant; AR, autosomal recessive.

midline defect with phenotypes ranging from a single maxillary incisor with
hypotelorism to cyclopia [10]. Smith-Lemli-Opitz syndrome (SLOS) results
from mutations in the sterol delta-7-reductase gene, an enzyme important in
cholesterol biosynthesis. Patients who have SLOS display syndactyly (fusion
of the fingers and toes) often with polydactyly, upturned nose, ptosis, crypt-
orchidism, central nervous system hypoplasia, and holoprosencephaly.
These mutations link cholesterol biosynthesis to the SHH pathway, because
many of the features of this disorder are related to defects in sonic hedge-
hog, which is posttranslationally modified by cholesterol [11]. Somatic inac-
tivating mutations in PTCH-1 and PTCH-2 act as tumor suppressors,
whereas activating mutations in SMOH function as oncogenes, particularly
in basal cell carcinomas and medulloblastomas [12]. Germline inactivating
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mutations in PTCH-1 result in Gorlin syndrome, an autosomal dominant
disorder characterized by dysmorphic features (short metacarpals, rib de-
fects, broad face, and dental abnormalities), basal cell nevi that undergo ma-
lignant transformation, and an increased risk for cancers, such as
rhabdomyosarcoma and medulloblastoma. The phenotypes produced by
mutations in the PTCH and SMO receptors are consistent with the function
of these coreceptors in the pathway, as described above. GLI1 amplification
has been found in several human tumors, including glioblastoma, osteosar-
coma, rhabdomyosarcoma, and B cell lymphomas. By contrast, mutations
or alterations in GLI3 have been found in Greig cephalopolysyndactyly syn-
drome (GCPS), Pallister-Hall syndrome (PHS), postaxial polydactyly type
A (and A/B), and preaxial polydactyly type IV [13]. GCPS consists of hyper-
telorism, syndactyly, preaxial polydactyly, and broad thumbs and great
toes. PHS is an autosomal dominant disorder characterized by postaxial
polydactyly, syndactyly, hypothalamic hamartomas, imperforate anus,
and occasionally holoprosencephaly. GLI3 binds to CBP, the protein coded
for by the gene for a broadly acting transcriptional coactivator called CBP,
or CREB-binding protein. Humans who have 50% reduction in CBP, by
virtue of heterozygous loss-of-function mutations of this gene, display
Rubinstein-Taybi syndrome (RTS). The CBP coactivator regulates the tran-
scription of several genes, which helps to explain why patients who have mu-
tations in CBP have a wide-ranging phenotype that includes mental
retardation, broad thumbs and toes, and congenital heart disease [14].
One of the transcription factors that binds to CBP is GLI3, a transcription
factor that is part of the SHH pathway.

Mutations in genes that function together in the SHH pathway com-
monly have overlapping clinical manifestations. Brain defects are found in
holoprosencephaly, SLOS, and PHS. Facial abnormalities are found in hol-
oprosencephaly, Gorlin syndrome, GCPS, and PHS. Limb defects are found
in SLOS, Gorlin syndrome, GCPS, PHS, and the polydactyly syndromes.
Overexpression or activating mutations of the SHH pathway result in can-
cer. An understanding of the SHH developmental pathway therefore allows
us to place mutant genes into these pathways to consider birth defects as in-
born errors of development, and provides insight into the pathogenesis of
these related syndromes.

WNT pathway and planar cell polarity pathways

The WNT pathway is known to play many important roles in develop-
ment, with particularly important effects in proliferation, cell fate specifica-
tion, cellular polarity, and cell migration. Inactivation of members of the
WNT pathway results in several specific developmental defects that span
all of development and occur in all organs and tissues. The first member
identified in this pathway was WntI, which was the site of mouse mammary
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tumor virus integration. This integration event resulted in the constitutive
activation of Wntl in the mammary gland, an event that resulted in mouse
mammary gland cancer. Dysregulation of this pathway also can result in
cancer. Importantly, when wingless, the Drosophila homolog of Wntl, was
cloned, the critical role of the Wnt pathway in cell fate determination also
was revealed.

WNT pathway

Genome sequencing has revealed that the mammalian genome encodes at
least 19 WNT ligands; 10 Frizzled (FZ) receptors; two coreceptors, lipopro-
tein receptor-related protein (LRP) 5 and 6; and a large number of addi-
tional proteins related to the WNT pathways. Depending on whether the
pathways result in B-catenin—mediated gene transcription, one can divide
the multiple WNT pathways into canonical (B-catenin—dependent, Fig. 3)
and noncanonical (B-catenin—independent) WNT pathways. These two
pathways share some common components but also use distinct members.
Through phenotypic characterization of genetically engineered, radiation-
induced, or spontaneous mutations in many of the components in the
mouse, we have now gained a basic understanding of both pathways in
mammalian patterning and morphogenesis. The role of the canonical
WNT pathway in implantation, gastrulation, and organogenesis and the
role of the PCP pathway, a primary branch of the noncanonical WNT path-
way, in mammalian polarity determination and morphogenesis are
discussed.

The WNT pathway was first discovered in Drosophila, where several seg-
ment polarity genes were identified that were required for the wingless signal

WNT
LRP5,6 (@) WNT5A

DVL GSK3
AXIN APC
B-catenin

Fig. 3. A simplified version of the canonical WNT pathway.
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transduction pathway [15,16]. In the canonical WNT pathway (Fig. 3),
when the WNT signal is absent, glycogen synthase kinase-3 (GSK3) is active
and phosphorylates armadillo/B-catenin. This activity results in the ubiqui-
tination and degradation of B-catenin through the proteosome pathway.
Transcription factors of the TCF/LEF family are associated with corepres-
sors in the nucleus, and act to repress transcription of genes containing re-
sponse elements for these transcription factors. In the presence of the WNT
signal, WNT, a secreted protein associated with the extracellular matrix,
binds to its cellular coreceptors, FZ and LRP/arrow. In an unknown fash-
ion, Dishevelled (DVL) activation leads to the inactivation of GSK3. This
activation of DVL and inactivation of GSK3 probably occurs in a large
multiprotein complex in association with other members of the pathway, in-
cluding axin, B-catenin, and APC, the product of the gene mutated in the
human disorder adenomatous polyposis coli. As a result, B-catenin is stabi-
lized and binds to transcription factors of the TCF/LEF families in the nu-
cleus to modulate transcription. B-catenin binding dismisses the associated
corepressors from TCF and LEF and activates transcription of genes con-
taining response elements for these transcription factors. The result of
WNT signaling thus is to convert extracellular signals into changes in tran-
scriptional activity.

Given that there are so many broadly expressed genes in this pathway, it
is not surprising that mutations in this pathway affect the development of
virtually all stages of development and all organ systems. Members of this
pathway are expressed at many developmental stages, in unique but often
overlapping patterns with other members of the pathway. Phenotypes of
loss-of-function mutations in the WNT pathway are revealing. For example,
loss of WNT1 results in defects of the midbrain and cerebellum, loss of
WNT2 or WNT7B result in placental defects, loss of WNT3 results in severe
gastrulation defects, loss of WNT4 or WNTI11 results in kidney and urogen-
ital defects, and loss of WNT5A and WNT7A result in limb defects. Loss of
function of APC results in human and mouse colorectal cancer. Finally, mu-
tations in the DVL homologs in the mouse display defects in social behavior
(DVL1), conotruncal development (DVL2 and DVL3), and neural tube clo-
sure (double mutants of DVL1 and DVL2). A complete and up-to-date list-
ing of the genes in this pathway and the phenotypes of mice and humans
with defects resulting from mutations in members of this pathway can be
found at the Wnt Homepage, maintained by Roel Nusse at Stanford Uni-
versity (http://www.stanford.edu/ ~ rnusse/wntwindow.html).

Planar cell polarity pathway

In addition to their critical roles in the Wnt/wg pathway, some members
of the Wnt/wingless pathway, such as Dishevelled, and several other genes
from D. melanogaster participate in the planar cell polarity (PCP) pathway
[17,18]. The PCP pathway regulates the polarity of a cell within the plane of
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the epithelium, perpendicular to the apical-basilar axis of the cell. Activa-
tion of this pathway results in membrane localization of DVL and activation
of the small GTPase RHO. In some instances, the PCP pathway activates
JNK (c-Jun N-terminal kinase) signaling, whereas in others the RHO-asso-
ciated kinase ROK becomes membrane localized. Fz and Dishevelled are re-
quired for the PCP/convergent extension pathway.

The major manifestation of the PCP pathway in Drosophila is in orienting
cellular extensions called trichomes from the epithelial cells of the wing into
parallel arrays, and in the oriented parallel arrays of photoreceptors in the
compound eye. In Drosophila, several genes are required for the PCP path-
way, including Fz, Dsh, and Strabismus/Van Gogh (Stbm). These genes are
conserved in vertebrates, where they appear to be involved in a common
pathway to generate traction and move these cells against one another to
drive the elongation of the A—P axis with simultanecous shortening of the
medial-lateral axis in a process called convergent extension. Recent evidence
suggests that the PCP pathway in Drosophila and convergent extension in
vertebrates are regulated by the same genetic pathway [17,18]. A third devel-
opmental process regulated by the PCP pathway seems to be the orientation
of cell division in zebrafish [19].

A homologous PCP pathway also exists in mammals and regulates planar
cell polarity in the development of the inner ear and convergent extension
movements to regulate neurulation, or neural tube closure. When any of
the mammalian homologs of the fly PCP pathway are disrupted in the
mouse, the uniform orientation of stereocilia on the sensory hair cells is dis-
rupted. In addition to the inner ear polarity defects, disruption of mamma-
lian PCP pathway members results in a unique and severe neural tube
closure defect in which the entire neural tube from mid-brain to tail fails
to close, a severe congenital neural tube defect termed craniorachischisis
in humans. More recently, roles for PCP noncanonical Wnt signaling in
mammalian heart development and axonal tract development have been
identified, suggesting that this pathway has surprisingly broad effects during
development.

Human diseases

Several human genetic diseases result from defects in the Wnt pathway
(Table 2). The diseases identified to date involve the skeleton, eye, and re-
productive tract. Wnt-1-induced signaling protein 3 (WISP3), initially iden-
tified by increased expression in WNT1-transformed cells, was found to be
associated with the autosomal recessive skeletal disorder progressive pseu-
dorheumatoid dysplasia, a disorder often misdiagnosed as juvenile rheuma-
toid arthritis [20]. Patients display cartilage loss and destructive bone
changes with age. AXIN2 is one of the essential intracellular proteins re-
quired to negatively control WNT signaling. Mutations in human AXIN2
result in familial tooth agenesis and a predisposition to colorectal cancer
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Table 2
Human genetic diseases caused by mutations in the Wnt/PCP pathway
Gene mutated Disease Inheritance Manifestations
WISP3 Progressive pseudorheumatoid AR Cartilage loss, bone destruction
dysplasia
AXIN2 Tooth agenesis AD Tooth agenesis, cancer
predisposition
LRP5 Juvenile osteoporosis AR Osteoporosis
Osteoporosis-pseudoglioma AR Osteoporosis, blindness
syndrome
Norrin Norrie disease X-linked Retinal dysplasia, hearing loss,
mental retardation
FZD4 Familial exudative AR Retinal vascular disorder
vitreoretinopathy
ROR2 Brachydactyly type B AD Terminal deficiencies of fingers,
toes
Robinow syndrome AR Bone shortening, spine defects,
brachydactyly, dysmorphic
facies
WNT3 Tetra-amelia AR Absent limbs
WNT4 Rokitansky-Kuster-Hauser AR Absent vagina, uterus
syndrome

Abbreviations: AD, autosomal dominant; AR, autosomal recessive.

[21]. Several of the known members of the WNT coreceptor complex result
in inherited diseases. A specific activating mutation in the coreceptor LRP5
was found in a single family with autosomal dominant high bone mass [22].
By contrast, several familial cases of juvenile osteoporosis result from loss-
of-function mutations in LRPS5, including osteoporosis-pseudoglioma
syndrome, an autosomal recessive disorder manifested by severe juvenile os-
teoporosis and juvenile-onset blindness. Frizzled-4 (FZ4) was found to be
mutated in familial exudative vitreoretinopathy, and the gene for Norrie dis-
ease (X-linked congenital retinal dysplasia accompanied by hearing loss and
mental retardation) seems to code for a novel ligand for FZ4 [23]. ROR2 is
an orphan tyrosine kinase receptor that seems to mediate the signal of
WNTS5A (Fig. 3). Mutations in ROR2 result in brachydactyly type B, an au-
tosomal dominant disorder characterized by terminal deficiencies in the fin-
gers and toes [24] and the autosomal recessive form of Robinow syndrome,
a severe skeletal dysplasia with limb bone shortening, spine defects, brachy-
dactyly, and dysmorphic facial features [25]. Mutations in two WNT ligands
have been found in two genetic disorders. One of the ligands, WNT3, was
found to be mutated in an autosomal recessive form of tetra-amelia,
a rare disorder consisting of complete absence of all four limbs and other
disorders [26]. These WNT3 mutations were truncations and likely loss-
of-function mutations. The other ligand, WNT4, was found to be mutated
in Rokitansky-Kuster-Hauser syndrome, which consists of absence of the
vagina and uterus, among other defects [27]. In the latter two cases, these
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mutations were found in few individuals, so one should view these findings
with some degree of caution until they are replicated.

Although the WNT pathway has broad known functions in develop-
ment, mutations in genes that function together in the WNT pathway
have overlapping clinical manifestations. Retinal defects are found in
osteoporosis-pseudoglioma syndrome, Norrie disease, and familial exuda-
tive vitreoretinopathy. Limb abnormalities are found in brachydactyly
type B, Robinow syndrome, and tetra-amelia. Skeletal defects are found
in progressive pseudorheumatoid dysplasia, osteoporosis syndromes, and
Robinow syndrome. AXIN2 and APC mutations result in cancer predispo-
sition. An understanding of the WNT developmental pathway is another
example in which birth defects can be classified as inborn errors of
development.

Fibroblast growth factor pathway

The fibroblast growth factor (FGF) pathway is known to play many im-
portant roles in development, with particularly important effects in prolifer-
ation, cell fate specification, cellular polarity, and cell migration. Like the
Wnt pathway, inactivation of members of the FGF pathway results in sev-
eral specific developmental defects that span all of development and occur in
the development of all organs and tissues.

The mammalian genome encodes at least 23 FGF ligands, 4 FGF recep-
tors (FGFR), and many additional proteins related to downstream
pathways activated by the tyrosine kinase activity of the activated FGFR
[28-30]. Three downstream pathways have been identified: the Ras mito-
gen-activated protein kinase (MAPK) pathway, the phosphoinositol path-
way, and the signal transducer and activator of transcription (STAT)
pathway (Fig. 4). These three pathways share some common components,
mainly the ligand—receptor combination, but also use distinct members to
transduce the signal to the nucleus.

FGF binding to the FGFR results in dimerization of the receptor and
stimulation of the intracellular tyrosine kinase domain of the dimerized re-
ceptor, resulting in autophosphorylation of the FGFR dimer at intracellular
tyrosine residues. The activated receptor either binds directly to signaling
molecules or recruits adapter molecules to link the activated receptor to
downstream targets at the cell membrane. The cellular context determines
which of the downstream pathways are activated after FGFR activation.

Two of the pathways activated by FGF signaling are classic growth fac-
tor signal transduction pathways: the Ras-MAPK and the phosphoinositol
pathways. Activation of the classic Ras-MAPK pathway results in the stim-
ulation of the protooncogene Ras by recruitment of scaffolding proteins,
such as Grb2 and Sos, to the membrane. Activated Ras binds to Raf and
stimulates a MAPK cascade that ultimately leads to transcription factor ac-
tivation and the transcription of genes activated by FGF signaling. The
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Fig. 4. A simplified version of the FGF pathway.

phosphoinositol pathway also is activated by FGF signaling by way of the
activation of phosphoinositol-3 kinase (PI3K). The result of this activation
is that potent lipid messengers, such as diacylglycerol (DAG) and inositol
triphosphate (PIP3), activate phospholipase Cy (PKCy), which results in
the phosphorylation of various transcription factors. Finally, STAT pro-
teins are inactive in the cytosol, but when phosphorylated by activated
FGFR (and other receptors) STATs are translocated to the nucleus where
they regulate transcription. As in the Wnt pathway, there are multiple
branch points downstream of the ligand-receptor interaction, providing sev-
eral potential readouts from receptor activation that depend on the precise
ligand and receptor and the cellular context.

The phenotypes of model organisms with both loss-of-function and gain-
of-function mutations of many of the FGFs and FGFRs have been deter-
mined from genetically engineered, radiation-induced, or spontaneous
mutations, so that we have now gained a basic understanding of the role
of the FGF pathway in mammalian patterning and morphogenesis. For ex-
ample, loss-of-function mutations in FGFs in the mouse demonstrate criti-
cal roles for these proteins in early development (FGF4, FGFS), inner ear
development (FGF3), limb development (FGF10), neurologic development
and function (FGF2, FGF8, FGF14, FGF17), cardiac development
(FGFB8), hair length (FGF5, FGF7), skin and wound healing (FGF2),
branching morphogenesis in lung or kidney (FGF7, FGF9, FGF10), skele-
tal development (FGF2, FGF18), and in male sexual development (FGF9).
The FGFR mutants display similarly broad but distinct phenotypes: early
gastrulation defects (FGFR1, FGFR2), limb defects (FGFR2), skeletal de-
fects (FGFR3), and growth retardation (FGFR4).
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Human diseases

Several human genetic diseases result from defects in the FGF pathway
(Table 3), most of which can be classified as ecither craniosynostosis or
short-limbed skeletal dysplasias. All of the known diseases of the FGF path-
way are inherited in an autosomal dominant fashion, and many represent
gain-of-function or activating mutations in which the receptors are active
in the absence of ligand.

Craniosynostosis is the abnormal shape of the skull because of the pre-
mature fusion of sutures of the skull during development. Several craniosy-
nostosis syndromes have been defined based on the sutures involved
(causing a particular type of shape of the skull) and whether or not there
is distal limb involvement. Several of these syndromes are caused by hetero-
zygous point mutations in the FGFRs, including Apert (FGFR?2), Crouzon
(FGFR2), Pfeiffer (FGFR1, FGFR2), Jackson-Weiss (FGFR2), and Beare-
Stevenson (FGFR2, FGFR3) syndromes. The phenotypic details that differ-
entiate each of these syndromes are beyond the scope of this article, but
further details can be found elsewhere [3]. When these mutations have
been studied, they have been found to result in various degrees of activation
of the receptors.

The short-limbed skeletal dysplasias resulting from disruptions in the
FGF pathway are caused by point mutations in FGFR3. As noted above,
when these mutations have been studied they have been found to result in
various degrees of activation of the receptors, and the degree of activation
correlates somewhat with the severity of the phenotype. The most common
disorder is achondroplasia. Most cases of achondroplasia are the result of
a new mutation, and most patients have a single point mutation resulting

Table 3
Human genetic diseases caused by mutations in the FGF pathway

Discase Gene mutated Inheritance

Craniosynostosis syndromes

Apert FGFR2 AD
Crouzon FGFR2 AD
Pfeiffer FGFRI1, FGFR2 AD
Jackson-Weiss FGFR2 AD
Beare-Stevenson FGFR2, FGFR3 AD
Short-limbed skeletal dysplasias
Achondroplasia FGFR3 AD
Hypochondroplasia FGFR3 AD
Thanatophoric dysplasia FGFR3 AD
SADDAN FGFR3 AD
Other
Cerebellar ataxia FGF14 AD
Hypophosphatemic rickets FGF23 AD

Abbreviations: AD, autosomal dominant; SADDAN, severe achondroplasia with develop-
mental delay and acanthosis nigricans.
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in a specific amino acid change in FGFR3 (Gly346Glu) that results in con-
stitutive activation of the receptor. Hypochondroplasia is a less severe form
of achondroplasia that also results from point mutations in FGFR3, and
when these mutations were studied the mutant FGFR3s were less active
than achondroplasia FGFR3 mutations. Thanatophoric dysplasia is a severe
neonatal lethal form of achondroplasia that results from point mutations in
FGFR3 that display greater activity than achondroplasia FGFR3
mutations.

Two other types of genetic disorders have been described in humans who
have mutations in this pathway: AD cerebellar ataxia caused by a point mu-
tation in FGF14 (Phel45Ser), and AD hypophosphatemic rickets caused by
point mutations in a small region of FGF23.

Disorders caused by mutations in the FGF pathway have clear pheno-
typic overlap in their clinical manifestations. Most of the phenotypes cluster
into craniosynostosis and short-limbed dwarfism syndromes. Of the two
other genetic disorders, hypophosphatemic rickets also affects the skeleton,
as predicted from mouse and human disorders, and the cerebellar ataxia
phenotype is similar to some of the phenotypes seen in mouse mutants of
FGFs. Similar to the SHH and FGF pathways, therefore, an understanding
of the FGF developmental pathway allows us to place mutant genes into
these pathways and consider birth defects as inborn errors of development,
providing further insight into the pathogenesis of these related syndromes.

Integration and coordinate regulation of developmental pathways

Severe mutations in single genes result in severe and recognizable inborn
errors of development because of the disruption of individual developmental
pathways. We also know that several pathways simultaneously regulate the
development of a given structure or organ. The complexity of form of mam-
malian organisms requires that these pathways are coordinately regulated
and integrated. As an example of this integration, the coordinate regulation
of the three pathways discussed in this article during the formation of the
limbs is described.

Limb bud formation is localized in specific sites along the body wall of
the developing embryo by a combination of FGF and WNT signaling.
There are three axes in limb development: proximal—distal, anterior—poste-
rior (AP), and dorsal-ventral (Fig. 5). Before limb bud initiation, Fgf10 ex-
pression in the mesenchyme is localized precisely by the expression of Wnt3
produced from the surface ectoderm. The initiation of limb bud formation
thus is accomplished by coordinate regulation by the WNT and FGF path-
ways. As the limb bud grows and protrudes away from the body wall, the
most distal part of the limb bud contains a thickened apical ectodermal
ridge (AER). FGF expression, especially FGF4 and FGFS, is required to
maintain the AER and to mediate the growth and elongation of the limb
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Fig. 5. The major axes of the developing limb bud and the location of SHH, WNT, and FGF in
the developing limb bud. The axes are proximal-distal, anterior—posterior, and dorsal-ventral.

bud in a proximal-to-distal direction. As noted above, SHH is expressed in
the ZPA to regulate the formation of the AP axis in the limb (in the hand the
anterior is the thumb side, whereas the posterior is the little finger side).
WNT signaling, primarily WNT7A, is responsible for the development of
the dorsal-ventral axis of the limb (in the hand, the dorsal surface is the
back of the hand, whereas the ventral surface is the palm). WNT7A is re-
quired to maintain the AER and the expression of FGF4 and FGF8, and
also participates in regulatory feedback signaling with the ZPA to affect
AP axis formation indirectly. FGF4 in the AER is required to maintain ex-
pression of SHH in the ZPA, whereas SHH also is able to modulate FGF4
levels in the AER, thereby creating a positive feedback loop that links the
two signaling centers. WNT7A is also important for regulating SHH expres-
sion and consequently patterning along the limb AP axis. These three path-
ways are coordinately regulated to integrate signaling during the formation
of the limb.

Summary

The mammalian SHH, WNT, and FGF pathways are large signaling net-
works that often display intricate interactions to determine, ultimately, the
course of development. For example, WNTs can act either as morphogens
to specify different cell linecages along the anterior—posterior axis or as mito-
gens to promote cell proliferation of a defined population. Some pathways
may affect either cell fate or proliferation but other pathways may impact
morphogenesis through remodeling cell arrangements along different axes.
Understanding how the individual pathways are coordinately regulated
and orchestrated to achieve the desired pattern and morphology will be
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one of the greatest challenges in developmental biology in the future. For
human dysmorphology, the challenge will be to understand further the path-
ophysiology and cause of inborn errors of development.

There are several reasons that pediatricians should recognize that birth
defects are inborn errors of development. Consideration of malformations
as alterations of important developmental pathways provides a molecular
framework to understand normal human development and the causes of hu-
man birth defects and disorders of organogenesis. In addition to providing
an improved understanding of the pathophysiology of these defects, it will
allow the distinction of similarities and differences among related disorders.
Finally, a more complete understanding of how a pathway is disrupted in
individuals who have severe birth defects may reveal treatment options
for otherwise difficult-to-treat disorders [31].
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The respiratory tract undergoes remarkable structural, biochemical, and
functional changes during the transition from fluid- to gas-filled status that
occurs immediately following birth. The timing of lung maturation is me-
diated by genetic, hormonal, and autocrine/paracrine signaling, which in
turn instructs transcriptional processes that regulate the expression of
genes required for perinatal adaptation to breathing. The importance of
pulmonary maturation to postnatal adaptation is evidenced by the severity
of lung disease occurring in respiratory distress syndrome (RDS) and
bronchopulmonary dysplasia (BPD), common sequelae of preterm birth
that contribute to morbidity and mortality in premature infants. It is per-
haps not surprising that perinatal lung maturation is accompanied by the
induction of a complex genetic program designed to enhance surfactant
function, establish postnatal alveolar fluid balance, and host defense, all
processes that are required for lung function after birth. There is increas-
ing evidence that the process of epithelial cell maturation is controlled by
a network of nuclear transcription factors that interact to influence gene
expression in the lung.

In this article, the role of several transcription factors mediating perinatal
respiratory adaptation is discussed. Lung maturation depends on a carefully
balanced interaction between the alveolar epithelial cells (Type I and Type
II cells) and mesenchymal cells, including those of the pulmonary vascula-
ture, smooth muscle, and stroma, that results in the production of signaling
molecules that, in turn, regulate gene expression. A complex and interacting
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transcriptional network, mediated in mesenchyme via the glucocorticoid re-
ceptor (GR) and several transcription factors determining cell differentia-
tion in the respiratory epithelium, influence lung maturation before birth.
In addition to the important role of the GR, transcription factors in the re-
spiratory epithelium, including thyroid transcription factor-1 (TTF-1), fork-
head homolog a2 (FOXAZ2), and CCAT enhancer binding protein a (C/
EBPa), regulate groups of genes that are required for the architectural
and functional maturation of the lung.

Epithelial-mesenchymal interactions during lung morphogenesis

Formation of the lung during the embryonic period is dependent upon
the balanced interactions between epithelial cells of the lung tubules and
the underlying mesenchymal cells that ultimately differentiate into vascu-
lar, smooth muscle, and fibroblastic cells characteristic of the mature
lung [1-3]. As in other organs undergoing branching morphogenesis, pro-
liferation and differentiation of pulmonary cells are dependent upon recip-
rocal interactions between these epithelial and mesenchymal cellular
compartments [4]. Removal of the underlying mesenchyme abrogates
branching morphogenesis and growth of respiratory tubules [5]. Branching
morphogenesis is regulated by fibroblast growth factor FGF) receptor-
mediated signaling that influences epithelial cell migration and proliferation
[6-9]. Deletion of FGF-10 or FGF-R2IIIb blocks branching morphogene-
sis during formation of the embryonic lung [7,9]. FGF-10 is synthesized
by the lung mesenchyme, activating receptors on endodermally derived
tubules via the FGF-R2IIIb receptor. Growth and differentiation of the
peripheral lung saccules are highly dependent upon these interactions until
late gestation. FGF signaling is required for the migration, differentiation,
and proliferation of respiratory tubules, and plays a role later in lung
development, when it influences sacculation and alveolarization [10].
Formation of respiratory tubules in the embryonic lung also requires the
expression of TTF-1, a member of the Nkx family of homeodomain-
containing transcription factors. TTF-1 plays a critical role in lung forma-
tion during the embryonic period of lung development, and is required for
normal maturation of the respiratory epithelium before birth [11,12]. Thus
reciprocal interactions mediated by autocrine and paracrine signaling be-
tween epithelial cells and mesenchymal cells control transcriptional events
required for proliferation, migration, and differentiation of the cells that
make up the mammalian lung.

Glucocorticoids and the glucocorticoid receptor

Liggins and Howie [13] demonstrated the clinical utility of glucocorti-
coids (GCs) for the enhancement of lung function in the preterm infant,
a finding that has served as an important therapy for the reduction of
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morbidity and mortality in preterm infants at risk for RDS. Prenatal ex-
posure of the preterm neonate to pharmacological doses of GCs, including
betamethasone or dexamethasone, reduces the incidence and severity of
RDS, resulting in increased perinatal survival [13—15]. GCs have important
effects on lung architecture and function. Structurally, GCs enhance many
aspects of the so-called “maturation,” resulting in thinning of the pulmo-
nary mesenchyme and alveolar walls. Dilatation of peripheral lung sac-
cules occurs in late gestation, as pulmonary capillary endothelial cells
come into close apposition to alveolar Type I epithelial cells, creating an
efficient gas exchange region, a process that continues after birth with
the formation of the alveoli [1,16]. During the process of sacculation
and alveolarization, the respiratory epithelium thins and the lining of pe-
ripheral lung saccules is increasingly composed of squamous Type I epithe-
lial cells. Type I cells arise from differentiation of Type II epithelial cells,
the latter a cuboidal cell type that synthesizes and secretes surfactants, pro-
teins, and lipids. Type II cells, although composing a relatively small frac-
tion of the surface of peripheral lung saccules, synthesize surfactant
proteins and lipids that are required for reduction of surface tension at
the air-liquid interface after birth [17]. The increased synthesis of surfac-
tant by Type II cells is associated with the maturation of lung structure,
a process also stimulated by GCs [18]. Surfactant prevents atelectasis,
thereby maintaining lung volumes and function. Pulmonary surfactant is
a complex mixture of lipids (primarily phospholipids), including dipalmityl
phosphatidylcholine (DPPC), phosphatidylglycerol, and associated pro-
teins, the most abundant of which are surfactant proteins A, B, C, and
D (SP-A, SP-B, SP-C, and SP-D) that regulate surfactant structure, func-
tion, and metabolism [17,19,20]. Surfactant proteins also play important
protective roles during lung injury and infection. SP-A and SP-D, the pul-
monary collectins, bind and inactivate various microbial pathogens, en-
hancing their uptake and clearance by alveolar macrophages [21].
Pulmonary adaptation to air breathing also requires the rapid removal
of lung liquid at birth, a process dependent upon the regulation of electro-
lyte and water transport that is also influenced by GCs.

Mechanism of action of glucocorticoids on lung maturation

GCs, including cortisol, hydrocortisone, betamethasone, dexametha-
sone, and others, complex with a specific cytoplasmic receptor, the GR
in pulmonary cells (Fig. 1) [22]. GR is a 94 Kd polypeptide, consisting
of steroid and DNA-binding domains, encoded by a single gene located
on human chromosome 5 [23,24]. There are two GR isoforms, GRa and
GRB. GRa is thought to mediate most of GC activity in endocrine target
tissues, whereas GRB may serve as a negative inhibitor of GRa [25]. GR
complexes with several heat shock proteins that bind GR and prevent its
nuclear transport in the absence of GC. Binding of GC to the cytoplasmic
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Fig. 1. GC regulation of perinatal lung maturation. Corticotrophin-releasing hormone pro-
duced by the hypothalamus, induces adrenocorticotropic hormone (ACTH) release from the pi-
tuitary, which stimulates GC production from the adrenal cortex. GCs enter target cells and
bind to GRa, causing its dissociation from heat shock protein, causing the translocation of
GR/GC complex to the nucleus of the target cells. GR often dimerizes, binds into glucocorti-
coid regulatory elements (GREs) located in regulatory regions of target genes, which in turn
controls gene transcription (direct regulation). GR/GC can also regulate transcription by bind-
ing to other transcriptional factors (eg, AP1) to regulate gene expression via protein-protein in-
teractions. Lastly, GR can bind directly to some cellular proteins to influence cell function by
direct activation. ACTH, ; CRH corticotrophin-releasing hormone.

GRa causes dissociation of the Hsp-GR complex, causing translocation of
GRa into the nucleus of target cells, where it binds to glucocorticoid-
responsive elements (GREs) located on regulatory regions of GC target
genes [26]. GRa binding to regulatory elements in target genes activates
or inhibits transcription. GR also forms complexes with other transcrip-
tion factors. Thus, GRa regulates gene expression primarily through its
interactions with other transcription factors by binding to cis-active
elements, shared by both GR and other nuclear transcription factors [27].

Deletion of GRa. causes respiratory distress at birth

GRo. /™ mice develop respiratory distress and die following birth [28,29].
Deficient GR signaling caused by mutation of the corticotrophin-releasing
hormone (CRH) causes similar changes in lung architecture and function,
resulting in thickened alveolar septae, atelectasis, and impaired lung func-
tion at birth [30]. Although lung function was severely impaired, minimal
changes in the expression of surfactant proteins A, B, and surfactant lipids
were observed in the lungs of GR ™/~ or CRH ™/~ mice. In contrast, exposure
of fetal lung explant tissue to pharmacologic doses of GC markedly induces
surfactant lipid and surfactant protein expression [31,32].
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Cellular effects of glucocorticoids during lung development

GRa and GRB are expressed in relative abundance in both epithelial
and nonepithelial cells of the fetal lung [25]. Although fetal lung growth
and branching morphogenesis are not substantially altered by deletion of
GRa or CRH, delayed sacculation and respiratory distress indicate its im-
portant role in pulmonary maturation before birth. This finding is consis-
tent with the stimulatory effects of GCs on lung maturation in the preterm
lung. Effects of GCs on lung maturation are likely associated with effects
on both epithelial and mesenchymal cells of the lung. Stimulatory effects
of GCs on surfactant lipid and protein synthesis have been observed in fe-
tal lung explant culture and in vivo models of lung development in various
species [31,32]. In isolated cells, stimulatory effects of GCs on lung matu-
ration are dependent upon paracrine effects between epithelial cells and
mesenchymal cells of the fetal lung. Stimulatory effects of GCs on surfac-
tant lipid synthesis are mediated by the induction of cytidylytransferase,
fatty acid synthase, and other enzymes mediating lipid synthesis. In iso-
lated cells, the induction by GCs requires co-culture with lung fibroblasts,
findings that led to a proposed “fibroblast pneumocyte factor,” although
the proposed ““factor” has neither been isolated nor identified [33]. A num-
ber of polypeptides, for example FGF-7, are produced by the lung mesen-
chyme that can activate FGF receptors in the respiratory epithelium to
enhance surfactant lipid and protein expression [34,35]. Although GR ele-
ments are found in the promoters of surfactant-related genes encoding
SP-A, SP-D, and ABCA3 [36-38], it is unclear whether these genes are
direct transcriptional or indirect targets of the glucocorticoids signaling in
respiratory epithelial cells in vivo.

Glucocorticoids influence alveolar vasculogenesis and lung
liquid clearance

The transition from intrauterine to extrauterine respiration requires the
rapid removal of lung liquid at birth, a process also influenced by GCs.
GREs and GC responsivity are observed in several genes critical for sodium
transport across the respiratory epithelium, including the a-epithelial so-
dium channel subunit (¢ ENaC) or a1 and B1 subunits of sodium-potassium
adenosinetriphosphatases (ATPases) [39-41]. Deletion of aENaC, the apical
amiloride-sensitive sodium channel in the respiratory epithelium, resulted in
the failure to absorb lung liquid at birth [42]. Sodium-potassium ATPase,
the basolateral sodium pump, is required for the generation of intracellu-
lar/extracellular sodium-potassium gradients. The finding that the pro-
moters of both aENaC and sodium-potassium ATPase subunits contain
GRE and are activated by GC in vitro supports the concept that GR medi-
ates their expression in respiratory epithelial cells before birth. GCs influ-
ence lung formation during the saccular to alveolar phase of lung
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development. Prolonged or repetitive exposure to pharmacologic levels of
GC in the prenatal or postnatal period inhibits somatic and lung growth, in-
creasing the size of lung saccules, causing abnormal air space enlargement
with features typical of emphysema [43,44]. Although GC therapy for the
prevention of respiratory distress syndrome before birth was shown to be
of therapeutic benefit, the potential for GC-related toxicity following multi-
ple doses in the prenatal and postnatal period merits further study [45].

Mechanisms underlying the inhibiting effects of GCs on alveolarization
are poorly understood; however, GC influences both vasculogenesis and an-
giogenesis in various organs, including the lung. Influence of GC on alveolar
development is likely to be mediated in part by its role in the regulation of
vascular endothelial growth factor (VEGF) expression [44,46,47]. Develop-
mental and dose-dependent effects of GC on the regulation of polypeptides
and receptors mediating pulmonary vasculogenesis may influence lung sac-
culation, growth, and alveolarization.

Clinical importance of glucocorticoids for prevention of lung
disease in preterm infants

GC therapy for prevention and treatment of RDS and BPD has been ex-
tensively studied for more than 30 years. The therapeutic benefit of fetal
GCs has been repeatedly documented in clinical studies. The National Insti-
tutes of Health Consensus Development Panel on the Effect of Corticoste-
roids for Fetal Maturation on Perinatal Outcomes strongly recommended
the use of prenatal GC for women at high risk for preterm delivery, a prac-
tice now regarded as standard of care [14]. Because GCs have both beneficial
and harmful effects on various organs, further refinement of the indications,
dose, duration, and timing of GC for prevention and treatment of lung dis-
ease in the prenatal and postnatal period is indicated [48].

Transcriptional controls in the respiratory epithelium: thyroid
transcription factor-1

TTEF-1 is a 43 kDa phosphorylated transcription factor of the Nkx family
of nuclear proteins that is expressed in the developing forebrain, thyroid,
and lung [49]. Deletion of TTF-1 in the mouse results in central nervous sys-
tem malformations and causes deficits in the formation of forebrain, thyroid
gland, and lung [11]. Although TTF-1 is not required for formation of the
trachea and bronchi, morphogenesis of the peripheral lung tubules is depen-
dent upon TTF-1. The airway and lungs of TTF-1~/~ mice consist of a tra-
cheal-esophageal fistula, tracheal and bronchial tubes, and a peripheral lung
consisting of saclike cysts, indicating the absence of peripheral lung tubules
[11,50]. TTF-1 is expressed at high levels in the endodermally derived cells
composing the respiratory epithelium from the onset of lung morphogenesis.
TTF-1 is readily detected in the nucleus of subsets of respiratory epithelial
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cells, including those of the conducting airway and the peripheral lung
throughout development, where it regulates the expression of genes control-
ling surfactant homeostasis and innate host defense [5S1]. TTF-1 binds to the
promoters of a number of genes expressed selectively in the lung, including
the surfactant proteins A, B, C, and D, and Scgblal (CCSP [Clara cell se-
cretory protein]). Genes encoding SP-B,SP-C, and ABCA3 play important
roles in perinatal pulmonary adaptation [52]. TTF-1 interacts with numer-
ous other transcription factors, forming direct partners with other transcrip-
tion factors and other coactivators to influence target gene expression. Both
the levels of TTF-1, selectivity for regulation of specific target genes, and its
interactions with other transcription factors influence gene expression in re-
spiratory epithelial cells, in both conducting airways and peripheral lung
saccules/alveoli, during development and after birth.

TTF-1 regulates genes influencing perinatal lung adaptation
and host defense

Deletion of TTF-1 in the mouse severely impaired the formation of the
peripheral lung, thereby limiting the use of the TTF-1"/~ mouse in the iden-
tification of TTF-1 target genes. Substitution of the mouse TTF-1 gene with
a gene in which phosphorylation sites were mutated substantially rescued
lung formation (compared with TTF-1"/" mice), but resulted in perinatal
death related to respiratory insufficiency (Fig. 2) [12]. RNA microarray
analysis of lungs from transgenic mice in which TTF-1 was replaced with
a phosphorylation mutant (TTF-1"™) was used to identify genes influenced
by TTF-1 genes that are critical for perinatal lung adaptation. Expression of
genes encoding proteins regulating surfactant homeostasis (surfactant pro-
teins and lipids), fluid and electrolyte transport, alveolarization/vasculogen-
esis, and host defense (SP-A, SP-B, CCSP, lysozyme, and others) were
decreased [12]. Binding sites for TTF-1 are present in promoter-enhancer re-
gions of many of these genes [51], indicating that they are likely direct tran-
scriptional targets of TTF-1 in vitro. Thus, TTF-1 plays distinct roles at
various stages of development, being required for differentiation and prolif-
eration of the primordial lung during the embryonic period, for maturation
of the respiratory epithelium before birth, and for synthesis of pulmonary
surfactant after birth. It is of clinical interest that mutations in TTF-1 cause
CNS malformations, hypothyroidism, and pulmonary malformation/dys-
plasia in infants [53].

Forkhead family members FOXA1 and FOXA2

FOXA1 and FOXA?2 are closely related members of a large, highly con-
served family of forkhead/winged helix domain containing transcription
factors that play important roles in many developmental processes in di-
verse organisms. FOXA?2 is expressed in the foregut endoderm in the early
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Fig. 2. Panels show lung histology from control mice on the day of birth (4), TTF-1 phosphor-
ylation mutant mice (B), FOXA2** mice in which FOXA2 has been specifically deleted in re-
spiratory epithelial cells of the developing lung (C), and C/EBP¢*/® mice (D) in which C/EBPa.
has been conditionally deleted from respiratory epithelial cells. Mutant mice share defects in pe-
ripheral lung maturation and differentiation, resulting in respiratory distress following birth.

embryo, and is required for formation of anterior-posterior axis and spec-
ification of endoderm in the early mouse embryo [54]. During lung mor-
phogenesis, both FOXA1 and FOXA2 are present in nuclei of the early
lung buds. Later in development, nuclear staining for FOXA1 and
FOXAZ2 is observed in respiratory epithelial cells of the conducting and pe-
ripheral respiratory tubules, where they are co-expressed with TTF-1 [55].
FOXA?2 binds and activates a number of genes expressed selectively in the
lung, including the gene encoding surfactant protein B, a protein required
for surfactant function at birth [51,52,56]. Because deletion of FOXA?2
causes death of the early embryo, FOXA2 was conditionally removed us-
ing a doxycycline inducible, lung-specific promoter system, to selectively
delete FOXA2 [57] during pulmonary organogenesis. Although branching
morphogenesis proceeded relatively normally, newborn mice in which the
FOXAZ2 gene was deleted from peripheral respiratory epithelial cells devel-
oped atelectasis and respiratory distress, with the pathological and bio-
chemical features associated with RDS in preterm infants (see Fig. 2)
[57]. Differentiation of Type II alveolar cells was delayed and the alveoli
remained immature in the absence of FOXAZ2. Surfactant proteins and
lipids and the expression of SP-A, B, C, and ABCA3 were decreased, con-
sistent with delayed pulmonary differentiation. RNA microarray analysis
indicated that the deletion of FOXA2 resulted in the decreased expression
of a number of genes that overlapped with those genes identified in the
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TTF-1 phosphorylation mutant studies (Figs. 3, 4) [12,57]. These findings
are consistent with the interacting or shared roles of TTF-1 and FOXA2 in
maturation of the respiratory epithelium in late gestation. Expression of
genes involved in surfactant synthesis, including ABCA3, SP-B, sterol
Co-A desaturase, and SP-A are regulated by both TTF-1 and FOXA2.
In contrast to the lethal effects of deletion of FOXA2 in the respiratory
epithelium, mice in which FOXA1 was targeted survive at birth, but ex-
hibit stage specific defects in perinatal lung maturation that do not cause
respiratory distress [58].

Complementary roles of FOXA1 and FOXA?2 during lung morphogenesis
in the embryonic period

FOXAT1 and FOXAZ2 are closely related FOXA family members that are
expressed in an overlapping manner during lung morphogenesis and in the
postnatal lung [58]. FOXA1 mRNA was increased after deletion of FOXA2
in respiratory epithelial cells, indicating a potentially compensatory role for
FOXATI1 in formation of the lung. To assess the role of FOXA activity dur-
ing lung morphogenesis, mice were produced in which expression of both
genes was absent in the lung [59]. Branching morphogenesis of the lung
was arrested at an early stage of development, demonstrating that
FOXA1 and FOXA?2 play partially overlapping roles, and that FOXA ac-
tivity is required for early lung formation. RNA analysis of embryonic
lung tissue demonstrated a marked decrease in the expression of sonic

TTF-1 ¥—— Foxa2 Embryonic
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C/EBPa C/EBPa
] { ,
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| Target Genes: | Period
Surfactant Lipid Host Defense Fluid / Electrolyte

Transport

NS

Perinatal Pulmonary Adaptation

Fig. 3. Transcriptional control of perinatal maturation of the respiratory epithelium. FOXA?2 is
required for formation of the foregut endoderm in the developing mammalian embryo. TTF-1
is required for specification and differentiation of respiratory epithelial cells during early lung
morphogenesis. Both TTF-1 and FOXA?2 are required for regulation of C/EBPa expression
in the respiratory epithelium. Mutation or targeted deletion of any of these factors results in
respiratory failure at birth that is associated with the lack of expression of genes regulating sur-
factant lipid, host defense, fluid, and electrolyte transport. Many of the target genes share reg-
ulatory elements for TTF-1, FOXA2 and C/EBPa. Thus, these transcription factors regulate
a shared group of target genes, and also regulate one another, functioning in a complex tran-
scriptional network that controls perinatal lung adaptation.
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Fig. 4. TTF-1, FOXA2, and C/EBPa share regulatory targets in the respiratory epithelium of
the developing lung. Represented are diagrams generated from microarray analysis of mice
bearing TTF-1, FOXA2, and C/EBPa mutation/deletions, demonstrating the overlapping ef-
fects of these transcription factors on a subset of genes. Genes regulating surfactant lipid syn-
thesis, fluid, and electrolyte transport are direct transcriptional targets of TTF-1, FOXA2, and
C/EBPa. Target genes, including Sftpb (encodes SP-B) and Abca3, play critical roles in lung
function at birth.

hedgehog (SHH) and a number of genes that participate in the SHH path-
way required for smooth muscle differentiation after deletion of both
FOXA1 and FOXA2. Because SHH is required for pulmonary smooth mus-
cle development, the branching morphogenesis defects seen in the FOXA1/
FOXA2 mutant mice are likely mediated by the absence of SHH produc-
tion. Morphological and gene expression abnormalities observed after
FOXA1 and FOXA2 deletion were similar to those seen after deletion of
SHH in early lung morphogenesis [60]. Thus, FOXA controls SHH expres-
sion in the respiratory epithelium that is required for paracrine signaling,
regulating smooth muscle differentiation necessary for branching morpho-
genesis of the peripheral lung [59].

Role of C/EBPu. in lung maturation

C/EBPa is a member of the bZiP domain-containing transcription factor
family that is expressed in epithelial cells of the developing lung [61]. C/
EBPa regulates gene expression in numerous tissues, including adipocytes
and hepatocytes, where it plays an important role in energy and substrate
use, and the regulation of genes involved in lipid synthesis. C/EBPa '~
mice die early in the perinatal period, a finding initially thought to be linked
to hypoglycemia; however, pulmonary abnormalities were also observed af-
ter deletion of C/EBPa [62,63]. Selected deletion of C/EBPa in epithelial
cells of the fetal lung did not result in hypoglycemia, but caused respiratory
failure following birth, with findings similar to those observed in TTF-1 mu-
tant and FOXA?2 deleted mice [64,65]. Morphologic maturation of the lung
was markedly delayed, surfactant lipid and protein synthesis was decreased,
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and the expression of a group of mRNAs was decreased after deletion of C/
EBPa (see Fig. 2). Many of the genes regulated by C/EBPa were also de-
creased in the TTF-1"™ and FOXA2%® mice (see Fig. 4). These findings in-
dicated that C/EBPa participates in a transcriptional network with TTF-1
and FOXAZ2. Deletion of either of TTF-1 or FOXA?2 resulted in the absence
of C/EBPa expression in the early respiratory epithelium [64]. C/EBPa di-
rectly binds to and regulates a number of genes critical for perinatal lung
maturation itself, and is also regulated by TTF-1 and FOXA2 (see
Fig. 3). Taken together, transcription factors of three distinct families,
TTF-1, FOXA2, and C/EBPa, interact directly or indirectly to regulate ex-
pression of shared transcriptional targets that are required for lung matura-
tion and function at birth (see Fig. 4).

Functional importance of transcriptional targets of the TTF-1, FOXA2,
and C/EBPa

Analysis of potential transcriptional targets regulated by TTF-1,
FOXAZ2, and C/EBPa in the developing lung identified a cluster of genes
that are critical for perinatal lung maturation and function, including other
transcription factors, growth factors, and their receptors. The TTF-1,
FOXA2, C/EBPa “network™ regulates: (1) fluid and electrolyte transport,
including the aquaporins, several solute carriers, and the endothelial sodium
channel (ENaC); (2) lipid homeostasis; and (3) proteins required for surfac-
tant lipid synthesis and packaging, including SP-A, SP-B, SP-C, SP-D, and
ABCA3. Genes regulating vasculogenesis and alveolarization, critical for
the morphogenetic and structural transition of the lung from the saccular
to the alveolar stage, were also identified. Several of these target genes are
known to cause respiratory failure or chronic lung disease in newborns
and infants, including SFTPB, SFTPC, and ABCA3. Mutations in these
genes cause hereditary respiratory diseases typified by full-term infants
who develop respiratory failure with clinical features that are usually asso-
ciated with surfactant deficiency in preterm infants [19,52]. This group of
genes associated with perinatal lung maturation, and the transcription fac-
tors controlling their expression, have evolved to control the unique charac-
teristics of lung organogenesis and function, including formation of gas
exchange area, surfactant homeostasis, mucociliary clearance, fluid and elec-
trolyte homeostasis, and innate host defenses. It will be of interest to discern
whether genes in this cluster represent novel genes causing hereditary lung
disease or are modifiers of lung disease after birth.

Summary

The process of perinatal lung maturation includes remarkable changes
in lung tissue architecture, cell differentiation, and gene expression, upon
which respiration at birth depends. At the transcriptional level, pulmonary
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maturation is controlled by the concerted actions of a group of transcrip-
tion factors mediating gene expression in the lung. An interacting network
of transcription factors that includes TTF-1, FOXA2, and C/EBPa is an
important regulator of gene expression in the respiratory epithelium
that, in turn, influence maturational events in cells throughout the lung.
Likewise, glucocorticoids (via the GR) acting primarily in the pulmonary
mesenchyme, influence maturational processes in the respiratory epithe-
lium. Elucidation of the intersecting pathways that control perinatal
lung function may provide opportunities to induce pulmonary maturation
in preterm infants at risk for RDS before birth, and will help identify
genes and processes important for various aspects of lung function.
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Therefore, it includes a brief overview and categorization of inherited, devel-
opmental, and acquired RCDs, providing a relevant, up-to-date bibliography
as well as a useful list of informative Internet Web sites. It’s major focus is
“translational.” It also demonstrates how emerging molecular and cellular
knowledge of the pathophysiology of particular diseases such as autosomal
dominant polycystic kidney disease (ADPKD) and autosomal recessive poly-
cystic kidney disease (ARPKD) can translate into innovative therapeutic
insights.

RCD encompasses a broad spectrum of hereditary, nonhereditary, and
acquired conditions that cause significant morbidity and mortality. A renal
cyst is an abnormal fluid-filled, epithelial-lined, dilated sac that arises
within the renal parenchyma from an existing tubule or collecting duct.
A cystic kidney is arbitrarily defined as a kidney with three or more cysts
[1].

RCD can be acquired or inherited, and when associated with extra-renal
manifestations, often occurs as part of a well-defined syndrome. Autosomal
dominant forms of RCD, such as ADPKD, are generally characterized by
development of end-stage renal disease (ESRD) in adulthood. Autosomal
recessive forms of RCD, such as nephronophthisis (NPHP) and ARPKD,
generally produce ESRD in childhood or adolescence. When RCD appears
as part of complex clinical syndromes, disease manifestations are usually
dictated by the other involved organ systems.

In 1964, Osathanondh and Potter [2] developed a classification system
based on microdissection of cystic kidneys and hypothesized that cyst for-
mation was mechanistically related to specific segments of affected neph-
rons. Inclusion of clinically diverse cystic conditions/diseases within the
same “‘anatomical” category limited the clinical usefulness of such classifica-
tions, however. Improvements in genetic and pathologic classifications over
the years have provided more precise clinicopathologic correlations. The
interested reader is referred to recent comprehensive overviews [3—6], and
useful online resources, listed in Appendix 1.

Despite the large number of identified ‘“‘cystic”” genes, the differential
diagnosis of the infant or child with enlarged cystic kidneys is readily limited
to four diseases following initial clinical and laboratory evaluation:
ARPKD, ADPKD, glomerulocystic kidney disease (GCKD), and tuberous
sclerosis complex (TSC). After a brief description of the latter two entities,
the remainder of this article focuses on the renal polycystic kidney diseases,
ARPKD and ADPKD. These serve as excellent examples of how twenty-
first century molecular and cellular pathophysiology has led to exciting
and innovative disease-specific therapies.

Glomerulocystic kidney disease

Glomerular cysts may be an early manifestation of ADPKD, or can
occur in multiple syndromes. Isolated GCKD also occurs as a defined
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genetic entity, and hypoplastic GCKD, an autosomal dominant disease,
appears to be a clinically distinct subgroup.

GCKD cysts are characterized by dilated Bowman’s spaces, lined with
cuboidal or columnar cells containing primitive or immature glomeruli
scattered within normal cortical parenchyma. Ultrasonographically, minute
cysts are seen in an echogenic renal cortex. No cysts are observed in the
renal medulla. The lack of tubular involvement distinguishes GCKD from
other renal cyst diseases that generally involve tubular dilatation.

Most GCKD patients suffer some degree of renal failure and many pres-
ent with hypertension. The typical presentation is that of an infant with
abdominal masses and varying degrees of renal insufficiency. Sonography
reveals enlarged kidneys with an echogenic cortex [7]. GCKD can present
in adulthood with flank pain, hematuria, and hypertension [7]. Hepatic cysts
have also been reported in patients with GCKD [8].

Although usually bilateral, asymmetric manifestations of this condition
have been reported [§8]. Most GCKD cases are transmitted in an autosomal
dominant fashion, but the responsible gene has yet to be mapped to a specific
locus.

GCKD is usually discovered in infants within the context of a familial
history of ADPKD. Although a higher incidence of GCKD has been noted
among patients with ADPKD, GCKD is not linked to PKDI or PKD2
loci. Information regarding the molecular basis of ADPKD and reported
familial associations of GCKD, TS, and ADPKD raises the possibility that
autosomal dominant GCKD, TS, and ADPKD are genetically linked
in some kindreds [7].

Patients with familial hypoplastic GCKD present with small kidneys, ab-
normal collecting systems, and abnormal or completely absent papillae [9].
Family pedigree studies demonstrate an autosomal dominant inheritance
pattern [9].

In summary, GCKD is a heterogeneous collection of clinical entities with
variable clinical courses. Prognosis often is dependent on associated
disorders [7].

Tuberous sclerosis complex

TSC (OMIM 191100) is an autosomal dominantly inherited systemic
malformation syndrome, linked to 7SCI and TSC2-suppressor genes, map-
ped on chromosome 9q and chromosome 16p, respectively, with the former
encoding hamartin [10] and the latter, which accounts for the two thirds of
mutations, encoding tuberin [11]. TSC causes tumors to form in many
different organs, primarily in the brain, eyes, heart, kidney, skin, and lungs.

TSC involves abnormalities of the skin (hypomelanotic macules,
facial angiofibromas, shagreen patches, fibrous facial plaques, ungual
fibromas), brain (cortical tubers, subependymal nodules, seizures, mental
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retardation/developmental delay), kidney (angiomyolipomas, cysts), and
heart (rhabdomyomas, arrhythmias). Central nervous system (CNS) tumors
are the leading cause of morbidity and mortality, and renal disease is the
second leading cause of early death.

The diagnosis of TSC is based on clinical findings that have recently
been refined [12]. Two causative genes, T.SC/ and TSC2, have been
identified, and molecular testing for both genetic subtypes is available on
a clinical basis (www.genetests.org). Prenatal testing is available if the
disease-causing allele has been identified in an affected family member
(Www.genetests.org).

Renal manifestations such as cysts and angiomyolipomas occur in 40% to
80% of TSC patients. TSC renal cysts occur bilaterally. They are the second
most frequently occurring renal manifestation of TSC. The cystic kidney in
TSC usually presents with numerous medullary and cortical cysts, imparting
a spongelike appearance to the kidneys. Sometimes the classic cystic kidney
pattern of TSC may appear in association with the GCKD pattern.

Modern molecular genetics led to the discovery that the 7.SC2 gene was
located in close proximity to the disease gene for ADPKD-1 (PKDI) on
chromosome 16 (see below). This led to the recognition that individuals
with large deletions in segments of chromosome 16 may have mutations
in both TSC2 and PKDI genes. These individuals most often will have poly-
cystic kidneys from birth, and will require close monitoring and treatment
throughout the childhood years.

Individuals with TSC and ADPKD will generally be hypertensive.
Hypertensive control, especially early in the disease process, is important.
Dialysis, and sometimes even renal transplantation, may eventually be
necessary. Renal transplantation has successfully been performed in individ-
uals with TSC, and recurrence of angiomyolipomas in transplanted kidneys
does not appear to occur [13].

Polycystic kidney disease: autosomal dominant polycystic kidney
disease and autosomal recessive polycystic kidney disease

Current convention restricts the use of the term polycystic kidney disease
(PKD) to two genetically distinct conditions: ADPKD, previously known as
adult polycystic kidney disecase, and ARPKD, previously referred to as
infantile polycystic kidney disease.

PKD is one of the most common human genetic disorders, and is a major
cause of ESRD in children and adults [14]. ADPKD (OMIM 173900;
173910) occurs in 1:1000 individuals and is caused by mutations in one of
two genes, PKDI or PKD?2 [14]. ARPKD (OMIM 263200) is less frequent
(1:20,000 live births) and occurs as a result of mutations in a single gene,
polycystic kidney and hepatic disease 1 (PKHDI) [15-17].
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Clinical spectrum and pathology of autosomal dominant
polycystic kidney disease

ADPKD is generally a late-onset, multisystem disorder characterized by
bilateral renal cysts with sporadic presentation of cystic lesions in seminal
vesicles, pancreas, and liver. Other extra-renal presentations may include
vascular abnormalities, including intracranial aneurysms, dilatation of the
aortic root, dissection of the thoracic aorta, and mitral valve prolapse;
and abdominal wall hernias [18].

The renal manifestations of ADPKD include renal function abnormali-
ties, hypertension, renal pain, and renal insufficiency. The mean age of
ESRD in PKDI1 patients is 57 years, and it is 69 years in PKD?2 patients
[19]. Polycystic liver disease is the most common extra-renal manifestation
of ADPKD. The prevalence of liver cysts in individuals with ADPKD
increases from 20% in the third decade to approximately 75% after the
sixth decade [19]. Intracranial aneurysms occur in approximately 10% of in-
dividuals with ADPKD. The prevalence is higher in those with a positive
family history of aneurysms or subarachnoid hemorrhage (22%) than in
those with a negative history (6%) [20]. Mitral valve prolapse is the most
common valvular abnormality, and has been demonstrated in up to 25%
of affected individuals. Substantial variability in the severity of renal disease
and other extra-renal manifestations occurs within the same family, imply-
ing a major role for modifying genes and environmental factors. The site of
the mutation in either gene (germline and somatic) is also known to affect
the phenotype. Thus ADPKD disease shows both locus and allelic hetero-
geneity [19].

The PKDI gene mutated in the majority of ADPKD cases encodes
the 450,000 to 460,000 MW (molecular weight, in kilodaltons) transmem-
brane protein polycystin-1 [21]. Polycystin-1 is predicted to be a membrane
receptor, with a large extracellular domain mediating cell-cell and cell-extra-
cellular matrix binding, and a multifunctional carboxy-terminal region ca-
pable of binding and interacting with many proteins and eliciting
intracellular responses [22]. The PKD2 gene product, polycystin-2, is
thought to act as a calcium-permeable channel and play an integral role
in polycystin-1 localization and function [23]. ADPKD is usually asymp-
tomatic until the middle decades; however, 2% to 5% of ADPKD patients
present with a severe neonatal course, with consequent significant morbidity
and mortality.

Although ADPKD is usually a disease of adults, about 2% to 5% of
patients manifest an early clinical course and may die perinatally. Such early
manifestations of ADPKD may be identical to ARPKD, and can be differ-
entiated only by histological or genetic analysis. The absence of a family his-
tory in such cases maybe misleading, because 5% to 8% of all ADPKD
cases appear to represent new mutations [24,25].



894 AVNER & SWEENEY JR

Clinical spectrum and pathology of autosomal recessive polycystic kidney
disease

ARPKD is a significant cause of renal and liver-related morbidity and
mortality in childhood. Estimates of disease prevalence vary widely, but
an overall frequency of 1 in 20,000 live births and a carrier level up to
1:70 have been recently proposed [26].

The majority of ARPKD patients present clinically as newborn or young
children. Despite dramatic improvements in neonatal and intensive care
over the past decade, neonatal mortality remains as high as 25% to 35%.
The clinical spectrum of surviving patients is considerably more variable.
Principal manifestations of the disease involve the fusiform dilation of renal
collecting tubules or ducts (CT) and dysgenesis of the hepatic portal triad
caused by a primary ductal plate abnormality.

ARPKD is a renal and hepatic developmental disorder caused by muta-
tions in the PKHDI gene located on chromosome 6p21.1-pl12 [16,17].
PKHDI is a large gene, with a minimum of 86 exons that are assembled
into a variety of alternatively spliced transcripts that may be organ-specific,
or temporally and spatially regulated.

ARPKD was first recognized as a distinct morphologic form of cystic dis-
ease in 1902, although its histologic characteristics were not well-described
until later. In a landmark study, Blyth and Ockenden [27] classified ARPKD
into four distinct phenotypes: perinatal, neonatal, infantile, and juvenile, on
the basis of clinical manifestations and the age at presentation.

Before the identification of PKHD1, these phenotypes were thought to be
distinct disease entities caused by different mutant genes. Though clinically
useful as a guide, the Blyth and Ockenden classification has many exceptions
because phenotypic variations extend across the four groups, even in iso-
lated families with the same disease mutation.

ARPKD belongs to a group of congenital hepatorenal fibrocystic syn-
dromes characterized by dual renal and hepatic involvement of varying
severity. Renal manifestations include both ectasia and cystic dilatation of
renal CT. The fusiform dilated CT are lined by undifferentiated epithelium
and enclosed with thick layers of connective tissue. Unlike ADPKD cysts,
ARPKD cysts retain both their afferent and efferent tubular connections
[28,29]. The kidney appears spongy, and there is no clear division between
the cortex and medulla.

A wide variability of phenotype and degree of renal dysfunction occurs,
depending on the number of affected CT involved.

Liver disease is invariably present in all ARPKD patients. The manifes-
tations generally vary according to the patient’s age at presentation [7]. The
chief pathologic hallmarks of ARPKD liver disease are hepatic lesions of
biliary dysgenesis caused by a primary ductal plate malformation with asso-
ciated periportal fibrosis, resulting in congenital hepatic fibrosis (CHF) and
dilatation of intrahepatic bile ducts (Caroli’s disease). Liver manifestations
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can be the major disease complication in older patients [18,27,30-32]. In
these patients, particularly in those following treatment of ESRD with dial-
ysis or transplantation, complications of CHF and Caroli’s disease can
result in portal hypertension (requiring a portocaval shunt) with consequent
gastroesophageal varices, hypersplenism, and recurrent attacks of bacterial
ascending cholangitis [33,34]. Generally, there is a reciprocal relationship
between the degree of renal and hepatic involvement in individual patients.
Those with more severe renal involvement often have less severe hepatic dis-
ease [27] although this varies [35].

Despite medical advances in neonatal care, the short-term and long-term
morbidity and mortality of ARPKD remain substantial. Notwithstanding
the variable clinical spectrum of ARPKD [35], the majority of patients are
identified either in utero or at birth [7,34]. The most severely affected fetuses
have enlarged echogenic kidneys and oligohydramnios caused by poor fetal
urine output. These signs are potentially detectable in utero, but may not
appear until late in the third trimester [26]. Improved neonatal intensive
care and disease recognition have increased survival of the newborns, but
death still occurs in the neonatal period in approximately 25% to 30% of
affected individuals, primarily caused by respiratory insufficiency [33,36,37].
ARPKD patients surviving the neonatal period have a more optimistic
prognosis [33].

Approximately 50% of affected individuals surviving the neonatal period
progress to ESRD within the first decade of life [33,38]. Modern neonatal
respiratory support and renal replacement therapies have improved the 10-
year survival of patients who survive the first year to 82% [32]. For infants
who survive the perinatal period, a wide range of associated morbidities can
develop, including systemic hypertension, renal failure, portal hypertension,
and renal and hepatic fibrosis [7,39,40]. The 15-year survival for infants who
survive the perinatal period, is estimated to be 67% to 79% [32].

A minority of individuals present as older children, usually with hepatos-
plenomegaly as the presenting feature. Later childhood presentation is
usually associated with less renal enlargement and more variability in cyst
size [27]. As described above, these patients are more likely to develop com-
plications of CHF and Caroli’s disease, and may require porto-systemic
shunting. In rare cases sequential or simultaneous liver-kidney transplants
can be considered a viable therapeutic option [40]. The clinical spectrum
of ARPKD has been expanded by a recent study using molecular character-
ization [35]. Almost one third of the patients presenting with classical
hepatic phenotype and documented mutations in the PKHDI gene were
over 20 years old at the time of diagnosis.

Hypertension may occur in up to 80% of children with ARPKD, is
frequently severe, and may be correlated with decreased renal function.
The mechanisms of hypertension are unknown, although increased
intravascular volume secondary to dysregulation of renal sodium transport
or activation of the renin-angiotension axis have been implicated [37].
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Angiotension-converting enzyme inhibitors or angiotensin II (ATII) recep-
tor inhibitors are particularly effective therapies [34,37,41]. Additional
clinical complications include nephrogenic diabetes insipidus, failure to
thrive, and hyponatremia [7,34,42].

Despite the variable clinical spectrum of ARPKD, genetic linkage studies
indicate that mutations at a single locus, PKHD1, mapped to human chro-
mosome region 6p21.1-p12, are responsible for all phenotypes of ARPKD,
including seemingly isolated CHF [15,26].

Characterization of the polycystic kidney disease mutational spectrum

Molecular genetic testing for both ADPKD (PKD! and PKD?2) and
ARPKD (PKHDI) are currently available (www.genetests.org). Molecular
genetic testing in ADPKD is rarely used to confirm or establish the diagno-
sis. The diagnosis of ADPKD is primarily established by clinical evaluation
and renal imaging studies. Molecular testing is primarily used when pre-
symptomatic diagnosis is required.

In ARPKD, newly developed methodologies have yielded detection rates
of 85% for the entire clinical spectrum of ARPKD patients [24,25,43,44].
Denaturing high performance liquid chromatography (DHPLC) and poly-
merase chain reaction (PCR)-based strategies have been successfully used
for mutation screening. In general, sequence analysis, combined with haplo-
type analysis in multiply affected families, has proven to provide the most
reliable and comprehensive results [18,45].

Molecular genetic studies in both ADPKD and ARPKD demonstrated
that mutations are scattered throughout the genes without evidence of clus-
tering at specific sites, and that neutral polymorphisms are common. Most
mutations were unique to single families (“private mutations’), and most
affected patients represent compound heterozygotes.

An ARPKD database that catalogs published mutations in the PKHD 1
gene can be found at http://www.humgen.rwth-aachen.de. As of August
1, 2006, 296 different PKHDI micromutations (point mutations and small
deletions/duplications/insertions) on 670 mutated alleles are listed in the
locus-specific database.

Molecular diagnosis and prenatal diagnosis

An anticipated benefit from genomic analysis is the ability to understand
the molecular basis of clinical variations in disease presentation, progres-
sion, and outcome. Genotype-phenotype correlations should enhance un-
derstanding of the molecular pathogenesis of the disease and provide
improved patient care by predicting disease progression; however, the com-
bination of the large size of PKDI and PKHDI, allelic heterogeneity, high
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level of missense mutations, and the complicated pattern of splicing pose
significant challenges to DNA-based diagnostic testing for both ADPKD
and ARPKD.

Autosomal dominant polycystic kidney disease

Molecular genetic testing for ADPKD can be used for presymptomatic di-
agnosis when imaging results are equivocal or when a definite diagnosis is re-
quired in a younger individual, such as a potential living related kidney donor.

Molecular testing for prenatal diagnosis or preimplantation diagnosis is
generally not feasible for ADPKD because the disease is usually diagnosed
in adults beyond their childbearing years. A possible exception is rare fam-
ilies in which severe, early onset disease in one child suggests a significant
risk of recurrence of severe disease in a sibling. As noted, diagnosis of
ADPKD is established primarily by clinical evaluation and renal imaging
studies; however, molecular genetic testing can be used to confirm or estab-
lish the diagnosis when necessary [14].

Autosomal recessive polycystic kidney disease

Although the improved methodologies provide high detection rates, the
ability to definitively assess the likelihood of micromutations being patho-
genic is still lacking. To predict whether a variant is likely to be disease-
causing, several factors are taken into account: evolutionary conservation
of the amino acids, class of amino acid, no other mutations in ‘“cis,” cose-
gregation with the disease, or published previously pathogenic variant.
Obviously, the correct classification of missense variants as pathogenic
mutations or harmless polymorphisms is crucial for a correct diagnosis.

The bulk of mutational data currently available permit broad categoriza-
tion of missense mutations into severe, moderate, or mild changes. Therefore,
genotype-phenotype correlations can be drawn for the type of mutation rather
than for the site of individual mutations. All patients carrying two truncating
mutations have displayed a severe phenotype with peri- or neonatal demise
[46], whereas patients surviving the neonatal period have had, on average,
at least one missense mutation [47] .This indicates that some missense changes
may not entirely inactivate the gene, but generate a hypomorphic allele. Addi-
tionally, some missense mutations may only disrupt specific splice forms of
PKHDI without affecting other functional variants [45].

In addition, the roles of the various splice forms in determining disease
severity have yet to be determined. A potential biological function of the
alterations identified in alternatively spliced exons must await the confirma-
tion and definition of transcripts containing these alternative spliced exons
and their predicted reading frames. Continued cataloging of mutations, es-
pecially pathogenic missense variants and the resulting disease phenotypes,
are required to fully define genotype-phenotype correlations.
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Because of the significant morbidity and mortality of ARPKD, many
parents of ARPKD children seek prenatal diagnosis to guide future family
planning. Before the identification of the PKHDI gene, prenatal diagnosis
was only feasible by indirect genotyping (haplotype based analysis); how-
ever, interpretation of haplotype based analysis is difficult in cases without
an unambiguous clinicopathologic diagnosis. If parental renal, hepatic, or
pancreatic ultrasound reveals cyst formation, severe, early-onset ADPKD
must be considered. Thus, in families with diagnostic uncertainties, charac-
terization of PKHD mutations by direct sequencing is the only option for
accurate genetic counseling and prenatal diagnosis. Prenatal diagnoses of
ARPKD based on PKHDI mutation analysis has been successfully accom-
plished [48], and clinical gene-based testing as well as preimplantation ge-
netic diagnosis will become more accessible as the number of diagnostic
centers increase.

Cellular pathophysiology of polycystic kidney disease

Despite the identification of the genes responsible for ADPKD and
ARPKD, the precise function of these genes and their protein products re-
mains incompletely characterized. This is because of the novel attributes of
the genes, including the complexity of their structure, the large size of PKD1
and PKHDI, the multiple transcripts produced by these genes, and the mul-
tiple sites of protein distribution. Despite these difficulties, the development
of antibodies to the PKD proteins and the study of nonorthologous animal
models of RCD have provided important novel insights suggesting common
cystogenic pathways and cellular pathophysiology in many cystic diseases
[23,49-56].

Observations initially made in animal models of RCD—that protein
products (cystoproteins) of RCD genes such as polaris (7g¢737), cystin
(cpk) and inversin (Nphp2) were localized to common cellular sites, includ-
ing the primary cilia of renal epithelia—were quite intriguing [53]. The
unexpected association of the primary cilium with several inherited cystic
kidney diseases led to the “primary cilia” hypothesis [53]. Simply stated,
the hypothesis is that structural or functional abnormalities in the primary
apical cilia of tubular epithelia play a role in renal cyst development and
may represent a unifying mechanism of cyst formation [57]. Additional cys-
toproteins responsible for non-PKD forms of human RCD such as NPHP
(nephrocystin-1, 2, 4, and 5) and Bardet-Biedl syndrome (BBS 1-10) are
also partially expressed in the basal bodies or the primary cilia [3]. The
ADPKD proteins, polycystin-1(PC-1), polycystin-2 (PC-2), and the
ARPKD protein, fibrocystin, are also expressed in cilia in addition to other
locations within the cell. These findings indicate a striking association
between proteins involved in RCD (cystoproteins) and cilia [58].

The pathogenic link between cystoprotein expression in cilia, basal bodies,
and centrosomes, on the one hand, and the renal cystic phenotype, on the
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other hand, remain unknown. Recent studies, however, have demonstrated
that physical manipulation of the primary cilium, including bending or
removal, elicits changes in Ca* flux [52,59-62]. It is of interest to note that
the only binding partner for fibrocystin identified to date is calcium modulat-
ing cyclophilin ligand (CAML), a protein involved in Ca®" signaling [63].

Cystic epithelia share common phenotypic abnormalities in spite of the
different genetic mutations that underlie the diseases. Cyst development
and progressive enlargement requires epithelial cell proliferation, transepi-
thelial fluid secretion, and extracellular matrix remodeling [64]. In vitro
analysis of epithelia from both human and animal models of RCD has dem-
onstrated that CT and biliary cystic epithelia have enhanced survival when
compared with controls. Aberrant integration of complex signaling events
results in increased cellular proliferation, secretory abnormalities, and epi-
thelial dedifferentiation leading to cyst formation and growth. A number
of signal-transduction cascades implicated in cyst formation and progressive
enlargement have been implicated in both ADPKD and ARPKD. Recent
data suggest that multimeric, cystoprotein-containing complexes (localized
to adherins junctions, and focal adhesions as well as apical membrane areas,
including the ciliary basal bodies) may have a fundamental role in abnormal
signaling in both ADPKD and ARPKD [22,65-67].

The molecular and cellular data regarding localization of cystoproteins to
multimeric complexes suggest that many different abnormalities of such
complex structure and function can lead to a predictable phenotypic pat-
tern. Although little is known about ciliary structure and function, these
data provide a unifying mechanism for cyst development. Such data provide
the rationale to examine common components of the multiple pathways ab-
normally regulated in PKD in an effort to identify specific therapeutic tar-
gets for both ARPKD and ADPKD.

A brief description of the proliferative and secretory abnormalities identi-
fied in PKD demonstrates how emerging molecular and cellular knowledge of
the pathophysiology can translate into unique future therapeutic approaches.

Cyclase-adenosine 3', 5'-cyclic monophosphate-mediated proliferation

Mounting evidence suggests that the adenylyl cyclase-adenosine 3/, 5'-
cyclic monophosphate (cAMP) pathway promotes both fluid secretion
and cell proliferation in both ADPKD and ARPKD renal epithelia. Mu-
tated PKD proteins are thought to disrupt intracellular Ca?" homeostasis
or Ca®" signaling, leading to cellular dedifferentiation and hyperprolifera-
tion through an abnormal cAMP-mediated proliferative pathway.

In ADPKD, polycystin-1 and polycystin-2 complexes appear to be
involved in calcium-dependent signaling, and recent evidence suggests that
fibrocystin may function as part of this polycystin complex [68]. As noted
above, the recent finding that fibrocystin may interact with CAML suggests
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that fibrocystin may also be involved in the regulation of Ca>" homeostasis
[63].

In normal human and mouse renal epithelial cells, cCAMP has been shown
to inhibit the Ras/Raf-1/MEK/ERK pathway at the level of Raf-1, resulting
in decreased proliferation. In contrast, cAMP has been shown to stimulate
B-Raf and activate the MEK/ERK pathway in ARPKD and ADPKD renal
epithelia, leading to increased cell proliferation [69-73]. In renal epithelia,
the switch in cAMP from an anti-mitogen to a mitogenic stimulus has
been shown to directly correlate with decreased intracellular calcium levels
(Ca”") and increased activity of Src [72].

These data suggest that the PKD proteins (PC1, PC2, and fibrocystin)
play a role in maintaining Ca®* homeostasis. Mutations in any of the
PKD proteins may lead to reduction in intracellular Ca*" and activate the
cAMP mitogenic pathway through activation of the MEK/ERK pathway.

Epidermal growth factor receptor axis-mediated proliferation

Evidence from a number of laboratories demonstrates a significant role
for the epidermal growth factor receptor (EGFR) axis in promoting epithe-
lial hyperplasia in cystic epithelia, with resultant renal cyst formation and
progressive enlargement in both murine and human ADPKD and ARPKD
[74-85]. Renal cystic epithelia demonstrate both quantitative (overexpres-
sion) and qualitative (mislocalization) expression of one or more members
of the ErbB family of receptors. In addition, evidence from rodent models
(including the orthologous PCK rat) suggests that similar abnormalities of
the EGFR axis may mediate biliary epithelial hyperplasia and biliary ductal
ectasia (BDE) [77,84,86,87]. Epidermal growth factor (EGF) has an impor-
tant role in the expansion of renal cysts. Cystic epithelial cells from patients
who have both ARPKD and ADPKD are unusually susceptible to the pro-
liferative stimulus of EGF. Moreover, cyst fluid of patients contains mito-
genic concentrations of EGFR-ligands, and such cyst fluid ligands are
present in concentration that can induce cellular proliferation [74,88-93].
In all animal models studied to date, as well as human ADPKD and
ARPKD, abnormalities in expression and localization of members of the
EGFR axis have been reported. Cyst-causing genes on different chromo-
somes, whether or not they are orthologous with human PKD genes, result
in cystic epithelia with EGFR axis abnormalities.

These data indicate that abnormalities in the EGFR axis are a common
cellular phenotype downstream from a number of different primary gene
mutations. Despite interesting speculations, the precise mechanisms of the
striking relationship remain unknown [7,79,83,84,94,95].

Traditionally, the EGFR axis is considered to act primarily through ac-
tivation of the MAPK (RAS/RAF/MEK/ERK) pathway. It has become in-
creasingly clear that the EGFR axis signaling is much more complex. Recent



NEW INSIGHTS INTO RENAL CYSTIC DISEASE 901

data suggest that there is considerable cross-talk between the MAPK path-
way and the cAMP mediated pathway [96].

Secretion

ADPKD cysts have a fundamental structural difference from ARPKD
cysts, as stated above and shown in Fig. 1. ADPKD cysts rapidly pinch
off from urinary flow and continue to expand by transepithelial secretion.
As stated above, ARPKD cysts remain open, maintaining both afferent
and efferent tubular connections; however, secretion is still a necessary ele-
ment of cyst formation in ARPKD, and the difference in cyst structure sug-
gests a different secretory mechanism.

In ADPKD, the weight of the evidence indicates that Cl is secreted via
a cAMP-mediated cotransport mechanism in the basolateral membrane,
and CFTR in the apical membrane, leading to cyst expansion by transtub-
ular secretion [69,97]. In contrast, however, cystic fibrosis transmembrane
conductance regulator (CFTR) does not appear to be involved in secretory
abnormalities in ARPKD [98]. Recent studies have implicated EGF-medi-
ated alterations in amiloride sensitive absorption [99] and MAPK pathway
[100] in ARPKD secretion.

\ Matrix
“©S A Abnormalities
e
D

Fig. 1. Schematic representation of renal cysts. This figure depicts the fundamental structural
differences between ADPKD and ARPKD. The development of PKD is characterized by
a switch from a well-differentiated, nonproliferative, reabsorptive epithelia (4). In ADPKD
(B), cysts rapidly pinch off from urinary flow and continue to expand by transepithelial secre-
tion. In contrast, ARPKD cysts (C) remain open, maintaining both afferent and efferent tubular
connections. Tubule (D) depicts the undefined nature of the contributions of interstitial cells
and extracellular matrix components to cyst growth.
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Cellular pathophysiology-translational implications

A critical test of the veracity of proposed pathophysiology is the effective-
ness of targeted therapy on modulating disease. To date, there are no spe-
cific therapies in clinical use that limit renal cyst development and
progressive enlargement or biliary ductal ectasia in ARPKD [101]; however,
the studies noted above suggest that therapeutic targeting of the cAMP and
EGFR axis abnormalities documented in cystic epithelia may translate into
effective therapies for the proliferation and secretory abnormalities of
ARPKD (and by analogy ADPKD).

To date, decreasing cAMP through vasopressin V2 receptor antagonism in
renal CT has demonstrated efficacy in animal models of PKD orthologous to
human diseases [102—104]; however, because of the restricted expression of the
vasopressin 2 receptor (VPV2R) to renal principal cells, such approaches are
limited to the renal lesions of NBPHP and such multisystem diseases as
ADPKD, and ARPKD.

AC-activating
receptor

Cascade

Transcription

LCF/LEF AP-1STAT-3,

Fig. 2. Schematic representation of potential areas of therapeutic intervention. This figure
depicts the areas where cystoproteins have been identified in multimeric protein complexes.
The red stars represent the cilia and basal body localization of cystoproteins as well as signaling
molecules. These cystoproteins also exist in adherins junctions (blue stars) and focal adhesions
(red stars). The relationship of the signaling from these multiple complexes remains unknown.
The figure, however, demonstrates the rationale of targeting common upstream or downstream
intermediates of the multiple signaling cascades implicated in PKD. Many of these pathways
have MAPK components as common elements of the signaling cascades.
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Therapeutic targeting of the EGFR-axis has promise in ADPKD, and in
particularly the dual renal and biliary cell abnormalities in ARPKD. To
date, genetic complementation to decrease EGFR [81], inhibition of
EGFR, c-ErbB2 and c-ErbB4 through small-molecule covalent inhibitors
[84,86,105] and inhibition of EGFR ligand availability, alone and in combi-
nation with EGFR tyrosine kinase activity inhibitors [84,105], has demon-
strated efficacy in ameliorating both renal CT abnormalities and biliary
ductal ectasia in a variety of rodent ARPKD models. Similarly, therapeutic
targeting of substrates downstream from EGFR such as MAPK/MEKS/
ERK5/MEK1/2 has been effective in ameliorating biliary dysgenesis of
PCK rat, in vitro [87].

Traditionally, the EGFR axis is considered to act primarily through ac-
tivation of the MAPK (RAS/RAF/MEK/ERK) pathway. It has become in-
creasingly clear that the EGFR axis is much more complex, and recent data
suggest that there is considerable cross-talk between the MAPK pathway
and the C-AMP mediated pathway [96].

A particularly promising approach appears to be specific targeting of inter-
mediates common to both the cAMP and EGFR-axis mediated pathways. As
shown in Fig. 2, ¢c-Src (pp66Src) is one such component that interacts with
identified cystic pathophysiological pathways, and exists at multiple locations
in proximity to multermeric polycystic protein complexes. Preliminary studies
targeting c-Src with a specific inhibitor (WY-606), [106,107] have been partic-
ularly effective in ameliorating both renal and biliary epithelial abnormalities
in ARPKD models [64,108].

The delineation of the molecular and cellular pathophysiology of
ARPKD has led to a new era of therapeutic innovation through targeting
specific abnormalities of cystic epithelia. Such innovations bring great hope
to patients who have RCD, and particularly to children devastated by the
dual organ pathophysiology of ARPKD.

Appendix 1
Web-based resources for renal cystic disease

Polycystic Kidney Disease (PKD) Foundation. Available at: http://
www.pkdcure.org. Accessed September 18, 2006.

GeneTests. Available at: http://www.genetests.org. Accessed September
18, 2006.

NIH/National Kidney and Urologic Diseases Information Clearing-
house. Available at: http://kidney.niddk.nih.gov. Accessed September 18,
2006.

March of Dimes. Available at: http://www.marchofdimes.com. Accessed
September 18, 2006.

American Kidney Fund. Available at: http://www.kidneyfund.org.
Accessed September 18, 2006.
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National Kidney Foundation. Available at: http://www.kidney.org.
Accessed September 18, 2006.

American Urological Association. Available at: http://www.afud.org.
Accessed September 18, 2006.

National Center for Biotechnology Information. Available at: http://
www.ncbi.nlm.nih.gov/. Accessed September 18, 2006.

Online Mendelian Inheritance in Man (OMIM). Available at: http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM. Accessed September
18, 2006.

National Organization for Rare Disorders (NORD). Available at: http://
www.rarediseases.org. Accessed September 18, 2006.

The Bartter Site. Available at: http://www.barttersite.com. Accessed
September 18, 2006.

Laurence-Moon-Bardet-Biedl Society. Available at: http://www.lmbbs.
org.uk. Accessed September 18, 2006.

Tuberous Sclerosis Alliance. Available at: http://www.tsalliance.org.
Accessed September 18, 2006.
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Neonatal respiratory distress syndrome is the most frequent respiratory
cause of death and morbidity in the first year of life in the United States
[1-3]. Pulmonary morbidity in survivors of neonatal respiratory distress syn-
drome is linked with significant cost: survivors of respiratory distress syn-
drome who have chronic respiratory disease consume 20 times more
annualized health care dollars ($19,104 versus $955) and 5.9% of all dollars
spent on children from 0 to 18 years of age [4,5]. More recent estimates from
California and New York suggest that 80,000 cases of neonatal respiratory
distress occur in the United States annually with 8500 resulting deaths at
a hospital cost of $4.4 billion [6]. Although no estimate of the population-
based frequencies of genetic defects in surfactant synthesis in older infants
and children is available, increasing recognition of surfactant gene muta-
tions in these populations suggests the importance of these defects beyond
the neonatal period [7,8]. The authors outline an approach to evaluation
of infants who have possible genetic defects in surfactant synthesis.
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Genetic regulation of the pulmonary surfactant metabolic pathway

Since the original description of deficiency of the pulmonary surfactant in
premature newborn infants by Avery and Mead in 1959, disruption of me-
tabolism of the pulmonary surfactant most commonly has been attributed
to developmental mechanisms [9—-13]. The pulmonary surfactant is a mixture
of phospholipids and protein synthesized, packaged, and secreted exclu-
sively by type 2 pneumocytes that line the distal airways. This mixture forms
a film at the air-liquid interface in the alveolus that lowers surface tension at
end expiration of the respiratory cycle and thereby prevents atelectasis and
ventilation—perfusion mismatch. In premature infants, type 2 pneumocytes
do not appear before 32 to 34 weeks of gestation, and these infants lack
the ability to produce mature or functional surfactant [9—13]. The report
by Avery and Mead established that developmentally regulated surfactant
deficiency attributable to reduction in the dominant surfactant phospho-
lipid, phosphatidylcholine, causes neonatal respiratory distress syndrome
in premature infants [14—17]. Studies of different ethnic groups, gender, tar-
geted gene ablation in murine lineages, and recent clinical reports of mono-
genic causes of neonatal respiratory distress syndrome have suggested
strongly that genetic mechanisms contribute significantly to risk for respira-
tory distress syndrome in newborn infants [18—46]. In addition, despite im-
provement in neonatal survival attributable to surfactant replacement
therapy, long-term respiratory morbidity has persisted [4,47-52]. This per-
sistence strongly suggests that genetic factors play an important pathogenic
role [53,54]. By ameliorating developmentally regulated pulmonary surfac-
tant dysfunction immediately after birth, surfactant replacement therapy
has unmasked the contribution of genetic causes of disruption of pulmonary
surfactant metabolism to morbidity and mortality in infancy [55,56]. In con-
trast to developmental disruption of pulmonary surfactant metabolism,
which may improve as infants mature, genetic disruption results in both
acute and chronic (and potentially irreversible) respiratory failure that is un-
responsive to currently available therapies (eg, surfactant replacement
therapy).

Genetic disruption of the pulmonary surfactant metabolic pathway

Although multiple genes regulate the pulmonary surfactant metabolic
pathway, mutations in three genes are known to disrupt this pathway in hu-
man newborn infants and older children: autosomal recessive surfactant
protein B gene (SFTPB) mutations reduce expression of a small (8 kd) hy-
drophobic protein critical for surfactant function; dominant mutations in
the surfactant protein C gene (SFTPC) encode misfolded or mistargeted sur-
factant protein C that induces a global cellular response (the unfolded pro-
tein response) or interrupts the surfactant biosynthetic itinerary in type 2 cell
pneumocytes; and autosomal recessive, ATP-binding cassette transporter
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A3 (ABCA3) mutations likely disrupt transport of phospholipids into lamel-
lar bodies in the type 2 pneumocyte [18,19,57-60].

Surfactant protein B deficiency

Surfactant protein B deficiency was the first recognized monogenic
cause of disruption of pulmonary surfactant metabolism and has been
the most extensively studied [46,57,61,62]. Rare homozygous loss-of-func-
tion mutations in SFTPB are unambiguously associated with lethal neona-
tal respiratory distress because of disruption of synthesis of surfactant
protein B, a small hydrophobic protein required for function of the pulmo-
nary surfactant [18,46,54,62—-65]. The consistency of the clinical phenotype
of surfactant protein B deficiency in infants from different ethnic back-
grounds and the population-based frequency of the most common loss-
of-function mutation in SFTPB (1/1000 individuals for the 121ins2
mutation) in two large cohort studies suggest that that these genotypes
(homozygous or compound heterozygous loss-of-function mutations) are
completely penetrant [43,57,61,64-66]. Despite the low population-based
frequency of the 121ins2 mutation, surfactant protein B deficiency has
been reported in 14% of term or near-term infants who have severe respi-
ratory distress from a large international referral cohort [19]. Although not
systematically studied, no cases of sporadic mutations have been reported.
Analysis of the pulmonary surfactant isolated from surfactant protein B—
deficient infants and mice has demonstrated undetectable surfactant
protein B, deficient surfactant function, a tight metabolic linkage between
surfactant protein B expression and surfactant protein C processing, and
a decrease in the amount of phosphatidylglycerol, but no change in phos-
phatidylcholine, the phospholipid most critical for surfactant function
[18,21,43,57,62,67—69]. Infants who have mutations on one or both alleles
of SFTPB with reduced (<25%) SFTPB expression have exhibited both
transient and lethal neonatal respiratory distress syndrome [70—72]. In hu-
man newborn infants not genetically deficient in surfactant protein B and
in murine lineages genetically engineered to express surfactant protein B
conditionally, reduction of surfactant protein B concentration below
a quantitative threshold (<25% of normal surfactant protein B concentra-
tion in tracheal aspirates) results in surfactant deficiency not attributable
to phospholipid deficiency [73-75]. Heterozygote knockout mice with
50% normal expression have also been shown to have decreased lung com-
pliance, more air trapping, and to be more sensitive to oxygen toxicity,
although no abnormalities detectable by pulmonary function testing
have been observed in humans heterozygous for loss-of-function mutations
[22,76-78]. These data suggest that SFTPB-dependent genetic disruption
of pulmonary surfactant metabolism causes neonatal respiratory distress
syndrome and chronic lung disease when expression of surfactant protein
B decreases below 25% of normal expression [70,71,73-75,79].
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Surfactant protein C disorders

In contrast to surfactant protein B deficiency, surfactant protein C disor-
ders are attributable to dominant mutations in SFTPC, may be sporadic or
inherited, and are associated with much more variable phenotypes, includ-
ing interstitial lung disease and a wide spectrum of pulmonary disease phe-
notypes in newborn infants, older children, and adults [18,45,57,80-88]. The
phenotypic heterogeneity observed in both humans and mice is likely attrib-
utable to undefined genetic and environmental factors, to reduction in sur-
face activity encoded by genetic variants, and to the role of surfactant
protein C in lung morphogenesis [18,57,86,89-94]. Unlike SFTPB mutations
that reduce expression below a biosynthetic threshold, SFTPC mutations
disrupt pulmonary surfactant metabolism by encoding toxic, gain-of-func-
tion misfolded or mistargeted forms of surfactant protein C that induce
a global cellular response in type 2 pneumocytes (the unfolded protein re-
sponse) or interrupt the surfactant biosynthetic itinerary [82,86,87,89—
91,94-98]. Misfolding leads to retention in the endoplasmic reticulum in
early endosomes or in aggresomes, which results in interruption of normal
intracellular transport, lack of secretion, and aggregation of misfolded
surfactant protein C that induces concurrent cellular injury by way of endo-
plasmic reticulum stress [18,45,57,81,82,87,98—101]. The mechanism through
which the endoplasmic reticulum-associated degradation pathway’s ubiqui-
tin-mediated degradation of misfolded surfactant protein C results in the
diverse pulmonary disease phenotypes of surfactant protein C deficiency
likely involves the unfolded protein response [101,102]. This cellular
response that has been preserved from yeast to mammals activates effector
protein genes that encode chaperones to mediate disposal of misfolded pro-
teins and to slow cellular protein translation. These responses may permit
the cell to tolerate and survive conditions that cause excess misfolded pro-
tein accumulation [101]. Alternatively, the unfolded protein response may
be pro-apoptotic and lead to cell death [103]. The mechanisms that regulate
tolerant versus pro-apoptotic responses to misfolded proteins are not well
understood. Besides misfolding, SF7PC mutations may encode mistargeting
of surfactant protein C precursor protein [86,87,96,104]. It is likely that
these mutations disrupt type 2 pneumocyte surfactant synthesis by mecha-
nisms distinct from the unfolded protein response [86,87]. In contrast to
the discrete effects of loss-of-function SFTPB mutations, SFTPC mutations
disrupt pulmonary surfactant metabolism by way of global, toxic, or gain-
of-function effects on type 2 pneumocyte biosynthetic function [86].

ABCA3 deficiency

Loss-of-function mutations in ABCA3 disrupt pulmonary surfactant
metabolism by altering composition of surfactant phospholipid in both new-
born infants and older children [7,8,19,59,105]. ABCA3 is a 180- to 200-kd
protein that is a member of a superfamily of proteins that transport
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macromolecules across membranes [7,106]. ABCA3 encodes an ATP-bind-
ing cassette transporter that has been localized to the limiting membrane
of lamellar bodies of type 2 pneumocytes [7,19]. It is likely that ABCA3 is
involved in transport of phospholipids into the lamellar body in type 2 pneu-
mocytes that may be required for assembly of the pulmonary surfactant [58].
Recent studies of lung tissue from 10 of 14 infants who had unexplained re-
spiratory distress syndrome also suggest a role for ABCA3 in processing of
surfactant proteins B and C [105]. Twelve distinct loss-of-function muta-
tions in this gene have been reported recently in 16 of 21 patients who
had severe, otherwise uncharacterized neonatal respiratory distress who
were part of a larger cohort (n = 337 infants) with severe respiratory distress
accumulated by national and international referral [19]. Dense lamellar
body appearance, abnormalities in surfactant phospholipid composition,
and severe surfactant dysfunction have been reported in an additional 8
infants with these mutations [59]. Older infants and children have been
reported recently with 4ABCA3 mutations, an observation that suggests
greater genotype—phenotype diversity than observed in affected newborn in-
fants [7,8,60]. The disruption of lamellar body organization is associated
with disruption of processing rather than deficiencies of surfactant proteins
B and C in a limited number of infants evaluated to date [59,105]. These
data suggest that mutations in 4BCA3 disrupt the pulmonary surfactant
metabolic pathway through effects on phospholipid transport.

Evaluation for genetic defects in surfactant synthesis
Newborn infants

Clinical characteristics and evaluation

Term or near-term (>36 weeks’ gestation) infants who develop
unexplained, severe, persistent respiratory distress (ie, without evidence of
infection, pulmonary or cardiac defects, airway abnormalities, or chest
wall or diaphragmatic problems) and who do not exhibit improvement
within the first 7 to 10 days after birth should be evaluated within the first
2 weeks of life for genetic defects in surfactant synthesis in consultation with
a center that is expert in the evaluation and care of these children as outlined
in Fig. 1. This evaluation should be done promptly so that lung transplan-
tation can be considered in the event that one of these disorders is present.
Evaluation should include family history (including adult-onset symptoms)
of unexplained pulmonary disease. Physical examination is notable for lack
of extrapulmonary organ defects, evidence of impaired pulmonary
compliance, and need for mechanical ventilation because of hypoxia and
hypercarbia. Radiographic appearance of the chest may be consistent with
surfactant deficiency (diffuse ground glass appearance with air broncho-
grams) or interstitial lung disease. The tenuous pulmonary status of these
infants requires that the least invasive and most rapidly available diagnostic
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Fig. 1. Diagnostic approach to infants who have suspected genetic defects in surfactant synthe-
sis. Genetic analyses in certified clinical laboratories provide a noninvasive initial approach to
diagnosis. Research-based biochemical analysis of tracheal aspirate and consultation with a cen-
ter experienced in evaluation of these infants should be strongly considered. If a genetic defect
cannot be detected in a timely fashion, lung biopsy should be considered early in the evaluation.
Note that lung biopsy should be processed to permit hematoxylin-eosin examination, complete
microbiologic evaluation, immunohistochemical evaluation, in situ hybridization, and electron
microscopic assessment. (*) indicates that the patient does not have any of the currently known
inherited disorders of surfactant metabolism and conventional care should continue while the
search for other explanations is ongoing.

steps be performed. Because of the complete penetrance of homozygous,
loss-of-function SFTPB mutations, the authors suggest that evaluation be-
gin with genetic analysis for common mutations in the surfactant-associated
genes using genomic DNA extracted from EDTA anticoagulated blood or
from buccal swabs (Fig. 1). These tests are available from certified clinical
laboratories and therefore can be used in ongoing clinical management.
Consultation with selected centers experienced in evaluation of these infants
also may lead to concurrent use of research-based biochemical analysis for
determination of the presence or absence of surfactant protein B in tracheal
aspirate by ELISA or Western blot analysis. Surfactant protein B from
natural surfactant replacement preparations can be detected by these anal-
yses, and thus the authors recommend obtaining tracheal aspirate samples
at least 48 hours after surfactant administration. These research-based bio-
chemical analyses are not done in certified clinical laboratories and therefore
cannot be used for clinical decision making. Selected centers, however, may
incorporate these results into their approach to the chronology of genetic
testing. Because the expression of surfactant protein C (SP-C) in the
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presence of SFTPC mutations is so variable, the presence or absence of pro-
or mature SP-C in tracheal aspirate samples is neither sensitive nor specific
for SP-C—related disease. Currently, there are no biochemical markers that
can provide a noninvasive screen for ABCA3 deficiency. Tracheal aspirate
samples sent to research laboratories may help to focus genetic diagnostic
testing on surfactant protein B (SP-B) deficiency but do not permit the
definitive diagnosis of genetic surfactant defects.

If surfactant protein B is undetectable, the authors test for the presence
of the most common loss-of-function mutation in SFTPB (121ins2 muta-
tion) by Sful restriction enzyme analysis of amplified SFTPB exon 4
from the affected infant’s genomic DNA, a test that can be performed
within 48 hours (Fig. 2). If the infant is homozygous for the 121ins2 muta-
tion, after confirmation by direct sequencing, the diagnosis, treatment op-
tions, and prognosis of surfactant protein B deficiency are established and
the infant’s family may be counseled [61]. If the infant is heterozygous
for the 121ins2 mutation or the 121ins2 mutation is not present, and lacks
surfactant protein B in the tracheal aspirate, the infant’s SFTPB should be
sequenced completely at a certified clinical laboratory (eg, the DNA Diag-
nostics Laboratory at Johns Hopkins Medical Institutions, http://
www.hopkinsmedicine.org/dnadiagnostic/services.htm) to search for rare
loss-of-function mutations on the second allele. If such mutations are de-
tected, diagnosis, treatment options, and prognosis can be discussed with
the infant’s family [61]. If SFTPB loss-of-function mutations cannot be con-
firmed, consultation with a center experienced in evaluation of these infants
should be considered; rare cases of a developmental or partial regulatory

E292V Mutation 121ins2 Mutation
in ABCA3 in SFTPB

311 bps—>

637 bps—> <«—— 210 bps
<«—— 417 bps
<«—— 220 bps <«—— 103 bps
Normal Heterozygous Normal Heterozygous Homozygous

Fig. 2. Genetic defect diagnosis by restriction enzyme digestion. The E292V mutation in
ABCA3 and the 121ins2 mutation in SFTPB can each be rapidly diagnosed by amplification
of genomic DNA from exon 7 of ABCA3 (637 bp) or from exon 4 of SFTPB (311 bp) and
digestion with restriction endonuclease Bsrgl (ABCA3) or Sful (SFTPB). Each mutation intro-
duces a restriction enzyme site that results in cleavage of the amplified fragment when the
mutation is present.
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SFTPB defects that improve have been reported [71]. Consideration of lung
biopsy should be initiated. In addition, the authors suggest concurrent ex-
amination of SFTPC and ABCA3 initially by technically rapid testing for
common mutations (allele-specific polymerase chain reaction or a TagMan
assay for the I173T mutations in exon 3 of SFTPC [107] and Bsrgl restric-
tion enzyme digestion of exon 7 of ABCA3 to look for the E292V mutation)
(Fig. 2). If these mutations are detected, confirmation by direct sequencing
is required. If the clinical history suggests, the complete sequencing of
SFTPC is indicated and feasible in a timely fashion because of the small
size of the gene (~3.5 kb).

If the initial screening does not reveal a mutation in these genes, then the
authors suggest expeditiously proceeding with lung biopsy, again so that ap-
propriate counseling can be provided to the family. Before lung biopsy, the
surgical, neonatal, and pathology teams should confer to prepare for obtain-
ing and processing the lung biopsy. The authors also suggest consultation
with a center experienced in evaluation of these infants. Clinical consider-
ations (chest radiograph, chest tube placement, possible need for future
lung transplantation) should help identify the location from which to obtain
the biopsy. In addition, skilled pathologists who have experience in neonatal
pulmonary lung diseases should be involved in planning for the lung biopsy.
Although the histopathologic appearance of genetic surfactant defects is
variable (Fig. 3), experienced pathologists can recognize a broad genetic
defect phenotype that includes type 2 pneumocyte hyperplasia, alveolar pro-
teinosis, and interstitial inflammation [45,46,82,108]. Processing of the spec-
imen should permit not only routine examination but also relevant cultures
and molecular microbial testing, preservation of tissue for electron micro-
scopic examination, in situ hybridization, immunohistochemical staining,
and RNA extraction (freezing of a portion of the sample in liquid nitrogen).
Examination of the lung ultrastructure with electron microscopy is essential
for analyzing lamellar body morphology that may suggest ABCA3 defi-
ciency [19,59] (Fig. 4). If lamellar body morphology suggests surfactant
metabolic disruption (disorganized or dense lamellar bodies) (Fig. 4), ampli-
fication and sequencing of 4BCA3 are indicated, but the genomic size of
ABCA3 (30 translated exons and more than 80 kb) requires significantly
more time for analysis (weeks to months). Although advances in sequencing
technology will likely permit more rapid identification of pathologic se-
quence variants in ABCA3, sequencing time required by current technology
limits the ability to rely on identification of such pathologic variants in the
care of infants who have severe progressive respiratory failure. In addition,
because most of the mutations in these genes are missense mutations, distin-
guishing true disease-causing mutations from rare, yet benign, sequence var-
iants may be difficult. Even if the evaluation for the currently known
inherited disorders is uninformative, the lung biopsy tissue should be pre-
served for future molecular and proteomic analyses as new mechanisms of
lung disease are identified.
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Fig. 3. Variable histopathologic appearance of genetic defects in surfactant synthesis. (4) Alve-
olar proteinosis in an infant homozygous for the 121ins2 mutation in SFTPB (x200). (B)
Desquamative interstitial pneumonitis-like appearance with numerous intra-alveolar macro-
phages and mild pneumocyte hyperplasia is present in a second infant homozygous for the
121ins2 mutation in SFTPB (x400). (C) Alveoli with macrophages and a small amount of finely
granular eosinophilic material, extension of smooth muscle into alveolar septa, and pneumocyte
hyperplasia are present in an infant who has C189G mutation in SFTPC (x400). (D) Prominent
pneumocyte hyperplasia and alveolar remodeling with smooth muscle extension into septa and
fibrosis, a mild chronic inflammatory infiltrate, and alveoli with multinucleated macrophages,
cholesterol clefts, and dense eosinophilic material in a child who has an I73T mutation in
SFTPC. Bar, 100 pm.

Treatment options and prognosis

No specific treatments for genetic defects in SFTPB, SFTPC, and
ABCA3 are available currently. Genetic disruption of SFTPB expression
will not improve with conventional therapy. Attempts at surfactant replace-
ment therapy in an infant who had surfactant protein B deficiency were un-
successful [109]. The treatment options for these infants include evaluation
for lung transplantation and compassionate care [61]. In our experience, ap-
proximately 50% of families choose to proceed with evaluation for lung
transplantation and 50% opt for compassionate care. The infant’s medical
condition and extrapulmonary organ function must be sustainable for the
anticipated average wait for lung donation of approximately 2 to 3 months.
Outcomes of transplanted infants are comparable to those of infants trans-
planted for other reasons in the first year of life [110].
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Fig. 4. Lamellar body appearance in genetic surfactant defects. (4) Normal-appearing lamellar
bodies (white arrows) from the lung of an infant who has pulmonary vascular disease and no
genetic surfactant defect. (B) Disorganized, granular lamellar bodies (red arrows) in an infant
homozygous for the 121ins2 mutation in SFTPB. (C) Normal-appearing (white arrows) and
dense lamellar bodies that lack normal lamellated structure (yellow arrows) in an infant who
has ABCA3 deficiency.

The clinical phenotypes of infants who have genetic disruption of SFTPC
or ABCA3 are more diverse than those who have homozygous loss-of-func-
tion SFTPB mutations [45,60]. If a mechanistically significant SFTPC
mutation or homozygous loss-of-function 4BCA3 mutation is confirmed,
the severity and rate of deterioration of the infant’s clinical status should
contribute significantly to the decision to offer evaluation for lung trans-
plantation. For infants who have interstitial lung disease associated with
SFTPC mutations, hydroxychloroquine or glucocorticoids have been used
empirically with variable success but have not been studied systematically
[111]. The unpredictable natural history of SP-C-associated lung disease
and ABCA3 deficiency dictates that lung transplantation be reserved for pa-
tients who have progressive and refractory respiratory failure who would
otherwise qualify for transplantation irrespective of their diagnosis. To
date, although several children who had progressive lung disease attribut-
able to SFTPC or ABCA3 mutations have undergone transplantation [82]
(Aaron Hamvas, MD, unpublished data, 2006), outcomes of infants trans-
planted for SFTPC or ABCA3 mutations have not been studied systemati-
cally. Once transplanted, the S5-year survival for the infants who have
mutations in SFTPB, SFTPC, or ABCA3 is approximately 50% to 60%,
which is similar to the survival for all children undergoing lung transplanta-
tion regardless of diagnosis or age at transplant [112—114] (Aaron Hamvas,
MD, unpublished data, 2006). In the authors’ experience, the causes of
morbidity and mortality and the pulmonary and developmental outcomes
for these infants are similar to those of children who have undergone lung
transplantation for other reasons, an observation that suggests that lung
transplantation reconstitutes genetic SP-B, SP-C, or ABCA3 defects in pul-
monary surfactant metabolism, and that the pulmonary manifestations of
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these disorders do not result from systemic disease unmasked by survival
attributable to transplantation-based improvement in pulmonary function
[110].

Postmortem diagnosis

Postmortem diagnosis may be complicated by lack of availability of
autopsy tissue useful for electron microscopy, lack of access to genomic
DNA from the affected child, and by the differences in frequency of sporadic
mutationsin SFTPB, SFTPC,and ABCA3. Because no sporadic mutations in
SFTPB and ABCA3 have been reported to date, access to parental DNA per-
mits screening for ABCA3 and SFTPB mutations first by restriction enzyme
digestion as described above (Fig. 2). Because of the frequency of sporadic
mutations in SFTPC (60%), parental DNA may not be useful if a disorder
of surfactant protein C is suspected. If suggested by the clinical history and
the histopathologic examination of lung biopsy or autopsy lung tissue,
complete sequencing of SFTPB and SFTPC may be indicated. If no mutations
are detected and histopathologic examination suggests a disorder of surfac-
tant metabolism the authors advise complete sequencing of ABCA3.

Older infants and children

Older children who have interstitial lung disease without a clearly defined
mechanism should be evaluated for defects in surfactant synthesis also,
because SP-C-associated disease and ABCA3 deficiency may present at older
ages with chronic respiratory insufficiency [8,60,115]. Initial studies should
include restriction enzyme digestion for the E292V mutation in ABCA3 and
allele-specific polymerase chain reaction or TagMan assay for the 1173T mu-
tationin SFTPC followed by direct sequencing of SFTPC if the I73T mutation
is not detected. If these mutations are not detected, lung biopsy should be con-
sidered with preparation as described above. If histopathology or lamellar
body phenotype is consistent with a genetic defect in surfactant synthesis,
complete sequencing of SFTPC and ABCA3 is indicated.

Summary

The pulmonary surfactant has a complex metabolic cycle that includes syn-
thesis with post-translational processing, secretion, clearance, reuptake, and
recycling. The authors and others have shown that mutations in SFTPB,
SFTPC, and ABCA3 disrupt different steps in this cycle, alter surfactant func-
tion, and cause respiratory distress with diverse clinical presentations in new-
born infants, older children, and adults. Currently available genetic diagnostic
methods permit rapid evaluation of common pathologic mutations. Lung bi-
opsy may be necessary if initial genetic diagnosis is inconclusive. As other
genes involved in the surfactant metabolic cycle are characterized, genetic
evaluation for defects in surfactant synthesis will expand. New, high
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throughput genomic technologies will permit rapid screening of multiple ge-
nomic sites in large numbers of genes and will suggest novel therapeutic targets
to improve outcomes for affected infants and children.
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Five diseases: acute respiratory infection (ARI), diarrhea, malaria, mea-
sles, and AIDS, are responsible for more than half of all deaths in children
younger than age 5. ARI is now the leading cause of mortality in children
younger than 5 years, accounting for nearly one fifth (20%) of childhood
deaths worldwide, and killing between 2 and 3 million children each year.
Because ARI often occurs with other diseases, including measles, malnutri-
tion, and AIDS, childhood deaths attributed to other causes may actually be
caused by ARI. The largest portion of ARI deaths occur in Africa and
Southeast Asia, and, worldwide, mortality caused by ARI in children youn-
ger than 5 years is closely linked to poverty.

Croup, bronchiolitis, and pneumonia are the three major manifestations
of ARI that affect young infants worldwide. Viruses belonging to the Para-
myxoviridae family, particularly respiratory syncytial virus (RSV), the re-
cently identified human metapneumovirus (HMPV) [1], and the human
parainfluenza viruses (HPIVs), cause most cases of childhood croup, bron-
chiolitis, and pneumonia [2]. Influenza virus also causes a significant burden
of disease in young children, although its significance in children was not
fully recognized until recently [3]. Although influenza has received a large
share of the research focus and funding allocated to the respiratory viruses,
the pediatric pathogens RSV and parainfluenza have lagged far behind. For
influenza, effective vaccines and antiviral drugs, although urgently needing
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improvement, have been developed based on the scientific advances of the
past several decades. Vaccine and antiviral development for RSV and para-
influenza has, in comparison, been strikingly neglected. The pediatric respi-
ratory diseases have received some of the lowest levels of funding compared
with other fields of health research [4]. Only limited resources have been
devoted to RSV or parainfluenza virus vaccine or antiviral drug development,
despite the huge impact of these diseases on illness and hospitalization of
infants worldwide. It is therefore especially exciting to report important recent
developments that result directly from scientific advances applied to preven-
tion of acute respiratory disease.

This article is organized around several important individual pediatric
pathogens that are responsible for croup, bronchiolitis, and pneumonia in
children. Pathogens are discussed that have been studied for several decades,
including respiratory syncytial virus and the parainfluenza viruses, and viral
pathogens that are newly identified as of this writing are human metapneu-
movirus and human coronavirus NL63. In light of the escalating rate of
emergence of new infectious agents, which is fortunately being met with
equally rapid advancements in molecular methods of surveillance and path-
ogen discovery, new organisms will be added to the list in the near future. A
section on therapies for bronchiolitis addresses several of the final common
pathways that can result from infection with the diverse pathogens, high-
lighting the mechanisms that may be amenable to therapeutic approaches.
The article concludes with a discussion of the overarching impact of new
diagnostic strategies.

Respiratory syncytial virus infection

RSV is the leading cause of bronchiolitis and lower respiratory tract in-
fection in young children, accounting for 50% to 90% of all hospitalizations
from bronchiolitis. RSV is a member of the Prneumovirus genus within the
Pneumovirinae subfamily of the Paramyxoviridae family of negative-
stranded RNA viruses. RSV replicates initially in the nasopharyngeal epi-
thelium and later spreads to the lower respiratory tract. Viral replication
in the small airways causes inflammation, sloughing, and necrosis of the
bronchiolar epithelium. The resultant edema and increased mucous secre-
tion may, depending on the severity of disease, cause plugging of the small
airways, atelectasis, airway narrowing, and obstruction. Primary infection
with RSV in an immunologically naive host tends to be the most severe,
but whether this usually occurs because of immunopathologic mechanisms,
immunologic immaturity, or the smaller vulnerable airways of infected in-
fants, or a combination of factors is unclear. The contribution of the virus,
the underlying genetic predisposition of the host, and the components of the
inflammatory response form a complex picture in the genesis of severe RSV
disease, in which the individual roles remain to be delineated.
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Genetic susceptibility to severe respiratory syncytial virus

Several abnormal underlying conditions that predispose to severe forms
of RSV disease have been enumerated, and include prematurity, preexisting
lung disease, and various forms of immunodeficiency. However, one must
understand why some apparently healthy infants and children proceed
from initial infection to severe lower respiratory tract disease, whereas
others experience a relatively mild, self-limited illness. Several groups have
recently identified normal genetic variation among humans as a major factor
in disease severity. Specific alleles of interleukin (IL)-4 [S] and the IL-4 recep-
tor [6] were identified that are associated with more severe disease, and pro-
moter variants of IL-10, IL-9, and tumor necrosis factor o (TNF-a) genes
probably also influence disease severity [7]. Variations at the IL-10 gene locus
are associated with a severe form of disease [8]. Ample evidence also exists for
a relationship between a locus on the IL-8 gene and disease severity [9,10].

Recently identified variants of the chemokine receptor CCRS5 also seem to
predispose to severe RSV bronchiolitis [11], and a correlation was established
between specific alleles of the genes for surfactant A and D and an increase in
disease severity [12,13]. In light of this mounting evidence for specific genetic
contributions to RSV disease severity and the possibility that similar or related
genetic variation may underlie predisposition to asthma (and the link between
respiratory virus infection and asthma [14]), understanding the mechanisms
whereby these gene alterations influence pathogenesis will be critical. Early
identification of vulnerable individuals could allow for targeted use of prophy-
lactic strategies to protect those genetically at risk, as is currently practiced
only for infants with abnormal underlying conditions. These preventative
strategies could impact not only the morbidity and mortality of ARI but
also the incidence of reactive airway disease.

Immunity to respiratory syncytial virus and inflammatory responses
to respiratory syncytial virus infection

RSV primary infection does not confer permanent immunity; repeated re-
infection with RSV within 1 year of the previous infection is common in
young children, although subsequent infections are usually milder, suggest-
ing some protection against severe disease after primary infection. In adults,
secretory neutralizing antibodies (but not serum antibodies) correlate with
protection against upper respiratory tract infection, whereas circulating
serum antibodies, particularly against F and G glycoproteins, have been
shown to protect from infection and decrease progression to the lower air-
ways [15,16]. The limited degree of protection offered by maternal antibody
is underscored by the fact that the peak incidence of serious RSV disease is
seen in infants aged 2 to 5 months, when maternal antibody is still circulat-
ing within the infant.

RSV-induced lower respiratory tract disease (bronchiolitis and pneumo-
nia) results from a balance between cellular damage mediated by the viral
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pathogen and injury caused by the immune response of the host [17-19]. Al-
though the immunology and immunopathogenesis of RSV infection are not
fully understood, humoral and cellular components of the immune system
clearly contribute not only to protection from disease but also to pathogen-
esis of disease.

Mouse models of RSV disease have been used to dissect the contribution
of different T-cell subsets and RSV proteins to the pathology of RSV infec-
tion and have shown different disease outcomes, depending on the RSV pro-
tein used to prime and the cellular response [20]. For example, in BALB/c
mice the RSV surface protein G primes for an eosinophilic inflammatory
response, mediated by Th2-type CD4+ T cells [21], reminiscent of the
responses seen in the formalin-inactivated RSV vaccine model [22]. Al-
though transfer of cytotoxic T lymphocytes (CTLs) to naive mice resulted
in accelerated viral clearance, immunopathology was also enhanced in
mice with very active CTLs [23], indicating that CTLs associated with
Thl-type responses also contribute to the immunopathology observed in
RSV-infected mice. Recent studies have shown that the pattern recognition
receptor CD14 (toll-like receptor 4) participates in the innate immune re-
sponse to RSV [24-26], a response triggered by the F protein.

As in the animal models, cell-mediated immunity in children probably
contributes to host defense against RSV but also causes much of the path-
ologic process, and inappropriate immune responses may drive pulmonary
inflammation during naturally acquired infection [27]. Regulation of the re-
sponse of T lymphocytes to RSV may be critical in determining the clinical
outcome of RSV infection. Abnormal T-cell regulatory mechanisms may be
related to a hyperactive IgE response, which contributes to an enhanced
lung infiltrate [28,29]. Several proinflammatory cytokines detected in respi-
ratory secretions from RSV-infected individuals, including IL-8, RANTES,
and macrophage inflammatory protein 1 alpha (MIP-1a), mediate neutro-
phil and eosinophil chemotaxis, and these cell types can promote host de-
fense and tissue damage. The contribution of Thl cells to RSV disease in
humans is supported by the findings that interferon gamma (IFNY) is a prev-
alent cytokine produced by RSV-specific T-cells, and that the presence of
IFNvy [30] and the levels of MIP-1a. [31], rather than levels of Th2 cytokines,
have been shown to correlate most closely with RSV disease severity.

The role of immunopathology in RSV was highlighted after children who
had received formalin-inactivated RSV vaccine in 1967 developed enhanced
RSV disease on exposure to virus [32]. The intense inflammatory infiltrate in
the lungs of vaccinated children suggested an immunopathologic cause of
enhanced disease. Animal models have been used successfully to study the
immune correlates of pathology and the basis for enhanced disease [29].
The overexuberant inflammatory response, with lymphocytic and eosino-
philic infiltration, has been ascribed to an imbalance in the ratio of Thl
to Th2 cells that could have resulted from poor preservation of F during
formalin inactivation [33]. The resulting predominance of G in the
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formalin-inactivated vaccine was believed to cause a pathologic Th2 polar-
ization of the immune response and pulmonary eosinophilia in children who
were subsequently naturally infected with RSV.

CD4+ T cells play a major role in the immunopathogenesis of vaccine-
enhanced RSV disease [34]. A marked increase in Th2-type cytokine expres-
sion (IL-5, TL-13, IL-10) and a reduction in IL-12 expression occurred in
mice that were immunized with the formalin-inactivated vaccine, indicating
a swing toward Th2 in the genesis of enhanced inflammation [35]. The pres-
ence of IL-5 correlated with an eosinophilic infiltration in the mouse lung. In
contrast, priming with live RSV resulted in a Th1 pattern of cytokine produc-
tion and prevented subsequent enhanced disease [36]. A recent study in mice
suggests that immune complexes that fix complement also play a key role in
the pathogenesis of enhanced disease; the augmented disease in mice is medi-
ated by these immune complexes and abrogated in complement component
C3 and B cell-deficient mice [37]. The bronchoconstriction component of
the enhanced disease seems to be mediated by complement, whereas the
enhanced pneumonia component of disease depends on Th2 effects.

These findings, which enhance understanding of protective immunity and
destructive inflammation, suggest important elements to consider in RSV
vaccine development [38]. Successful vaccines must induce neutralizing anti-
body and CD8+ virus-specific CTLs, and should elicit the CD4 cell response
that corresponds to the response to natural infection. Although live attenu-
ated vaccines can clearly achieve these goals directly, they are not appropri-
ate for several populations. Therefore, novel strategies are also being
applied to the development of nonreplicating vaccines.

Prevention of respiratory syncytial virus disease: active immunization

RSV vaccine development has been hampered in the past decades by the
complex factors described earlier, the concerns that resulted from the history
of the early formalin-inactivated vaccine trials, and the limited support for
study of pediatric respiratory viruses and vaccine development [38,39]. Live-
candidate attenuated RSV vaccines were never observed to cause enhanced
RSV disease, and intranasal vaccination with live virus vaccines elicit better
mucosal immunity than parenterally administered inactivated virus vac-
cines. Therefore, developing live attenuated vaccines for RSV-naive popula-
tions, including infants, is a priority. However, live attenuated vaccines pose
the challenge of finding a balance between overattenuation, with subsequent
induction of inefficient immunologic responses, and underattenuation, which
may result in disease especially in younger infants. It is therefore heartening
to report that recent advances in molecular virology have allowed a live at-
tenuated vaccine candidate to be developed that is well tolerated in infants
and protects against challenge [40].

The recovery of infectious virus from cDNA clones of RSV [41,42], based
on advances in molecular virology during the last decade, has completely
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changed the outlook for developing live attenuated RSV vaccines. New vac-
cine candidates can now be developed by introducing combinations of atten-
uating mutations into recombinant RSV through direct manipulation of the
DNA intermediate. This new strategy is also advantageous for other pediat-
ric respiratory viruses, which are discussed later. Specific mutations are in-
troduced based on a rationale for their attenuating effects. This strategy,
based on understanding the genetic basis of attenuation and applying it to
the design of vaccines, is referred to as reverse genetics and will begin to re-
place the methods of serial passage of viruses or chemical mutagenesis, strat-
egies that have been classically used to generate attenuating mutations [43].

Live cold-passaged (cp), temperature-sensitive (ts) RSV vaccines (cpts
vaccines) containing many attenuating mutations were attractive candidates
for live attenuated RSV vaccines. One cpts, the 248/404 vaccine candidate,
was safe and immunogenic in RSV-seronegative infants as young as 6
months but was not sufficiently attenuated in 4- to 12-week-old infants.
Therefore, additional attenuating mutations were added using the novel
technology, and one new vaccine candidate (rA2cp248/404/1030SH) con-
tains five new independent attenuating genetic elements.

In 2005, Karron and colleagues [40] evaluated recombinant RSV vaccines
in clinical trials for the first time. The candidate vaccine rA2cp248/404/
1030SH was well tolerated and responsible mainly for mild illness (the lower
respiratory tract illness observed was associated with other viral infections).
Administration of a second dose of this vaccine showed restriction of viral
replication, proving that this vaccine could induce protective immunity.
Consistent with the mechanisms of natural immunity, the antibody re-
sponses to this live attenuated virus were not the primary mediators of pro-
tection induced by the vaccine. Thus, rA2¢p248/404/1030SH seems to be the
first RSV vaccine candidate that is appropriately attenuated for young in-
fants, including infants 1 to 2 months of age. Although half of the youngest
infants did not show antibody responses, the limited replication of the sec-
ond dose suggests that the infants were protected, which is critical because
these infants are the most vulnerable and have presented the most challenges
to vaccine development. This successful trial provides a map for future trials
of recombinant vaccines against RSV and other pediatric respiratory
pathogens.

Subunit vaccines, while not viable for infants and therefore of limited use
in the normal population, may provide a suitable approach to vaccination in
immunosuppressed populations at high risk of severe RSV infection includ-
ing high risk children, the elderly, and possibly for maternal immunization
[38]. One viral surface glycoprotein, the fusion protein (F), has been used as
the antigen for developing subunit vaccines (purified F protein [PFP]-1,
PFP-2, and PFP-3). These F subunit vaccines have been shown to be mod-
erately immunogenic and well tolerated in healthy seropositive children
older than 12 months, children older than 12 months who have cystic fibro-
sis, and children older than 12 months who have chronic lung disease of
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prematurity. A meta-analysis of PFP-1 and PFP-2 studies suggested that
these vaccines reduced the incidence of RSV infections but not lower respi-
ratory tract infection [44]. The PFP-2 vaccine may show more promise in
pregnant women; in a recent trial, it produced fourfold increases in neutral-
izing antibody titers in mothers and infants at birth and at 2 months of age
[45]. Another subunit vaccine candidate is BBG2Na, a peptide from the G
(receptor-binding) glycoprotein of RSV that is conjugated to the albumin-
binding domain of streptococcal protein G [46,47]. This vaccine is well
tolerated, induces neutralizing antibody responses in healthy young adults,
and is immunogenic in elderly individuals. Finally, subunit vaccines contain-
ing copurified F, G, and M proteins formulated with an alum adjuvant are
being investigated [38,48]. However, the likely targets for these vaccines will
be elderly adults and those at high risk for severe RSV infection.

Prevention of respiratory syncytial virus disease: passive immunization

Until effective vaccines for RSV are widely available, passive immuno-
prophylaxis with RSV antibody preparations is important to protect chil-
dren at high risk for severe RSV disease. A humanized monoclonal
antibody (palivizumab) directed against the RSV fusion protein affords
moderate protection to premature infants at high risk for severe RSV dis-
ease [49]. Palivizumab is administered monthly through intramuscular injec-
tion during the RSV season. Duration of therapy and indications for
prophylaxis depend on gestational age, presence or absence of chronic
lung disease, and environmental risk factors that increase RSV risk [50].

Another RSV-specific monoclonal antibody derived from palivizumab,
MEDI-524 was developed. Compared with palivizumab, this antibody has
an 80-fold greater finding affinity for the RSV F protein [51], is 23 times
more potent at neutralizing RSV in vitro [51], and more effectively reduces
RSV titers in the cotton rat model [51,52]. This preparation is currently in
phase 3 trials in children at high risk for RSV and may be preferable to pal-
ivizumab in the future. Similar approaches using other monoclonal anti-
bodies are in different stages of clinical development.

Antiviral strategies for respiratory syncytial virus

The role of antivirals in treating RSV infection remains uncertain.
Although some studies have failed to show a correlation between viral
load and disease severity, others suggest that reduced viral levels correlate
with improved clinical outcomes. These findings are not surprising consider-
ing the significant role that proinflammatory responses play in the pathogen-
esis of this virus. Ribavirin is currently the only antiviral agent available for
treating children who have RSV lower respiratory tract disease. Although
ribavirin is a nucleoside analog that has good activity against RSV in vitro,
clinical studies examining its effect in children conflict. Therefore, its use in
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children remains highly controversial and should only be considered for cer-
tain target populations.

Several new antiviral strategies against RSV are currently being investi-
gated, including the promising approach of F protein fusion inhibitors.
The RSV F (fusion) glycoprotein, like the F of all paramyxoviruses, medi-
ates fusion between the viral and host cell membranes during infection
[53,54]. The F protein forms a trimer during synthesis and is cleaved during
transit to the cell surface to produce the final membrane-distal and mem-
brane-anchored subunits. The carboxyl terminal of the membrane-anchored
subunit of paramyxovirus F proteins is anchored to the viral membrane,
whereas the newly exposed amino terminal contains the fusion peptide
that inserts into target membranes during fusion, which occurs at neutral
pH [55]. Initially, the paramyxovirus fusion peptide lies deep within the hy-
drophobic core of the F protein, and for the virion to fuse with the target
membrane and effect viral entry, the F protein must undergo an activation
step exposing the fusion peptide [56]. For the paramyxovirus HPIV-3, the
authors found that the F protein is activated when the adjacent receptor-
binding protein, hemagglutinin-neuraminidase (HN), binds to a sialic
acid—containing receptor, permitting fusion to occur. On receptor binding,
the receptor-binding protein triggers F to fuse [57,58] but must interact
with its respective receptor for fusion to occur [53,57,59-61].

This mechanism has now been shown to be true for paramyxoviruses in
general [56]; for RSV, G (the receptor binding glycoprotein) must be present
and trigger F to fuse. Fig. 1 contains a schematic of the structural transitions
that occur once F is activated, and that mediate membrane merger. The ec-
todomain of the membrane-anchored subunit of F protein contains two hy-
drophobic domains: the fusion peptide that inserts into the cellular target
membrane during fusion and the transmembrane-spanning domain. The
fusion peptide is adjacent to the N-terminal heptad repeat (HRN) and the
transmembrane domain is adjacent to the C-terminal heptad repeat
(HRC). The transient intermediate of F that is anchored to viral and cell
membranes is believed to refold and assemble into a fusogenic six-helix
bundle (6HB) structure as the HRN and HRC associate into a tight complex
with N- and C-peptides aligned in an antiparallel arrangement. The refold-
ing relocates the fusion peptide and transmembrane anchor to the same side,
pulling the viral and cell membranes into close proximity and driving fusion
[62].

The refolding step of F provides an attractive target for antivirals. The
ability of heptad repeat peptides to interfere with the analogous fusion pro-
cess for HIV has led to a clinically effective peptide inhibitor of HIV infec-
tion (T-20, enfuvirtide) [63-65]. Peptides derived from the HRC-peptide
regions of several paramyxoviruses, including Sendai, measles, Newcastle
disease virus, RSV, and PIV5, can interfere with fusion intermediates of
paramyxovirus F proteins [63,66-71] and can inhibit viral infectivity in vitro
[66-68,71-75]. It has been proposed that this inhibition occurs because the
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Fig. 1. Model of paramyxovirus fusion protein—mediated membrane fusion. The trimeric F
protein (A4) contains two hydrophobic domains: the fusion peptide and the transmembrane-
spanning domain. Each is adjacent to one of two heptad repeat (HR) regions, HR-N and
HR-C. The F protein binds to a receptor on the host cell membrane, and a conformational
change leads to insertion of the hydrophobic fusion peptide into the host cell membrane (B).
Multiple trimers of F mediate the fusion process (C). Protein refolding occurs as host and viral
cell membranes bend toward each other (D) and the lipids on the outer part of the membranes
begin to interact (E). As protein refolding finishes (F), the fusion peptide and the transmem-
brane domain are antiparallel in the same membrane. (From Moscona A. Entry of parainfluen-
za virus into cells as a target for interrupting childhood respiratory disease. J Clin Invest
2005;115:1688-98; with permission.)

peptides bind to their complementary heptad repeat region, thereby prevent-
ing HRN and HRC from refolding into the 6HB stable structure required
for fusion [56,62,69].

In a related approach, it was recently observed that the C-terminal of the
HRN trimer contains a hydrophobic pocket that provides a potential bind-
ing site for small molecules that might interfere with the stability of the hair-
pin structure [76], and could provide advantages over the use of peptides in
clinical use. A low molecular weight molecule that is highly effective in in-
hibiting RSV fusion was recently shown to bind this hydrophobic pocket
of HRN, suggesting that a small molecule that disrupts the hairpin can
derail the RSV fusion process [77]. Inhibition of the F-triggering process
by peptides or other small molecules that interact with the heptad repeat re-
gions is a promising area for development of antiviral therapies and awaits
further study.

Several other novel experimental approaches to inhibit RSV replication
include the use of antisense oligonucleotides and RNA interference technol-
ogy. These approaches, although promising, are still in early stages of
development [78].
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Parainfluenza viruses

The HPIV types 1, 2, and 3 (HPIV-1, -2, and -3) are the major cause of
croup. Although RSV ranks as the most common agent of bronchiolitis and
pneumonia, with HMPV also possibly contributing significantly [1], parain-
fluenza viruses also follow closely behind [2]. HPIV-3 alone is responsible
for approximately 11% of pediatric respiratory hospitalizations in the
United States [79,80] and is the predominant cause of croup in young in-
fants. HPIV-1 and -3 belong to the Respirovirus genus within the Paramyx-
ovirinae subfamily of the Paramyxoviridae family of negative-stranded
RNA viruses, whereas HPIV-2 belongs to the Rubulavirus genus.

Although vaccination programs and antiviral use have helped suppress
other causes of respiratory disease in children, such as influenza and mea-
sles, children are still unaided in their battle against the major cause of
croup. While for RSV effective strategies of prophylaxis are available to pro-
tect the groups at most risk [81], no weapons are currently available against
the parainfluenza viruses.

Immunity to parainfluenza viruses and inflammatory responses
to infection

Parainfluenza viruses replicate in the epithelium of the upper respiratory
tract and spread to the lower respiratory tract within 3 days. Croup results
from inflammatory obstruction of the airway. Epithelial cells of the small
airways may become infected, with resultant necrosis and inflammatory in-
filtrates. The interplay between virus-induced cell damage, beneficial im-
mune responses, and inflammatory responses that contribute to HPIV-3
disease has not been as well studied as for RSV. However, as with RSV, disease
severity is often probably increased, and the pathology of clinical disease ac-
tually caused, by the inflammatory response rather than the cytopathic effects
of the virus. This fundamental concept is highlighted by the fact that virus
titers in the infected hosts are generally waning when disease symptoms be-
come apparent [2] and that virus titer does not correlate with the severity of
lower respiratory disecase. The pathologic changes in children who died
from parainfluenza infection suggest exaggerated inflammation [82,83] rather
than simply tissue destruction by virus.

HPIV primary infection does not confer permanent immunity. However,
although reinfection occurs, immunity is usually sufficient to restrict virus
replication from the lower respiratory tract and prevent severe disease. Mu-
cosal IgA levels correlate with protection from replication of parainfluenza
viruses in humans [84,85]. Cell-mediated immunity also contributes impor-
tantly to preventing disease. For example, HPIV-3 infection in infants
who are T-cell-deficient can cause a fatal giant-cell pneumonia [84,85],
and HPIV pneumonia has a 30% mortality in bone marrow transplant re-
cipients [86].
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A cotton rat (Sigmodon hispidus) model of disease has been useful in an-
alyzing factors affecting the pathogenesis of HPIV-3 in vivo. Experimental
infection of the cotton rat with HPIV-3 leads to infection of bronchiolar ep-
ithelial cells, bronchiolitis, and interstitial pneumonia, mimicking human
disease and making it a relevant model for HPIV-3 lower respiratory infec-
tion [87]. The authors studied cotton rats infected with either wild-type
HPIV-3 or variant viruses containing HN molecules with individual muta-
tions that conferred high receptor-binding avidity or low neuraminidase (re-
ceptor-cleaving) activity [88]. The infected animals experienced normal
clearance of the variant viruses as opposed to the wild-type viruses; how-
ever, each of the HN protein alterations led to striking differences in the
ability of HPIV-3 to cause extensive disease in the cotton rat lung. The var-
iants caused alveolitis and an interstitial infiltrate, whereas the wild-type
virus only caused peribronchiolitis, and the enhanced discase caused by
the HN variants was manifested by greatly increased inflammatory cell in-
filtrate in the alveoli and interstitial spaces in the lung. This finding sug-
gested that the differences between variants were caused by modulation of
the inflammatory response through the different HN protein activity of
the variants, and are dissociated from viral replication or infectivity. The au-
thors hypothesize that mutations in the HN protein that alter either its af-
finity for receptor or its receptor-cleaving activity may modify the nature
of the inflammatory response of the host. By using HN variants to dissect
the etiology of enhanced disease it may be possible to identify which com-
ponent(s) of the immune system’s response to HPIV3 contributes to disease.
Experiments are underway to determine whether HPIV-3 HN protein alter-
ations that enhance disease specifically alter chemokine expression. The
results will provide information that could be used to develop therapies to
modulate an overactive inflammatory response after HPIV infection.

Prevention of parainfluenza disease: vaccine development

The development of a vaccine for the parainfluenza viruses has been ham-
pered by the need to induce an immune response in young infants whose im-
mature immune systems and maternal antibodies interfere with the
development of an adequate immune response. An inactivated HPIV-1,
-2, -3 vaccine used in infants in the late 1960s was immunogenic but did
not offer protection from infection [§9,90]. Experimental vaccines are being
evaluated, and a vaccine for HPIV-3 and perhaps also HPIV-1 is anticipated
[91-95]. This progress has benefited greatly from the recent advances in
molecular virology.

Two different strategies are being developed for HPIV-3 vaccines. One is
a live-attenuated bovine parainfluenza type 3 (BPIV-3) vaccine, and the
other is a vaccine based on a cold-adapted attenuated strain. The BPIV-3
vaccine is attenuated in humans by nature of host range. The bovine virus
itself, when used to infect humans, was well tolerated but did not induce
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similar levels of antibody titers seen in infection with the human virus.
Therefore, the reverse genctics approach was used to generate a set of
HPIV-3 variants that carry individual genes from the bovine virus (chimeric
viruses). These strains elicited an improved antibody response and, in mon-
keys, protected against HPIV-3 infection. Two of the chimeric viruses, one
containing the HN gene from the bovine virus in a human virus background
and the other containing the F and HN glycoprotein genes from the human
virus in the bovine virus background are now viewed as the strongest vac-
cine candidates for human trials [96-98]. The latter candidate combines
the host range restriction of BPIV-3 with the major antigenic determinants
of HPIV-3, permitting efficient replication in vitro (which is beneficial for
vaccine development) along with host range phenotype and excellent antige-
nicity. The bovine/human chimeric approach is also being used to create
a strategy for vaccinating simultaneously against HPIV-3 and RSV, and
possibly also HMPV. The chimeric virus that contains the HPIV-3 F and
HN glycoprotein genes in the BPIV-3 background was engineered to also
express protective antigens to RSV and HMPV, and this strategy will lead
to bivalent vaccines against HPIV-3/RSV or HPIV-3/HMPYV using a single
virus. The BPIV-3/HPIV-3 chimera that also expresses RSV F is in clinical
trials.

The HPIVs are also theoretically well suited as vaccine vectors for other
pediatric pathogen vaccines, especially those that use the respiratory portal
for entry, because the intranasal route of administration is highly advanta-
geous. HPIV-3-based vaccines would immunize within the first 6 months of
life because the virus infects in early infancy, whereas vaccines using HPIV-1
or HPIV-2 backbones could be used in the second half of the first year of
life. Taking the strategy of reverse genetics using HPIV as a backbone vac-
cine one step further, HPIVs could thereby be used as vaccine vectors for
other viruses that infect through the respiratory portal, including severe
acute respiratory syndrome (SARS) and Ebola. A BPIV-3/HPIV-3 virus ex-
pressing the spike glycoprotein of SARS—coronavirus elicited a neutralizing
antibody response and protection against challenge with SARS in African
green monkeys [99]. HPIV-3 expressing the glycoprotein of Ebola was
highly effective in a guinea pig model [100] and is being evaluated in pri-
mates. These types of vaccines could be developed to protect children
against emerging infections.

The second attenuated virus being developed for HPIV-3 vaccines, cp45,
is based on a live cpts vaccine containing many attenuating mutations. This
vaccine is both well-tolerated and immunogenic in children and infants, even
those as young as 1 to 2 months [91,93,101,102] and is being further evalu-
ated in clinical trials [93]. Given the promise of this candidate, an attenuated
RSV vaccine (the 248/404 cpts vaccine) was tested in combination with the
HPIV-3 cp45 vaccine. Although some interference occurred between the two
virus vaccines, the results justify further evaluation of combination vaccines
[101].
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Antiviral strategies for parainfluenza

Several features of the viral lifecycle make parainfluenza viruses vul-
nerable to attack (Fig. 2). The parainfluenza viruses enter their target
cell by binding to a receptor molecule and then fusing their viral envelope
with the cell membrane to gain access to the cytoplasm. Because binding
and fusion are critical steps for infection to proceed, interfering with
these critical processes at the entry stage of the viral lifecycle would pre-
vent disease. The HPIV-3 F protein was found to be fully activated only
when the adjacent receptor-binding protein HN binds to sialic acid—
containing receptor, permitting fusion to occur. On receptor binding, HN
actively triggers F to fuse [57,58,61]. This mechanism is true for most
paramyxoviruses [56]. The receptor-binding protein of these viruses,
including HPIV-1 and HPIV-2, RSV, measles virus, Hendra virus, and
Nipah virus, must interact with its respective receptor for fusion to occur
[53,57,59-61].

The authors identified and functionally characterized specific receptor-
interacting sites on the HPIV-3 HN molecule [60,103,104], and once the
three-dimensional crystal structure of the HN protein was solved [105],
they mapped these functional sites onto the HN structure [106]. With this
information, binding inhibitors can now be designed specifically to fit into
the binding pocket on the globular head of HN (Fig. 2B) [107,108]. In ad-
dition to interfering with receptor binding by the HN protein, this blockade
will interfere with the F-triggering function of the HN protein, which can
only occur when the HN protein is in contact with its receptor.

The F-triggering function provides a target for several antiviral strategies.
First, based on a recent analysis of the F-triggering process, peptides corre-
sponding to the HR domains of F (see Fig. 1) can be designed to prevent the
F protein from reaching its fusion-active state (Fig. 2C). The authors are
performing computational modeling, based on the three-dimensional struc-
ture of the related parainfluenza virus 5 (PIVS5, previously called Simian
Virus 5 or SV5) F [109], to predict which peptides will be most active,
and will then test these predictions experimentally. This strategy has been
effective at improving the design of antiviral peptides for paramyxoviruses
[71]. Preliminary studies in the authors’ laboratory also suggest that the nor-
mal triggering process may be subverted, causing the F protein to become
activated before it reaches the target host cell and incapacitating F before
it can mediate viral entry. The authors have shown that specific mutations
in the stalk region of HN affect HN’s ability to trigger F protein [57], and
that specific features of the globular head region of HN modulate this trig-
gering function [61]. However, how the signal for activation is transmitted
from HN to F protein is unknown. For example, if HN’s receptor binding
induces a conformational change in HN, how does this change lead to acti-
vation of F? A more detailed understanding of this pathway should lead to
additional targets for interruption of viral entry.
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Fig. 2. Steps of the paramyxovirus lifecycle that offer targets for antiviral molecules (with HPIV
as the model virus). (4) Agents that block HN’s recruitment of inflammatory cells to the lung
and resultant cytokine expression may reduce the inflammatory response to infection and lessen
disease severity. (B) Molecules that fit into the binding pocket on HN’s head region may inhibit
HN-receptor binding and thereby inhibit the F-triggering mediated by HN’s stalk. The diagram
on the left shows HN with an inhibitor bound, precluding the next step shown on the right, in
which HN’s receptor-binding has led to F-activation. (C) F peptides may prevent the refolding
of F that is necessary for fusion during virus entry into the host cell. In addition, the F protein
may be triggered too early and thus be put out of action before it reaches the target host cell
membrane. (D) HN’s neuraminidase activity cleaves sialic acid moieties of the cellular receptors,
allowing release of new virions from the host cell. Specific inhibition of neuraminidase may pre-
vent virion entry into additional uninfected cells. (From Moscona A. Entry of parainfluenza vi-
rus into cells as a target for interrupting childhood respiratory disease. J Clin Invest
2005;115:1688-98; with permission.)

Because HPIV-3 pathogenesis is probably largely caused by the inflam-
matory response to infection, the findings that specific alterations in HN
protein correlate with enhanced pathology and that HN may play a role
in eliciting inflammatory responses suggest that approaches to modulating
the inflammatory response may ameliorate disease (Fig. 2A).

Finally, the HN molecule, in addition to binding to receptors, contains
neuraminidase (receptor-cleaving) activity, and cleaves the sialic acid moie-
ties of cellular receptors, allowing new virions to be released from the host
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cell surface and infection to spread. Although neuraminidase inhibition is
unlikely to be as effective an antiviral strategy for parainfluenza viruses as
it has been for influenza virus [58,104,110,111], specific inhibition of this ac-
tivity could prevent virion entry into additional uninfected cells (Fig. 2D).
These several potential therapeutic targets are being actively pursued with
the hope that they will open new avenues for parainfluenza infection inter-
ference; certainly, strategies to protect and treat children with parainfluenza
virus infection are urgently needed.

Human metapneumovirus

HMPYV is a newly identified respiratory virus that is associated with lower
respiratory tract disease in infants and children. This virus was first reported
in the Netherlands in 2001 [112] by investigators who identified sequences of
the virus after performing randomly primed reverse transcription—polymer-
ase chain reaction (RT-PCR) analysis of respiratory secretions from chil-
dren who had lower respiratory tract disease. HMPV belongs to the
Metapneumovirus genus within the Pneumovirinae subfamily of the Para-
myxoviridae family of negative-stranded RNA viruses. HMPV may account
for much of the lower respiratory disease in young children that was of pre-
viously unknown origin [1,113], and a significant portion of upper respira-
tory infection [114]. It may also cause wheezing episodes in late winter to
spring [115] and, less frequently, croup or pneumonia.

Immunity to metapneumovirus and development of vaccine strategies

Although significant information about HMPV has accrued in the 5 years
since the virus was recognized as a cause of respiratory disease, much re-
mains to be learned about the incidence of HPMV in specific populations,
its basic virology, the strain variation, and the mechanisms of pathogenesis
and immunity. Little is known about the correlates of immunity to HMPV
infection or about the host—pathogen balance in lung disease, but features
are probably shared with RSV and parainfluenza. Infection induces se-
rum-neutralizing antibodies in experimentally infected animals, and protec-
tion against reinfection has been induced through primary infection in
several animal models [116-118].

A cotton rat model was recently developed for HMPV, with similar fea-
tures to the cotton rat model for HPIV-3 [118]. Cotton rats were inoculated
intranasally with HMPV. The infected cotton rat lungs exhibited the histo-
pathologic changes of peribronchial inflammatory infiltrates, and immuno-
histochemical staining detected virus at the luminal surfaces of respiratory
epithelial cells throughout the respiratory tract. The cotton rats mounted
neutralizing antibody responses against HPMV, and on subsequent rechal-
lenge with HMPV, the animals exhibited partial protection in terms of viral
replication and lung disease. Therefore, the cotton rat will probably be
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a useful small animal model of HMPYV infection that, as for RSV and HPIV-
3, reflects the disease and the correlates of immunity or immunopathology in
children [81,87,119,120]. This model will now facilitate the in vivo studies of
pathogenesis that lead to development of vaccine and antiviral candidates.

For HPMYV, vaccine strategies immediately benefited from the advances
in reverse genetics and vaccine technology that were developed for RSV
and HPIV-3 and allow recombinant engineered viruses to be generated
from DNA clones of viral genes. As a result, live attenuated virus vaccine
development for HPMYV is already in progress. Recombinant HMPYV strains
were generated, representing rescue of strains from Canada (strain CAN97-
83) and the Netherlands (strains NL/1/00 and NL/1/99) entirely from
cDNA [121]. Several chimeric viruses were generated that are considered
suitable vaccine candidates. For example, HPMV viruses in which several
individual genes (the small hydrophobic protein gene SH, the receptor-bind-
ing protein gene G, or the M2 gene) or open reading frames were deleted
were assessed for their ability to replicate and their efficacy as intranasal vac-
cines in African green monkeys [122]. Each gene-deletion recombinant virus,
although highly attenuated, was also very immunogenic and protected the
monkeys against challenge with HMPV. Two of these viruses (G-deleted
and M2-deleted) are promising vaccine candidates [122]. In a different
recombinant approach, chimeras were generated by replacing the nucleo-
protein or phosphoprotein (P) open reading frame of HMPV with the
corresponding gene from the avian metapneumovirus subgroup C [123].
When tested in African green monkeys immunized intranasally and intratra-
cheally, both chimeras were comparable to wild-type HMPYV in their immu-
nogenicity and protective efficacy, and the P chimera, although it exhibited
excellent growth in vitro (making it feasible for vaccine development) was
also highly attenuated. Thus, the P chimera could be a superb vaccine can-
didate that combines good growth in vitro with attenuation in vivo and ex-
cellent protection in a primate model [123]. Candidate vaccines will
probably emerge from clinical trials fairly soon, underscoring the impor-
tance of recent advances in molecular virology of respiratory viruses in
accelerating clinical vaccine development.

Human coronavirus NL63: a new coronavirus cause of croup

Several newly identified members of the coronavirus family cause lower
respiratory disease. One is SARS—coronavirus, the etiologic agent of
SARS, first detected after cases of a severe atypical pneumonia of unknown
origin were reported in late 2002. The disease rapidly spread to more than 25
countries and sickened thousands of individuals by April 2003, and the
global medical and scientific communities engaged in a striking cooperative
effort that led to rapid progress in identifying the SARS—coronavirus and
diagnosing this severe disease [124—127]. Outbreaks have been effectively
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contained, and research is underway to develop protective measures against
this infrequent but fatal disease.

The second novel coronavirus, human coronavirus NL63 (HCoV-
NL63), is less virulent but seems to be far more common and a frequent
cause of lower respiratory tract disease in young children. Two different
groups identified the virus in 2004 [128,129]. The following year, HCoV-
NL63-specific quantitative real-time PCR was used to define the clinical
spectrum of disease by analyzing more than 900 samples from a prospective
study on lower respiratory tract infection in children younger than 3 years
[130]. HCoV-NL63 was found to be the third most frequently detected
pathogen after RSV and HPIV-3. The infection was strongly associated
with croup (rather than bronchiolitis), suggesting a causal relationship,
and therefore was probably somewhat less pathogenic than RSV [130].
Thus, another significant cause of respiratory disease in children was
added to the list.

Receptor identification for human coronavirus NL63

Cell tropism and receptor use of HCoV-NL63 have been recently ana-
lyzed [131]. Receptor identification was performed using the new technology
of pseudotyping viruses, in which the surface proteins of one virus can be
incorporated into the membrane of another viral particle (eg, HPIV-3 glyco-
proteins in a retrovirus particle). Thus, binding and entry assays can be per-
formed using the well-characterized and molecularly malleable retrovirus
particle. The pseudotype allows engineering of any desired variant of the vi-
ral envelope protein being studied, and provides reporter assays for assess-
ment of the envelope protein’s ability to mediate binding, fusion, and entry.
To identify the HCoV-NL63 receptor, the HCoV-NL63 spike (S) protein
was incorporated into the membrane of retroviral particles to analyze cell
tropism and receptor engagement of HCoV-NL63 [131]. The NL63 S pro-
tein was found to bind angiotensin-converting enzyme 2 (ACE2), the recep-
tor for SARS—coronavirus, and to use ACE2 as a receptor for infection of
target cells. Potent neutralizing activity directed against HCoV-NL63’s
S protein was detected in most sera from individuals aged 8 years or older,
suggesting that HCoV-NL63 infection of humans is commonly acquired
during childhood. The facts that SARS—coronavirus and HCoV-NL63 use
the same receptor but differ greatly in pathogenicity, and HCoV-NL63 in-
fection in children seems to be such a frequent event, raise the concern
that pathogenic variants could evolve and highlight the need for coronavirus
vaccine development.

Antiviral strategies for HCoV-NL63

Investigation into antiviral strategies began in 2006, 2 years after the new
viral agent was identified [132]. Several existing antiviral drugs and new syn-
thetic compounds were tested preliminarily as inhibitors of HCoV-NL63,
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and several potential strategies were identified for further study, including
HR peptides that could interfere with the fusion protein’s function and sev-
eral small interfering RNAs [132]. Identifying common themes in strategies
for inhibiting a diverse array of pediatric respiratory viruses (eg, using HR
peptides to interfere with fusion during entry) will likely allow advances in
the study of one virus to benefit antiviral strategies for other viruses. The
scientific progress in understanding viral replication, entry, and fusion for
other respiratory viruses will likely benefit the search for antiviral strategies
for this newest member of the group of viruses that cause respiratory disease
in children.

Treating the final common pathways: new therapies for bronchiolitis

In 1963, two leading pediatricians summarized the “state of the art” of
bronchiolitis treatment: “To sum up, oxygen is vitally important and there
is little convincing evidence that any other therapy is consistently or even oc-
casionally useful” [133]. Unfortunately, more than 40 years later, this state-
ment is largely still true and few real advances have been made in the
pharmacologic treatment of bronchiolitis. The occurrence of wheezing in
both RSV-induced bronchiolitis and asthma, coupled with the observation
that many infants hospitalized with bronchiolitis caused by RSV or other
respiratory viruses are at increased risk for recurrent wheezing episodes in
early childhood [134-137], has largely directed the most drug development
to focus on acute bronchiolitis to various asthma therapies. In fact, genetic
factors governing airway size and control of airway function and variability
in the inflammatory response to the viral infection, together with environ-
mental exposures, appear to contribute not only to the pattern of disease
seen in acute bronchiolitis but also to the predisposition to recurrent wheez-
ing/asthma [138,139].

Although understanding the mechanisms linking viral bronchiolitis and
asthma is critical in light of the implications for therapy, this association re-
mains elusive. As a result, treating bronchiolitis with the same strategies for
treating an acute asthma episode has not yielded consistent benefit over the
past few decades. Corticosteroids (systemic or inhaled), B agonists, mixed
o and B agonists, anticholinergics, and theophylline have been tried and
have been generally largely ineffective [140—142]. In light of the pathology
of airway obstruction associated with bronchiolitis (desquamation of the re-
spiratory epithelium and airway wall edema), this lack of effectiveness is not
surprising. Acute reversible airways obstruction, although common in chil-
dren who have asthma, is not a constant finding in some patients who have
viral bronchiolitis [143], and may relate to the type of immune response gen-
erated by the infection. Advances in knowledge of the immunologic and in-
flammatory factors that contribute to disease may suggest new approaches
to treatment and facilitate understanding of the relationship between viral
bronchiolitis and recurrent wheezing [19].



ACUTE CHILDHOOD RESPIRATORY DISEASE 947

Inhibition of leukotrienes

Cysteinyl leukotriene (LTC4, LTD4, and LTE4) concentrations were re-
cently found to be elevated in upper and lower respiratory tract secretions
from infants who had RSV bronchiolitis [144,145]. These leukotrienes
play a key role in the airway obstruction associated with asthma by mediat-
ing mucosal edema, mucus hyper-secretion, recruitment of eosinophils, and
smooth muscle contraction. Bisgaard and colleagues [146] showed that a 4-
week course of the cysteinyl leukotriene blocker montelukast in infants who
had acute RSV bronchiolitis reduced daytime cough and increased the num-
ber of symptom-free days. Although this study population included children
up to 36 months of age experiencing first-time wheezing, a detailed analysis
of these data suggests that the effect was most pronounced in the younger
subjects, an observation that correlates well with the evidence for higher
levels of leukotriene levels in infants younger than 6 months [145,146].
The study design focused on long-term rather than acute effects, and insuf-
ficient data support the use of montelukast for treating milder forms of the
disease, or for relieving airways obstruction in the acute setting. As those au-
thors and an accompanying editorial note, further investigation in an appro-
priate study population with documented RSV infection are needed to
gauge the benefit of this therapy [147].

DNase treatment

The observation that secretions composed primarily of desquamated ep-
ithelial cells obstruct the small airways in children who have bronchiolitis
suggested the use of recombinant human deoxyribonuclease I, a treatment
that has been effective in patients who have cystic fibrosis. In one study of
hospitalized infants who had acute RSV bronchiolitis, the chest radiographs
at discharge showed that recombinant human DNase treatment was associ-
ated with significant improvement [148]. However, therapy did not affect
other clinical features, such as respiratory rate, wheezing, and retractions.
A similar, smaller intervention study in more severely ill patients also
showed this therapy to be effective in correcting massive atelectasis and
avoiding the need for mechanical ventilation in patients who had impending
respiratory failure [149]. As with leukotrienes, more studies are needed to
define the usefulness of this therapy. This intervention is one of few that
focus on addressing the problem of airway obstruction.

Surfactant replacement

Decreased levels of surfactant protein (SP)-A, -B, and -D have been re-
ported in infants who have RSV bronchiolitis [150]. In mice, surfactant de-
ficiency confers an increased susceptibility to inflammation during RSV
infection [151,152]. If this increased susceptibility is also found in humans,
identifying infants deficient in SP-A or -D who would be at risk for more
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severe RSV disease would be beneficial to target for prevention and therapy.
Therefore, surfactant replacement is logical not only because of its effect on
improving lung function but also because of the potential benefits of de-
creasing inflammation. In a small study of ventilated patients who had
RSV bronchiolitis, the patients experiencing respiratory failure who were
treated with two doses of bovine surfactant showed improved static compli-
ance (indicative of decreased hyperinflation) and decreased airways resis-
tance compared with the untreated patients [153]. No acute improvement
in gas exchange occurred, but the group treated with surfactant showed
improved oxygenation and ventilation indices over the first 60 hours of
mechanical ventilation. Unfortunately, surfactant currently must be deliv-
ered through endotracheal intubation, and therefore this therapy is reserved
for children in respiratory failure. Larger studies are needed to assess the
effects of surfactant on the duration of mechanical ventilation and on viral
clearance [154].

Rapid diagnostic strategies for respiratory viruses

The development of accurate and rapid diagnostic assays for respiratory
viruses is key for two seemingly separate but rapidly converging arenas. Di-
agnosis will become increasingly important to clinical management of indi-
vidual children, and is urgently needed for global public health, including
pathogen surveillance. In recent years significant progress has been made
in applying advances in molecular biology to respiratory virus diagnosis,
and some of the new strategies are already clinically useful [155-157]. For
the practitioner, guidelines and clear data are needed regarding the situa-
tions in which specific kinds of assays may be appropriate. The transition
of these technologies from the development stage to the clinically useful
stage is still in flux. However, one may look forward to a situation in which
public health institutions will be rapidly responsive to pathogens arising in
the community and practitioners will be able to use detailed information to
guide prevention or therapy.

MassTag polymerase chain reaction: a paradigm for new detection
strategies for early recognition and containment of a wide range
of respiratory pathogens

Recently, Briese and colleagues [158] described the development of
a MassTag PCR for differential diagnosis of respiratory disease. MassTag
PCR is a multiplex assay in which the pathogen gene targets are coded by
a library of 64 distinct mass tags. The microbial RNA or DNA is ampli-
fied by multiplex RT-PCR using up to 64 primers. Each primer is labeled
with a different molecular weight tag, which is attached to the primer with
a photo-cleavable link. After amplification, the mass tags are released from
the amplified material with UV irradiation, and the identity of the tag is
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determined with mass spectrometry. The identity of the organism is deter-
mined from the presence of its two specific tags, one from each primer.
The technology was successfully applied to respiratory disease in its first
test case [158]. The multiplex primer sets were designed to identify up to
22 respiratory pathogens in a single MassTag PCR reaction, and the
method was found to be highly sensitive and specific for diagnosing these
viral and bacterial agents in clinical samples. The tests were performed us-
ing blinded analysis of previously diagnosed clinical specimens (banked
sputum, nasal swabs, and lung washes), and the MassTag PCR was highly
effective at identifying all pathogens, including RSV; HPIV-1, -2, and -3;
HMPYV; influenza; and coronavirus-SARS (HCoV-NL63 was not included
in the study). This technology probably will be used most immediately
in the public health setting for identifying outbreaks and global surveil-
lance. As the technology becomes streamlined and mass spectrometry be-
comes more easily accessible, this method has great potential for individual
patient management.

Diagnosing respiratory syncytial virus and paramyxovirus human
parainfluenza virus in the clinical setting

RSV and HPIV antigens can be rapidly identified in individual patients
using commercially available rapid screening kits with sensitivities and spec-
ificities of 80% to 90%. These tests are performed directly on nasopharyn-
geal secretions using either fluorescent-conjugated antibody or ELISA with
a monoclonal antibody [155]. Multiplex quantitative RT-PCR—enzyme hy-
bridization assays can identify a panel of respiratory viruses and differenti-
ate between RSV viral subtypes A and B and HPIV-1, -2 and -3 [159-161].
The Hexaplex assay (Prodesse, Inc., Milwaukee, Wisconsin) [159] is a multi-
plex RT-PCR assay for detecting HPIV-1, -2, and -3; RSV A and B; and
influenza virus types A and B. Although the sensitivity, specificity, and pos-
itive and negative predictive values are excellent [159], confirmation with vi-
ral culture (either rapid or traditional) is still important, especially with
a negative result in an ill child. PCR-based technology may provide a useful
contribution to diagnosis and subtyping of RSV and HPIV-3 in the future
[157].

These assay kits, and those for antigen detection, allow simple screening
of children and will likely be used more commonly in the future as more
therapies for pediatric respiratory viruses become available. However, it is
hoped that the importance of accurate viral diagnosis gains wider accep-
tance among practitioners, especially during influenza season, when prompt
specific treatment for influenza can effectively shorten the duration and
lessen the severity of disease in children [110]. Identification of the etiologic
agent, even if no specific therapy is available, is critical in containing
respiratory virus outbreaks and avoiding transmission to vulnerable
individuals.
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Diagnosing newly identified pathogens: human metapneumovirus
and coronavirus NL63

Although HMPV was included among the 22 respiratory pathogens suc-
cessfully identified in the single MassTag PCR described earlier [158], clin-
ical diagnosis of this recently identified pathogen is still less developed
than for RSV and HPIV. However, molecular methods have been developed
recently [162-164]. HMPYV virus in respiratory secretions is best identified
with RT-PCR. Several of the original clinical reports on this virus used
RT-PCR assays that used PCR primers hybridizing to the polymerase (L)
gene, and used the L gene PCR product sequence to identify the virus.
Faster and specific real-time RT-PCR tests were developed over the past 2
years that can also detect viruses from the four known genetic lineages of
HMPV [163-165].

Diagnostic strategies for HCoV-NL63 were developed for use in popula-
tion studies to assess the incidence of infection with this virus and its asso-
ciation with respiratory disease [130,166]. Whether HCoV-NL63 diagnosis
will have a place in practice, or whether identifying this agent will be
most important in the public health setting, is unclear. A “pan-coronavirus”
RT-PCR assay was recently developed and used to assess respiratory disease
in hospitalized children [166]. The original consensus RT-PCR assay, which
was designed to amplify all known coronaviruses, is unable to detect HCoV-
NL63 because of mismatches with the primer sequences [167]. For the new
assay, the consensus primers were modified based on an alignment with the
HCoV-NL63 prototype sequence. In addition to HCoV-NL63 and SARS-
coronavirus, the two other human coronaviruses known to infect the respi-
ratory tract, OC43 (HCoV-OC43) and 229E (HCoV-229E), were included in
the optimized pan-coronavirus RT-PCR assay. In addition to identifying
the specific viral infections, sequence analysis of amplified gene segments
showed that the HCoV-NL63 isolates could be classified into the two sub-
types corresponding to the two prototype HCoV-NL63 sequences.

The pan-coronavirus assay was tested not only on the four known human
coronaviruses, but also on three animal coronaviruses: feline infectious peri-
tonitis virus, porcine hemagglutinating encephalomyelitis virus, and murine
hepatitis virus. The results suggest that the assay efficiently amplifies a broad
range of coronaviruses, both human and animal. This pan-coronavirus
RT-PCR assay could be especially useful for its ability to identify previously
unknown coronaviruses.
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Pulmonary hypertension is an elevation in pulmonary artery pressure
that is associated with a spectrum of diseases and causes. Its clinical severity
and presentation are widely varied. The field of study has changed im-
mensely over the past several years. Significant knowledge has been gained
in the pathophysiology, genetics, and vascular biology associated with pul-
monary hypertension. These discoveries have contributed to medical inter-
ventions that have improved outcomes associated with pulmonary
hypertension. This article reviews pulmonary hypertension in children,
focusing on idiopathic pulmonary hypertension. Because most information
is associated with children who have this form of the disease, formerly clas-
sified as primary pulmonary hypertension, medical therapy is discussed with
a focus on this patient group. Additional therapeutic concepts relevant to
other causes of pulmonary hypertension are highlighted.

Definition and background and general history and physical examination

Pulmonary hypertension of any origin may be associated with significant
morbidity and mortality. Regardless of origin, it can be progressive and se-
vere and can lead to right ventricular failure, arrhythmias, and death. Pul-
monary hypertension is defined as a mean pulmonary artery pressure
greater than 25 mm Hg at rest.

The symptoms associated with pulmonary hypertension may vary de-
pending on severity and age at presentation. At a critical level of pulmonary
artery pressure elevation, the symptoms associated with pulmonary hyper-
tension are typically related to low cardiac output, although they may be
nonspecific. Therefore, infants may present with symptoms of poor appetite
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and growth and older children may present with nausea, vomiting, activity
intolerance, lethargy, or diaphoresis. Syncope or sudden cardiac death at
any age may be a presenting symptom in patients who have severely elevated
pulmonary artery pressure.

Physical examination can identify pulmonary hypertension. Findings
may be consistent with low cardiac output, including tachypnea and tachy-
cardia. The pulmonic component of the second heart sound is accentuated
and a right ventricular heave may be caused by right ventricular hypertro-
phy or dysfunction. Tricuspid regurgitation may be present, depending on
the degree of pulmonary artery pressure elevation. Clinical signs of right
ventricular failure may also be present, including hepatomegaly, ascites,
and peripheral edema.

Classification

Until recently, pulmonary hypertension was classified as primary or
secondary, with most secondary forms in children related to congenital
heart disease or lung disease. Other secondary forms of pulmonary hyper-
tension are seen more frequently in adults and include collagen vascular dis-
eases, sarcoid disease, pulmonary embolic disease, liver disease, and HIV
disease.

A new classification scheme, presented in Box 1, resulted from the Venice
2003 World Health Organization (WHO) conference. Because primary pul-
monary hypertension is referred to as idiopathic pulmonary hypertension,
Group 1 forms of pulmonary hypertension include idiopathic forms, famil-
ial forms, and associated forms of pulmonary hypertension (eg, collagen
vascular disease, left-to-right shunt disease, HIV disease, portal hyperten-
sion, HIV-related, drug- or toxin-induced). Note that persistent pulmonary
hypertension of the newborn is listed in Group 1. Groups 2, 3, and 4 include
pulmonary hypertension associated with left heart disease, pulmonary hy-
pertension associated with lung disease or hypoxemia, and pulmonary hy-
pertension associated with chronic embolic disease, respectively. The
rationale for this new classification scheme may be related to common un-
derlying pathophysiologic mechanisms, although this has not yet been
proven. Based on this classification system, drug therapies may be tailored
relative to specific class and origin of the pulmonary hypertension. How-
ever, this strategy is also speculative, although many studies are in progress.
Most, but not all, current studies target patients who have pulmonary
hypertension who fall within WHO classification Group 1.

Incidence/epidemiology

The true incidence of idiopathic pulmonary hypertension is unknown. Al-
though initially believed to be a rare disease, it is being diagnosed with
greater frequency, perhaps because of a greater awareness of the disease
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Box 1. WHO classification of pulmonary hypertension

1. Pulmonary artery hypertension

1.1 Idiopathic pulmonary hypertension

1.2 Familial

1.3 Pulmonary hypertension associated with

Collagen vascular disease

Congenital heart disease with left-to-right shunt
Portal hypertension

HIV disease

Drugs: anorexigens or other toxins

Thyroid disorders

Other entities: Gaucher disease, hereditary hemorrhagic
telangiectasia, hemoglobinopathies

1.4 Persistent pulmonary hypertension of the newborn
1.5 Pulmonary veno-occlusive disease

@ 0 o0 T

2. Pulmonary hypertension with left heart disease
2.1 Left atrial or left ventricular disease
2.2 Left-sided valvular disease

3. Pulmonary hypertension associated with respiratory
disorders or hypoxemia

3.1 Chronic obstructive lung disease

3.2 Interstitial lung disease

3.3 Sleep-disordered breathing

3.4 Alveolar hypoventilation

3.5 Chronic exposure to high altitude

3.6 Neonatal lung disease

3.7 Alveolar—capillary dysplasia

3.8 Other

4. Pulmonary hypertension caused by chronic thrombotic/
embolic disease
4.1 Thrombotic obstruction of proximal pulmonary arteries
4.2 Obstruction of distal pulmonary arteries

e Pulmonary embolism (thrombus, tumor, parasites)

e In situ thrombosis

5. Miscellaneous (eg, sarcoid)

rather than an increase in its frequency. The gender ratio of adult women to
men has been reported to be 1.7:1, respectively. In children, variability in
gender incidence has been reported. Some experts have suggested an equal
frequency in children before adolescence, with a 1.5:1 male-to-female



964 BERGER & KONDURI

frequency in adolescence. Other studies have suggested a 1.5:1 female-to-
male ratio at all ages of diagnosis [1].

Familial idiopathic pulmonary hypertension composes 6% to 12% of all
cases of idiopathic pulmonary hypertension [2]. Autosomal dominant trans-
mission seems to be the mode of inheritance with incomplete penetrance.
The disease tends to present in subsequent generations at younger ages (ge-
netic anticipation) [3,4]. The gene for familial idiopathic primary pulmonary
hypertension was recently identified on chromosome 2q33. Because this gene
is believed to cause defects in bone morphogenetic protein receptor 2
(BMPR-2) and may lead to abnormalities in vascular smooth muscle,
including uncontrolled proliferation [5-7], first-degree relatives of patients
who have idiopathic pulmonary hypertension should undergo clinical and
genetic screening. Genetic screening is available for detecting BMPR-2
mutations, although their absence does not rule out the disease [6].

Pathophysiology
General

Regulating pulmonary vascular tone is complex and represents a contin-
uous balance between dilator and constrictor stimuli. The vascular tone in
pulmonary hypertension is shifted to vasoconstriction, regardless of the
initiating event. Major advances in vascular biology have improved under-
standing of the adaptations that occur in pulmonary hypertension. Pediatric
pulmonary hypertension can be broadly divided into three categories: (1)
persistent pulmonary hypertension of the newborn (PPHN), (2) pulmonary
hypertension secondary to congenital heart disease, and (3) systemic ill-
nesses and idiopathic/familial pulmonary arterial hypertension (IPAH/
FPAH). PPHN often is associated with and contributes to hypoxic respira-
tory failure and is often reversible. The presentation and clinical course of
pulmonary hypertension associated with congenital heart defects and sys-
temic illnesses, such as sickle cell disease and systemic sclerosis, vary with
the underlying disease.

This article focuses on the mechanisms involved in PPHN and IPAH/
FPAH. Some alterations in vascular biology are common to all three cate-
gories and are discussed together. The transitional changes that occur at
birth and the growth of pulmonary circulation during early childhood
largely influence the response of the lung and pulmonary vasculature to in-
jury and disease process. These aspects of pediatric pulmonary hypertension
are distinct from the pulmonary arterial hypertension (PAH) seen in adults.
The nitric oxide (NO)—cyclic GMP (¢cGMP) system and prostacyclin—-cAMP
system are particularly active in the pulmonary circulation of neonates and
infants [8,9], and alterations in this pathway are important causes of pulmo-
nary vascular disease. A review of these two systems is important to
understanding the pathobiology of PAH.
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Perinatal transition in pulmonary circulation

The fetal pulmonary vascular resistance (PVR) is high and the lungs
receive only 5% to 10% of right ventricular output, with the remainder
moving across the patent ductus arteriosus to the descending aorta
[10,11]. The PVR decreases rapidly at birth accompanied by a 10-fold in-
crease in the pulmonary blood flow [10,11]. Prostaglandins and NO released
by pulmonary vascular endothelium are the key mediators in the vasodila-
tion that occurs at birth [12-14]. The influence of these dilator stimuli is op-
posed by several vasoconstrictors, such as endothelin-1, thromboxanes, and
products of the cytochrome P450 pathway [5].

Cyclooxygenase and NO synthase, the key enzymes in the transition of
pulmonary circulation, undergo developmental maturation during late ges-
tation and at birth [8,9]. The activity of these enzymes increases dramati-
cally in response to birth-related stimuli, with ventilation and oxygenation
having specific effects [16,17]. In addition, oxygen specifically stimulates
the activity of these enzymes by increasing the synthesis and release of
ATP from oxygenated red blood cells in the pulmonary circulation during
the perinatal transition [18,19]. NO is released (Fig. 1) as a byproduct of
the conversion of L-arginine to L-citrulline by endothelial nitric oxide syn-
thase (eNOS).

The biologic effects of NO are mediated by soluble guanylate cyclase in
the vascular smooth muscle, which promotes conversion of guanosine tri-
phosphate (GTP) to cGMP. The enzyme, phosphodiesterase-5 (PDE-5), cat-
alyzes breakdown of cGMP to limit the duration of vasodilation observed
with NO (see Fig. 1). Guanylate cyclase and phosphodiesterase undergo de-
velopmental maturation with marked increases in activity at term gestation
and early postnatal life [20,21]. Prostacyclin (PGI5,), synthesized in endothe-
lial cells from arachidonic acid and endoperoxides, stimulates adenylate cy-
clase-mediated conversion of ATP to cyclic AMP (cAMP) (see Fig. 1).
A cAMP-specific phosphodiesterase (PDE-3) catalyzes breakdown of
cAMP and limits the duration of vasodilator response to prostacyclin [22].

As shown in Fig. 1, increases in cGMP and cAMP levels in vascular
smooth muscle are associated with relaxation and vasodilation. The
cAMP-specific PDE is inhibited by cGMP, suggesting that synergy between
these complementary systems is possible in PAH therapy [15]. Within the
smooth muscle cell, the cyclic nucleotides activate specific protein kinases
to decrease the Ca++ influx into the cell and decrease the Ca++ sensitivity
of the contractile apparatus. In contrast, activation of signaling through the
Rho GTPases and Rho kinase increase the Ca++ sensitivity and stimulate
the contractile apparatus [15]. Current therapeutic approaches to pulmo-
nary vasodilation focus on increasing the intracellular levels of these cyclic
nucleotides through enhancing the availability of NO or prostacyclin; inhib-
iting the corresponding phosphodiesterases to preserve the biologic activity
of cGMP or cAMP; decreasing the effects of endothelin, thromboxane, and
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Fig. 1. Mechanism of endothelium-dependent vasodilation in the pulmonary artery. Endothe-
lial nitric oxide synthase (eNOS) and cyclooxygenase (COX) are stimulated by physiologic ag-
onists ATP and vascular endothelial growth factor (VEGF) and directly by oxygen and shear
stress. Nitric oxide (NO) and prostacyclin (PGI,) diffuse to vascular smooth muscle, where
they activate soluble guanylate cyclase (sGC) and adenylate cyclase, respectively, to increase
the levels of cGMP and cAMP. These cyclic nucleotides initiate smooth muscle relaxation. Spe-
cific phosphodiesterases (PDE) promote breakdown of the cyclic nucleotides. The arginine an-
alog, asymmetric dimethyl arginine (ADMA), superoxide (O,—), and endothelin (ET-1)
decrease NO release and cause vasoconstriction. NSAID, nonsteroidal anti-inflammatory
drug; PGIS, prostacyclin synthase.

other constrictors; and preventing quenching of NO by reactive oxygen spe-
cies, such as superoxide.

Persistent pulmonary hypertension of newborn

PPHN occurs when the fetal pulmonary circulation fails to adapt to the
normal postnatal circulation. PPHN is associated with persistence of high
PVR and associated right-to-left shunts at the patent foramen ovale or pat-
ent ductus arteriosus. Most infants who have PPHN also have coexisting
parenchymal lung diseases, such as meconium aspiration syndrome,
pneumonia or sepsis, or respiratory distress syndrome, whereas 20% are
classified as idiopathic. Case reports and epidemiologic studies suggest
that the significant association of prenatal exposure to nonsteroidal anti-
inflammatory drugs (NSAIDs) with resulting ductal constriction may cause
PPHN [23-25]. Analysis of meconium for prenatal exposure showed a high
prevalence of NSAID exposure in babies who had PPHN [26]. Ductal con-
striction in fetal lambs at near-term gestation (128-132 days of 145 days) has
been shown to reproduce the hemodynamic and structural features of
PPHN [27,28]. Investigation of altered vascular biology in this model
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showed a decrease in eNOS expression and NO release [29-31]. Studies in
babies who had PPHN reported a decrease in eNOS gene expression [32]
and levels of NO metabolites [33].

However, loss of NO availability only partly accounts for the impaired
vasodilation in PPHN. Pulmonary arteries from fetal lambs with PPHN
show an impaired response to NO [34]. Nearly 40% of babies with PPHN
experience poor response to inhaled NO therapy [35]. Studies in the ductal
ligation model have showed that an increase in oxidant stress impairs the
vasodilator responses [34]. In addition, alterations in the turnover of the
eNOS substrate, L-arginine, has been implicated in the impaired vasodila-
tion in PPHN [33,36]. Increased levels of asymmetric dimethyl arginine
(ADMA), a competitive endogenous inhibitor of NO release, have been
shown in PPHN [33], and decreased endogenous synthesis of arginine
from recycling of L-citrulline pathway has been shown in pulmonary hyper-
tension [33]. Downstream signaling for the NO-cGMP pathway, including
decreased guanylyl cyclase activity and increased PDE-5 activity that causes
increased breakdown of cGMP, has been shown in the ductal ligation model
of PPHN [37,38]. These data indicate that the adaptation in PPHN involves
down-regulation of vasodilator mechanisms at multiple steps along the NO-
c¢GMP pathway. A coordinated regulation of vasoconstrictor stimuli also
occurs with increased endothelin release [31] and oxidative stress, contribut-
ing to vasoconstriction and vascular remodeling.

Oxidative stress in pulmonary arterial hypertension

Increasing evidence shows that reactive oxygen species (ROS) participate
in pulmonary vasoconstriction and remodeling in PAH. Superoxide (02—)
is an oxygen free radical generated in pulmonary arteries in response to in-
creased pressure load [34]. The pulmonary vessels contain multiple sources
of superoxide, including xanthine oxidase, NADPH oxidase, and, in the
endothelial cells, uncoupled eNOS [38]. Superoxide is converted to hydrogen
peroxide by superoxide dismutases or to peroxynitrite by NO [38]. Both
hydrogen peroxide and peroxynitrite are diffusible and contribute to smooth
muscle hypertrophy and vascular remodeling [38,39]. Although the mecha-
nism of the ROS induction is not fully known, the vasoconstrictors endothe-
lin and angiotensin activate NADPH oxidase in the vascular smooth muscle
[38,39]. Although eNOS is commonly known as the source of NO, it releases
superoxide under some conditions [38]. Decreased availability of the sub-
strate arginine, co-factor tetrahydrobiopterin (BH4), and its chaperone
heat shock protein 90 (hsp90), can lead to uncoupled activity of eNOS
and release of O,— [40,41]. ADMA, an endogenous analog of arginine, com-
petes with arginine for binding with eNOS and can cause uncoupling of
eNOS (see Fig. 1). In pulmonary hypertension, ADMA levels increase be-
cause of its decrease clearance by the enzyme dimethylarginine dimethylami-
nohydrolase (DDAH), with a corresponding decreased availability of NO
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[36]. Mice with deficient BH4 synthesis develop pulmonary hypertension
and evidence of uncoupled eNOS activity and oxidant injury in pulmonary
vessels [42]. PPHN is associated with decreased eNOS—hsp90 interactions
and uncoupling of eNOS [41]. Superoxide dismutase improves the relaxation
response of pulmonary vessels to NO in vitro and improves the oxygenation
response and pulmonary vasodilation at birth in lambs with PPHN [43].

Idiopathic and familial pulmonary hypertension

The cause of idiopathic pulmonary hypertension in children is probably
diverse and, in most patients, remains poorly understood. The proximate
cause of vascular injury is difficult to identify because clinical recognition
of disecase often occurs after the process is fairly advanced. The initiating
events are therefore obscured by the adaptations that occur in response to
pulmonary hypertension. However, 6% to 12% of the patients who have
PAH have a family history of the disease and are classified as having familial
PAH, whereas the remainder can be classified as having idiopathic PAH
[44]. Regardless of the initiating event, the elevated pulmonary artery pres-
sure is caused by pulmonary vasoconstriction, obliteration of lumen in
arteries and arterioles, and plexiform lesions [44]. A concentric thickening
of pulmonary arteries occurs from intimal and medial hypertrophy and ex-
cessive proliferation of smooth muscle cells [44]. The plexiform lesions result
from monoclonal proliferation of endothelial cells [45], migration and
proliferation of smooth muscle cells, and accumulation of circulating mac-
rophages and endothelial progenitor cells [44]. Several initiating events
have been described in adults and children who have idiopathic and familial
PAH, including exposure to anorexigens [46], viral and bacterial infections
[47,48], and hypoxia [48].

Genetic basis of pulmonary hypertension

Most cases of familial PAH [48] and up to 22% of those involving chil-
dren who have sporadic IPAH [49] are associated with mutations in the
BMPR-2 gene. Currently, more than 50 loss-of-function mutations are
known to occur in the BMPR-2 gene [44]. BM PR-2 is a member of the trans-
forming growth factor B (TGF-B) superfamily of proteins and receptors
involved in regulating cell growth and differentiation. Bone morphogenic
proteins (BMPs) are ligands released by many cells, including vascular
endothelial cells and smooth muscle cells, that bind BMPR-I and -2,
leading to activation of downstream signaling molecules called S,,,s. The
BMP-S,,..4 signaling causes decreased proliferation and increased apoptosis
of vascular smooth muscle cells. In contrast, BMP-S, .4 signaling causes de-
creased apoptosis of endothelial cells to maintain the integrity of endothelial
barrier to proteins and lipids, helping to preserve pulmonary arteries that are
thin-walled with low resistance to flow. Loss of BM PR-2 in the signaling cas-
cade can potentially lead to endothelial injury, leakage of proteins into
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matrix, and hypertrophy of vascular smooth muscle (Fig. 2). The mutations
are acquired by an autosomal dominant inheritance. However, the mutant
alleles typically have a low penetrance and do not cause PAH unless ac-
companied by other gene mutations or environmental insult [48]. A loss of
wild-type allele from a somatic mutation sometimes occurs in the vascular
endothelium of plexiform lesions [50,51].

In addition to BMPR-2 mutations, altered gene expression in several
other signaling molecules involved in maintaining vascular tone have been
identified in IPAH. These include serotonin receptors and transporters,
activin-like kinase-1 (ALK-1) and endoglin, vascular voltage-gated K+
channels, and eNOS [52-54]. Exposure to anorexigens, infections, or hyp-
oxia may be the second hit or environmental stress that initiates vascular in-
jury [46-48]. This concept is supported by the fact that transgenic mice
expressing dominant—negative BMPR-2 gene in vascular smooth muscle,
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Fig. 2. Mechanism of pulmonary hypertension induced by loss of bone morphogenic protein
receptor 2 (BMPR-2) signaling through gene mutations. Bone morphogenic proteins (BMPs)
bind membrane receptors BMPR-1 and -2 and activate S,,,,4 signaling. Normally this signaling
inhibits vascular smooth muscle growth and promotes endothelial integrity. Loss of this signal-
ing leads to uncontrolled proliferation of smooth muscle cells and endothelial injury, which
leads to protein leak into matrix and further stimulation of smooth muscle growth. BMPR-2
mutant alleles have low penetrance and need another mutation in the signaling pathway or
environmental factor to initiate the injury and pulmonary artery hypertension.
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and heterozygous BM PR-2+/— knockout mice develop pulmonary hyper-
tension only in response to hypoxia [55].

In response to hypoxia or exercise, unaffected family members of patients
who have FPAH carrying BM PR-2 mutations show signs of abnormal vas-
cular function with larger increases in pulmonary artery pressure compared
with relatives who have no mutations and unrelated controls [56]. In re-
sponse to stress, endothelial progenitor cells from patients who have
BMPR-2 gene mutations show accelerated apoptosis compared with those
of adults who have no mutations [57]. An interaction of genetic vulnerability
with environmental factors is therefore required to initiate this disease. Once
injury is initiated, the vessels undergo progressive thickening from intimal
and medial hyperplasia.

Evaluation
General workup

Patients who have pulmonary hypertension should be evaluated to rule
out associated entities, such as congenital heart disease, lung disease, and
upper airway disease. The workup will also help determine the severity of
pulmonary artery pressure elevation. Finally, cardiac catheterization and
acute drug testing are important to determine the optimal pulmonary vaso-
dilator therapy.

Box 2 summarizes the specific workup. Laboratory studies include com-
plete blood count with differential, electrolytes, blood urea nitrogen, and se-
rum creatinine; liver function studies; collagen vascular serologies; thyroid
function studies; HIV studies; and brain natriuretic peptide levels. Radio-
graphic imaging studies include posteroanterior and lateral chest radio-
graphs and nuclear perfusion scan or spiral CT scan of the chest to rule
out pulmonary embolic disease. A two-dimensional echocardiogram will
rule out congenital heart disease, including both left-to-right shunt disease
and left heart obstructive disease. An echocardiogram can also estimate
the severity of the pulmonary artery pressure elevation and assess right ven-
tricular function. Additional workup, such as upper airway studies, sleep
studies, continuous oxygen saturation measurements, pulmonary function
studies, and coagulation studies, are typically performed and can be guided
by clinical suspicion.

Although some centers advocate performing quantitative pulmonary
wedge angiography at cardiac catheterization using a distal balloon occlu-
sion technique to provide additional information about the severity of the
pulmonary vascular disease, this maneuver is not performed routinely at
all centers. Other measurements have been applied to the angiograms gener-
ated by this technique to evaluate disease severity and progression. Specifi-
cally, Rabinovitch and colleagues [58] reported on the rate of taper,
background filling of the peripheral vessels, and circulation time.
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Box 2. Diagnostic workup for patients presenting
with pulmonary hypertension

Chest radiograph
Electrocardiogram
Echocardiogram
Cardiac catheterization with acute vasodilator testing
Complete blood count
Urinalysis
Liver studies
e Liver function studies
e Hepatitis profile
e Abdominal ultrasound
Collagen vascular studies
e Antinuclear antibody
e Rheumatoid factor
e Erythrocyte sedimentation rate
e Complement studies
Lung evaluation
e Pulmonary function studies with appropriate studies to
exclude obstructive lung disease
Sleep study and pulse oximetry
CT/chest MRI to rule out chronic pulmonary embolic disease
Ventilation—-perfusion scan
Lung biopsy
HIV test
Thyroid function studies
Hypercoagulable evaluation
Disseminated intravascular coagulation screen
Factor V Leiden
Antithrombin Il
Protein S
Protein C
e Anticardiolipin IgG/IgM
Stress test/6-minute-walk study
Toxicology testing for stimulants such as cocaine
and methamphetamine
Brain natriuretic peptide level

Cardiac catheterization and acute vasodilator testing

A cardiac catheterization study must be performed in patients diagnosed
with pulmonary hypertension. Acute drug testing is critical for assessing the
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pulmonary vascular reactivity and recommending an approach to pulmo-
nary vasodilator therapy.

Catheterization is typically performed using a general anesthetic with en-
dotracheal intubation in children, but can be also performed under deep se-
dation. General anesthesia often allows easier delivery of inhaled NO, which
is a very potent selective pulmonary vasodilator, although some systems
allow inhaled NO to be delivered without an endotracheal tube.

Saturations and pressures are obtained in the right heart chambers at
catheterization and initially under baseline conditions. Thermodilution or
the Fick principle measures pulmonary capillary wedge pressure and deter-
mines cardiac output. For accuracy, thermodilution requires the absence of
intracardiac shunts, and the Fick principle requires the measurement of ox-
ygen consumption rather than assuming a specific value. Blood gases are
then obtained from the pulmonary artery circulation and the systemic cir-
culation. Additional calculated variables are generated based on these mea-
sured variables, including transpulmonary pressure gradient, PVR, and
PVR index.

Once the baseline parameters are obtained, parameters are repeated with
the acute testing of medications to determine if pulmonary vascular reactiv-
ity is present. Various and multiple medications can be tested to determine
the presence or absence of reactivity. Before the advent of many current
medications, 100% oxygen was used. However, most laboratories use in-
haled NO to test pulmonary vascular reactivity because it is a potent and
selective pulmonary vasodilator. This drug can be tested at a concentration
of 20 and 40 ppm. Its effect on the pulmonary vasculature occurs within
minutes, and therefore repeat hemodynamic testing can occur within 5 min-
utes of delivery. Additional medications may also be tested in the catheter-
ization laboratory, including intravenous prostacyclin, intravenous
adenosine, oral sildenafil, oral nifedipine, or inhaled prostacyclin. Prostacy-
clin is given intravenously and started at 2 ng/kg/min. Its effect will also oc-
cur within minutes. The dose can be titrated by 2 ng until a beneficial effect
is noted or systemic hypotension occurs. In children, the latter will typically
occur in the 10 to 20 ng/kg/min range. Each medication does not need to be
tested in the laboratory to determine whether pulmonary vascular reactivity
is present; patients are unlikely to experience no response to inhaled NO but
an acute response to another medication listed.

Finally, an acute responder is a patient who, with acute drug testing,
experiences a 20% decrease in PVR with unchanged or increased cardiac
output. Any patient who experiences a lesser response is considered a
nonresponder.

Cardiac catheterization has risks, especially if the degree of pulmonary
hypertension is severe. Therefore, adequate sedation is necessary to mini-
mize stress and anxiety, and avoiding hypoxemia and hypovolemia is
critical.
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Management
General measures

The general care of children who have pulmonary hypertension is impor-
tant, because the usual childhood illnesses that are relatively benign for most
children can be devastating for those who have pulmonary hypertension.
Therefore, respiratory illnesses can worsen ventilation—perfusion mismatch-
ing and result in hypoxemia or atelectasis, and will worsen the degree of pul-
monary hypertension. Gastroenteritis can result in hypovolemia, which may
also have an untoward effect on already borderline cardiac outputs in
patients who have severe pulmonary hypertension. Similarly, fever can
increase metabolic demands and should be controlled. To prevent illness,
the usual regimen of immunizations is recommended, including annual in-
fluenza vaccination.

Anticoagulation

The efficacy of anticoagulation in children who have pulmonary hyper-
tension has not been established; its use is based on studies in affected adult
patients [59,60]. Before vasodilator agents were used, adults treated with
warfarin to maintain an international normalized ratio (INR) in the 2.3 to
3.0 range had a survival advantage. This therapy was initially prompted
by the observation of thrombosis in situ within the pulmonary vasculature
either on lung biopsy or autopsy. Whether the latter was a primary or sec-
ondary finding is unclear. Neither antiplatelet therapy with aspirin or dipyr-
idamole nor anticoagulation with heparin or enoxaparin seems to be as
effective in preventing thrombosis in situ in areas of low flow within the pul-
monary vascular bed. Therefore, the use of warfarin has been recommended
in children who have pulmonary hypertension. Its use requires frequent
blood sampling and dosage adjustments.

Vasodilator therapy

The use of pulmonary vasodilator agents is a rapidly evolving therapeutic
field. Multiple agents are currently available, many untested in children, and
newer agents are constantly introduced. This section reviews the currently
available vasodilator agents and presents a logical approach to therapy
based on the results of acute drug testing and the clinical presentation.

Historically, agents that relax the pulmonary vascular bed were postu-
lated to have potential use because progression in vascular remodeling
from medial hypertrophy to plexiform arteriopathy is noted in patients
who have pulmonary hypertension [61]. Medial hypertrophy relates to vessel
constriction, whereas plexiform arteriopathy is considered irreversible. Idio-
pathic pulmonary hypertension was believed to be initiated by increased re-
activity of pulmonary vessels and vasoconstriction that later progressed to
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fixed obstruction. Because it is difficult to determine at which stage a patient
may be in the disease process, acute drug testing is critical to guide chronic
therapy. Barst and colleagues [62] showed that acute pulmonary vasodila-
tion seems to be age-related, with the youngest patients best able to reverse
the degree of pulmonary hypertension. However, multiple studies suggest
that, even in the absence of response to acute drug testing, patients under-
going chronic vasodilator therapy experience enhanced survival compared
with historical controls [62,63]. Experts have postulated that pulmonary vas-
cular remodeling, even in the absence of a response to acute drug testing,
can occur over time with chronic pulmonary vasodilator therapy.

Calcium channel blockers

Patients who experience acute response in the catheterization laboratory
have been shown to respond to calcium channel blockers [62]. Therefore,
common practice in this setting has been to initiate a trial of oral calcium
channel blockers, usually nifedipine or diltiazem. However, initiating this
therapy without showing an acute beneficial response in the catheterization
laboratory is dangerous; a nonresponder can develop significant systemic
vasodilation and hypotension rather than selective pulmonary vessel
dilation.

Prostacyclin

Experts have postulated that an imbalance of thromboxane A, and pros-
tacyclin synthesis is operative in some forms of pulmonary hypertension, in-
cluding idiopathic pulmonary hypertension and the pulmonary
hypertension associated with congenital heart disease [64]. Several studies
have shown that long-term intravenous prostacyclin therapy is efficacious
in children and adults, improving survival and quality of life [65,60] in acute
responders and initial nonresponders. Experts have suggested that 5-year
survival in children who have idiopathic pulmonary hypertension who are
nonresponders may be higher than 80% (Fig. 3) [65].

However, continuous intravenous prostacyclin therapy has disadvantages
and potential side-effects. Dose-dependent side-effects include nausea, an-
orexia, jaw pain, diarrhea, and nonspecific musculoskeletal aches and pains.
In addition, the route of delivery (through central venous access) creates
a risk for complications, including line sepsis and venous thrombosis. Be-
cause of tachyphylaxis, the dose of the drug requires intermittent increases.
Finally, abrupt interruption of the medication can cause acute deterioration
in some patients and is rarely associated with a severe rebound increase in
pulmonary artery pressure and death.

Other prostacyclin analogs and routes of delivery
Seeking alternative routes for delivery of prostacyclin has obvious
advantages.
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Fig. 3. Kaplan-Meier curve of long-term prostacyclin therapy in children who had pulmonary
hypertension at The Children’s Hospital Heart Institute/Pediatric Heart Lung Center in Den-
ver, Colorado. PPH, primary pulmonary hypertension; CHD, congenital heart disease; CLD,
chronic lung disease; CTD, connective tissue disease; Liver, liver disease. (From Rashid A,
Ivy D. Severe paediatric pulmonary hypertension: new management strategies. Arch Dis Child
2005;90:92-8; with permission.)

Treprostinil. Treprostinil is a prostacyclin analog with similar hemody-
namic effects to epoprostenol but a half-life of 45 minutes. Currently, it is
primarily delivered subcutaneously, with some recent information suggest-
ing that it might also be used intravenously. The subcutaneous delivery
system is associated with pain and erythema at the delivery site. A recent
multicenter, placebo-controlled, randomized study has shown beneficial
effects on hemodynamics and exercise tolerance [67].

Iloprost. Initial trial results of the inhaled prostacyclin analog iloprost are
promising, showing improved symptomatology and quality of life [68]. Be-
cause it is delivered through inhalation, iloprost has the advantage of rela-
tive selectivity on the pulmonary vasculature without a significant effect on
systemic blood pressure. However, because it has a short half-life of 25 min-
utes, six to nine inhalations per day are required. Iloprost has been sug-
gested to benefit children who have acute lung injury by redistributing
pulmonary blood flow from nonventilated to ventilated lung regions,
thereby improving gas exchange and decreasing pulmonary shunt [69,70].

Beroprost. Few data are available on the oral prostacyclin analog bero-
prost. It has been used in Europe, but is not currently available in the
United States. It is a fast-acting medication with a half-life of 35 to 40 min-
utes. Its efficacy has not been tested [71].

The endothelin system

Endothelin is a potent vasoconstrictor peptide. The endothelins include
a family of vasoactive peptides: ET-1, ET-2, and ET-3. ET-1 is a very potent
vasoactive peptide. It is produced in the vascular endothelial cells and
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smooth muscle cells, and the two receptor subtypes, ET5 and ETg, mediate
its activity. ET o receptors on smooth muscle cells are involved in the vaso-
constrictor response, whereas ETg receptors on endothelial cells are in-
volved with release of NO or prostacyclin. These ETg receptors also act
as clearance receptors for ET-1 [83].

ET-1 expression is increased in the pulmonary arteries of patients who
have pulmonary hypertension, suggesting that inhibiting this axis might
be beneficial [83]. Bosentan is a dual ET receptor antagonist. Studies have
shown that it is effective in lowering pulmonary artery pressure and PVR
and improving exercise tolerance, while lengthening the time to clinical de-
terioration in adults who have pulmonary hypertension [72]. In addition,
children who have pulmonary hypertension associated with congenital heart
disease and those who have idiopathic pulmonary hypertension seem to ben-
efit from bosentan therapy [73]. Specifically, pulmonary artery pressure and
PVR improved in the latter group of patients.

Additional endothelin receptor blockers are being studied. Sitaxsentan is
a selective ET 5 receptor blocker that has the theoretical advantage of block-
ing the constrictor effect of the ET 4 receptor with little or no effect on va-
sodilator and clearance modalities of the ETy receptors. It has high oral
availability and long duration of action. One study showed that 12 weeks
of oral therapy resulted in beneficial effects on exercise capacity and hemo-
dynamics in patients who had idiopathic pulmonary hypertension, pulmo-
nary hypertension associated with connective tissue disorders, and
pulmonary hypertension associated with congenital heart disease [74,83].
Additional studies are investigating other endothelin receptor blockers
and their use for additional indications, such as pulmonary hypertension
after repair of congenital cardiac defects [75,76].

Combination therapy for pulmonary hypertension is a reasonable course,
especially when targeting multiple mechanisms of vasoconstriction. There-
fore, concomitant use of epoprostenol and bosentan can be considered, and
addition of bosentan to long-term epoprostenol therapy may allow a decrease
in dose of epoprostenol with consequent diminution in its side effects [77].

The phosphodiesterase-5 inhibitors

Sildenafil, a PDE-5 inhibitor, is new in its use as a pulmonary vasodilator
agent. Sildenafil causes an increase in cGMP levels, which have a role in
causing pulmonary vasodilation. Sildenafil is as effective as inhaled NO
and may be an oral analog of the latter [64,78]. Sildenafil has also been
shown to facilitate weaning of inhaled NO postoperatively or in the setting
of pulmonary hypertension and chronic lung disease [79-82].

Many anecdotal case reports document the benefit of sildenafil therapy in
children in various clinical settings, including idiopathic pulmonary hyper-
tension and pulmonary hypertension associated with chronic lung disease.
Figs. 4A and B depict data from our experience with a 4-month-old infant
who had severe chronic lung disease and severe pulmonary hypertension
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Fig. 4. (A4) Baseline hemodynamic measurements in a 4-month-old who had severe lung disease
and pulmonary hypertension associated with bronchopulmonary dysplasia. Monitoring includes
continuous measurement of arterial blood pressure, pulmonary artery pressure (PA), central ve-
nous pressure (CVP), systemic venous saturation (SVO,, measured continuously through oxi-
metric catheter in the pulmonary artery), and systemic arterial oxygen saturation (SPO,). (B)
Hemodynamic measurements in a 4-month-old infant 30 minutes after a single dose of oral sil-
denafil, 0.5 mg/kg. Note the significant decrease in pulmonary artery pressure with concomitant
increase in systemic venous oxygen saturation and systemic arterial oxygen saturation.

associated with bronchopulmonary dysplasia. This patient was continuously
monitored with measurements of arterial blood pressure, pulmonary artery
pressure, end-tidal carbon dioxide, pulmonary artery saturation (SVO,)
through an oximetric flow-directed pulmonary artery catheter, and pulse
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oximetry. A single dose of oral sildenafil resulted in a significant decrease in
pulmonary artery pressure and a concomitant increase in pulmonary artery
oxygen saturation and systemic arterial oxygen saturation. Although several
case reports and small series document the beneficial effects of oral sildenafil
therapy, a multicenter, placebo-controlled, double-blind study in children is
currently underway.

Summary and approach to vasodilator therapy

We suggest a vasodilator treatment strategy such as Rashid and Ivy [83]
describe, based on acute vasodilator testing in the catheterization labora-
tory (Fig. 5). For patients who experience acute response to inhaled NO
or epoprostenol, beginning a trial of calcium channel blockers is reasonable
and appropriate. Therapy with epoprostenol, treprostinil, or iloprost
should be considered for nonresponders who experience symptoms of right
heart failure with or without syncope; the choice depends on practitioner
preference and experience and varies based on each patient’s clinical situa-
tion and preference. In the absence of right heart failure, nonresponders
may be started on bosentan or sildenafil, although some practitioners
would also consider this group of patients for therapy with epoprostenol,
treprostinil, or iloprost, depending on the degree of pulmonary artery pres-
sure elevation. Finally, patients who undergo failed therapy with a calcium
channel blocker can be switched to any other agent. Although the choice of
agent is guided by symptoms, it may also be related to practitioner experi-
ence and comfort.

Digoxin

No data show the efficacy of digoxin in patients who have idiopathic pul-
monary hypertension [84]. In the absence of evidence, most practitioners use
digoxin in patients who have pulmonary hypertension and right ventricular

Response

( Acute Vasodilator
(INO/Epoprostenol)

Yes | { No

Trial of oral calcium Symptoms of right heart
channel blocker failure and/or syncope

\ Yes | { No
Bosentan
Epoprostenol Sildenafi
Treprostinil < lloprost
Treprostinil
lloprost Epoprostenol

Arrow depicts potential change in therapy

if clinical response is poor or incomplete

Fig. 5. Algorithm for treatment of pediatric pulmonary artery hypertension. (Adapted from
Rashid A, Ivy D. Severe paediatric pulmonary hypertension: new management strategies.
Arch Dis Child 2005;90:92-8.)
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dysfunction. Although whether digoxin has a role in patients who have pul-
monary hypertension and normal right heart function is even less clear,
many practitioners also routinely prescribe digoxin in this setting.

Diuretics

As with digoxin, diuretic therapy is used in patients who have right heart
failure. Although diuretics can be beneficial in this setting, hypovolemia
must be prevented because it can diminish cardiac output that may be bor-
derline at baseline.

Atrial septostomy

Exercise-induced syncope is presumably caused by systemic vasodilation
and an inability to augment cardiac output. Recurrent syncope in patients
who have pulmonary hypertension is concerning and is associated with
a very poor long-term prognosis [85,86]. Atrial septostomy can be life-saving
in the symptomatic patient who has severe pulmonary hypertension. Some
data suggest that the presence of a patent foramen ovale in patients who
have severe pulmonary hypertension may confer a survival benefit [87,88].
Specifically, the patent foramen ovale in this circumstance is believed to al-
low right-to-left shunting to maintain cardiac output, albeit at the expense
of arterial oxygen desaturation. Successful palliation of symptoms after cre-
ation of an atrial-level communication is well documented. Several reports
have documented significant clinical and hemodynamic improvement with
resolution of right heart failure and symptoms of syncope. Kerstein and col-
leagues [89,90] noted improved oxygen delivery, cardiac output, 1- and 2-year
survival rates, and quality of life. Our laboratory performs this maneuver
using a transseptal puncture technique followed by static dilation of the
atrial septum. The size of the balloon dilation catheter may vary. In a young
adult, a 15-mm balloon dilation catheter will typically result in adequate
atrial-level communication to decompress the right heart. In this circum-
stance, an arterial saturation range from high 80% to low 90% is desirable.

Lung transplantation

Lung transplantation may be offered to patients whose condition does
not respond to long-term vasodilator therapy and who continue to experi-
ence symptoms or right heart failure. Advancements continue to be made
in this arena, including the possibility of living-related lung transplantation,
with recent reports suggesting improved long-term survival and decreased
postoperative morbidity with this approach [91,92].

Newer approaches to treatment of pulmonary hypertension

Several promising therapies take advantage of improved understanding
of vascular biology in PAH. Recognition of oxidative stress as a major
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cause of vascular dysfunction has lead to the investigation of superoxide
dismutase (SOD) and its mimetics in experimental pulmonary hypertension.
Steinhorn and colleagues [43] reported that recombinant human SOD im-
proves oxygenation and pulmonary vasodilation at birth in lambs with
PPHN induced by prenatal ligation of ductus arteriosus. SOD also im-
proved the response to inhaled NO, suggesting that oxidant stress is a major
cause of high PVR and impaired response to NO. An alternate approach
is to reduce the oxidant stress from uncoupled eNOS with exogenous L-
arginine to overcome the inhibition of NOS by ADMA and other endoge-
nous arginine analogs [15]. Although L-arginine has been shown to improve
vascular function and endothelium-dependent vasodilation in hyperlipid-
emia, the role of this therapy in PAH either alone or in combination
with other drugs in the NO-cGMP system, such as sildenafil, has not been
investigated.

Although the long-term administration of inhaled NO is not practical in
IPAH/FPAH, the use of NO donors or nitrosothiols has not been tested in
clinical trials. Other potential approaches, including endothelin and angio-
tensin receptor blockers and inhibitors of Rho kinase, target the contractile
apparatus in vascular smooth muscle. Endothelin antagonists have been
studied as monotherapy in PAH, but combining this therapy with other
agents, such as PGI, and sildenafil, requires further study [45]. An inhaled
form of Rho kinase inhibitor has been shown to ameliorate pulmonary hy-
pertension induced by monocrotaline or chronic hypoxia in rats [93]. Statin
drugs that lower cholesterol have been shown to improve NO-dependent va-
sodilation and endothelial function in patients who have hypertension and
hyperlipidemias. Although these drugs are widely available and are logical
candidates to reduce vascular remodeling, they have not been studied sys-
tematically in PAH [94,95]. Bone marrow—derived endothelial-like progen-
itor cells have been shown to engraft and repair the damage in pulmonary
hypertension induced by monocrotaline in rats [96]. Gene therapy with in-
travenous infusion of syngenic smooth muscle cells loaded with vascular en-
dothelial growth factor or eNOS gene has induced reversal of pulmonary
hypertension in this rat model [97]. Gene therapy to selectively induce
smooth muscle cell apoptosis in this model using a novel signaling molecule,
survivin, has been shown to reverse established pulmonary hypertension in
rats [98]. Although extrapolation of these approaches to human PAH from
these animal models is not possible, they suggest future strategies to correct
vascular remodeling and decrease pulmonary artery pressure.

Prognosis and natural history of the disease

>

Until the “modern era,” marked by the use of pulmonary vasodilator
agents, the diagnosis of pulmonary hypertension in children carried an ex-
tremely poor prognosis. In the 1960s, before the use of epoprostenol, a series
of 35 patients who had primary pulmonary hypertension showed no
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Fig. 6. Kaplan-Meier survival curves comparing survival of patients treated with long-term
epoprostenol (Group 1, N = 31) with survival of patients for whom epoprostenol was indicated
but unavailable (Group 2, N = 28). The 1-, 2-, 3-, and 4-year survival probabilities for Group 1
were 100%, 94%, 94%, and 94%, respectively, compared with 50%, 43%, 38%, and 38%, re-
spectively, for Group 2 (P = .0002). (From Barst RJ, Maislin MS, Fishman AP. Vasodilator
therapy for primary pulmonary hypertension in children. Circulation 1999;99:1197-208; with
permission.)

survivors beyond 7 years from diagnosis, and 62% of the patients (22 of 35)
died within the first year after the onset of symptoms [85]. Similarly, in 1995,
the median survival in 18 children who had primary pulmonary hyperten-
sion was approximately 4 years (Figs. 6 and 7) [65,99]. Fig. 6 depicts the
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Fig. 7. Kaplan-Meier survival curves comparing survival of nonresponders treated with long-
term epoprostenol (Group 1, n = 22) with survival of nonresponders for whom epoprostenol
was indicated but unavailable (Group 2, n = 22). The 1-, 2-, 3-, and 4-year survival probabilities
for Group 1 were 100%, 100%, 92%, and 92%, respectively, compared with 45%, 34%, 29%,
and 29%, respectively, for Group 2 (P = .0005). (From Barst RJ, Maislin MS, Fishman AP.
Vasodilator therapy for primary pulmonary hypertension in children. Circulation
1999;99:1197-208; with permission.)
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survival curves of patients who had pulmonary hypertension treated with
epoprostenol compared with those for whom epoprostenol was unavailable,
and Fig. 7 shows the survival curves of nonresponders treated with epopros-
tenol compared with those for whom epoprostenol was unavailable. In both
situations the group treated with epoprostenol had a significant survival ad-
vantage at 1, 2, 3, and 4 years [65].

Better understanding of the pulmonary vasculature and the advent of tar-
geted therapies have improved the prognosis and altered the natural history
of the diseases. Studies in children who had severe primary pulmonary hy-
pertension treated with epoprostenol showed that intervention has a signifi-
cant impact, with survival rates of 80% to 90% up to 4 years after diagnosis
[65,83]. Future targeted and combination drug therapies are expected to
continue to impact this field of study. In addition, the drugs and delivery
modes described earlier are hoped to lessen the side-effects and complica-
tions of the therapy itself.

Summary

Understanding of idiopathic pulmonary hypertension, and pulmonary
hypertension in general, has progressed over the years. A more succinct un-
derstanding of the pathophysiology of this disease has elucidated its mech-
anisms and facilitated a rational approach to its management. This
approach has provided hope for patients who had a disease that was asso-
ciated with significant morbidity and mortality shortly after diagnosis. Med-
ications continue to evolve, providing this group of patients an improved
outlook. Newer medications, especially in oral form, will continue to be
developed and future studies will include combination medical therapy.
Finally, the genomic approach to the study of pulmonary hypertension,
including the identification of candidate genes, may allow manipulation of
selected genes, further the understanding of the pathobiology of pulmonary
hypertension, and allow this devastating disease to someday be prevented.
Although recent advances have provided more options, further work is
necessary to understand the role of the new treatment options and devise
a rational approach to this disease entity.
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The incidence of congenital heart disease (CHD) affects 1 in 100 live
births and is responsible for the majority of prenatal deaths [1,2]. The inci-
dence of moderate and severe forms of CHD is approximately 3 to 6 per
1000 live births [2]. Therefore, approximately 1% of the newborn popula-
tion have gross structural abnormalities of the heart, heart valves, or blood
vessels with functional significance. This figure is likely an underestimate,
because many common anomalies do not consistently present for specialized
care, such as undiagnosed patent ductus arteriosus, aortic arch anomalies,
bicuspid aortic valve, or small atrial or ventricular septal defects [2]. The se-
verity of anomalies range from simple persistence of fetal circulation (patent
foramen ovale, patent ductus arteriosus) to complex anatomic defects such
as transposition of the great vessels, single ventricle anomalies, hypoplastic
left heart syndrome, and the class of heterotaxy syndromes.

Although significant advances have been made in delineating the molec-
ular mechanisms and genetic basis of heart formation and CHD [3], several
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unanswered questions remain regarding the complexity and progression of
the disease. There are multiple known factors that can contribute to cardiac
malformations. In addition, cardiac defects are a component of a number of
genetic and phenotypic syndromes. Known causes include environmental
exposures, exposure to medications during gestation, maternal diseases,
chromosome disorders, and genetic factors. For the majority of children
who have CHD, the cause is idiopathic or unknown. Although chromo-
somal abnormalities such as Down syndrome (trisomy 21) are clearly asso-
ciated with CHD, particularly atrioventricular (AV) canal defects, the
genetics is complex, and indeed many children who have trisomy 21 have
normal hearts. Here the authors review the underlying mechanisms of heart
development, and the cellular and molecular factors contributing to CHD.

Heart development

Defining the basic mechanisms of heart development is essential to under-
standing how disruptions in cardiac formation lead to the onset of CHD
and provide insight into treatment. Heart development in vertebrates is an
organized series of molecular and morphogenetic events that involves five
primary steps: (1) migration of precardiac cells from the primitive streak
and assembly of the paired cardiac crescents at the myocardial plate, (2)
coalescence of the cardiac crescents to form the primitive heart tube, an
event that establishes the definitive heart, (3) cardiac looping, a complex
process that assures proper alignment of the future cardiac chambers, (4)
septation and heart chamber formation, and (5) development of the cardiac
conduction system and coronary vasculature [4,5]. Heart development in
humans begins at 15 to 16 days of gestation with the migration of precardiac
stem cells, which culminates in the development of the cardiac crescents or
“cardiogenic plates” that fuse into the single heart tube having an arterial
and a venous pole [4,6]. The first evident assembly of the mesoderm-derived
myocardial (or cardiogenic) plate is seen at 18 days, followed by initiation of
heart tube formation at 22 days.

Prior to and during looping, portions of the primitive heart tube undergo
cellular specialization along the anterior-posterior axis, giving rise to specific
segments that ultimately give rise to the chambers of the mature heart [4,7].
Segments of the heart tube differentiate and develop to consist of transitional
zones and intervening primitive cardiac chambers that include the sinus veno-
sus, sinoatrial ring, primitive atrium, AV ring encircling the AV canal, prim-
itive left ventricle, primary fold or ring, primitive right ventricle, outflow
tract ending at ventriculoarterial ring, and aortic sac (listed from venous to
arterial pole) [4]. The transitional zones will give rise to the septa, valves, con-
duction system, and fibrous heart skeleton. The AV ring encircling the AV
canal and the outflow tracts develop into endocardial cushions. At 23 days,
the primary heart tube then begins its rightward looping, which brings all
of the transitional zones together near the inner curvature of the heart tube.



BASIS OF CONGENITAL HEART DISEASE 991

By day 28 of development, the looping process is complete, which allows
cardiac septation and chamber formation to begin [4,6]. Septation takes
place at the atrium, ventricle (outflow tract), and arterial pole. During sep-
tation, the transitional zones are incorporated into the primitive chambers,
leading to formation of the definitive cardiac atria and ventricles. During
outflow tract septation, the outflow tract is lined on the inside by two endo-
cardial cushions: the bulbar (proximal) cushions give rise to the muscular
outflow tract septum, and the truncal (distal) cushions take part in semilu-
nar valve formation. Neural crest cells enter the heart during fusion of the
two cushions, in close contact with the myocardial cells, and begin to invade
the myocardium. The myocardium then develops into a working myocar-
dium and cardiac conduction system. After the proepicardium (PE) delam-
inates as a monolayer lining the myocardium, cells migrate from this lining,
becoming the coronary vascular system, which is necessary for nutrition and
oxygenation of the myocardium [4,8]. By day 49 of gestation, formation of
the definitive heart is complete.

Cellular mechanisms of heart development

The process of transforming a tubelike structure into a four-chambered
functional human heart requires a delicate balance of cellular growth, differ-
entiation, and apoptosis. Specific signaling pathways and genetic mecha-
nisms play a critical role in controlling these cellular processes and
ensuring proper embryonic heart development. Disruptions in these cellular
and molecular mechanisms often result in cardiac malformations and the
onset of CHD. Common problems include defects in cardiac looping, septa-
tion, and chamber formation. Below the authors discuss the organization of
specific cell types and their critical involvement in normal heart development.
The authors identify key molecular mechanisms that control these cellular
processes and introduce known mutations associated with human CHD.

Cardiac stem cells

Upon its appearance, the definitive heart essentially contains two primi-
tive cardiac cell types, the myocardium and endocardium, both of which are
derived from gastrulated precardiac mesoderm. These cells are capable of
further division and growth, which shortly results in development of the
working myocardium, and the endocardium. The remaining cell types of
the heart, including “cardiac” fibroblasts, and smooth muscle and endothe-
lial cells, which compose the coronary vasculature, concomitantly arise from
a small, transient organ on the dorsal thoracic wall, the PE. Cells from the
PE invade the newly developed definitive heart to form epicardium;
continued migration gives rise to the coronary vasculature, and the cardiac
fibroblasts, which ultimately become the predominant cell type in the heart.
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By the time neonatal and adult stages are reached, cardiac stem cells are
found within the heart. Although the origin of these cells is unclear, they
have been classified according to specific antigens expressed on the cell sur-
face [9,10]. For example, primitive progenitor and precursor stem cells ex-
press proteins v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene
homolog (c-Kit), ATP-binding cassette subfamily B member 1 (ABCBI1 or
MDRI1), and Sca-1 or caspase 3 (CASP3), whereas more differentiated cells
do not [9,10].

Before their assembly into a recognizably definitive heart, myocardial and
endocardial embryonic stem cells migrate within the precardiac mesoderm.
These spread anteriorly and outward from the primitive streak to give rise to
the bilateral cardiogenic plates of mesoderm [11]. Bone morphogenetic
protein (BMP) and Wnt-mediated signals have been identified as important
initiating factors that induce cardiomyocyte fate and activate the myocardial
gene program [5]. At this stage, the cardiogenic plates express cardiac spe-
cific transcription factor genes, including NK2 transcription factor related lo-
cus 5 (NKX2-5), GATA binding protein 4 (GATA4), serum response factor
(SRF), myocardin (MYOCD), and dickkopf homolog 1 (DKKI). Once the
primitive heart tube is formed, a cascade of genes is expressed in an anterior
(ventricular) and posterior (atrial) pattern, which helps regulate cellular pro-
cesses that control cardiac looping, mechanisms guiding left-right symmetry,
and chamber formation. When these genes are disturbed, there is insufficient
remodeling of the inner curvature, leading to deficient leftward movement of
the outflow tract over the AV canal that results in outflow tract abnormalities
(eg, double-outlet right ventricle with ventricular septal defect). Other genes
identified as important regulators of cardiac looping include MADS box tran-
scription enhancer factor 2 polypeptide C (M EF2C), heart and neural crest
derivatives expressed 2 (HAND?2), T-box 5 (TBX5), and NKX2-5 [5].

Endocardial cushions

Shortly after looping begins, the cardiac cushions begin to form, which
are the primordia of the valves and membranous septae of the adult heart
[12,13]. Endocardial cushions of the outflow tract contain mesenchymal cells
that derive from endocardium that has undergone a cellular process referred
to as endothelial-mesenchymal transformation (also called epithelial-mesen-
chymal transdifferentiation or transition [EMT])) [6,14]. Each segment of the
primordial heart tube consists of two epithelial cell layers, an inner endothe-
lium and an outer myocardium. The endothelial cells lining the AV canal and
conotruncal segments are functionally distinct in that a subset are specified
to delaminate, differentiate to mesenchymal cells, and migrate into the
underlying extracellular matrix (called cardiac jelly). Locally expanded swell-
ing of cardiac jelly and mesenchymal cells constitute the endocardial cushion
tissue. Morphological signs of the transdifferentiation process include
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hypertrophy, loss of uniform cell shape, cell detachment, and extension of
elongated cell processes into the adjoining extracellular matrix [14,15].

EMT within the AV regions and outflow tract of the developing heart is
absolutely required for generation of the endocardial cushion tissue. Studies
of avian valve development have demonstrated that a subset of endothelial
cells from the endocardium is activated by a complex signal secreted by the
myocardium [15,16]. The inductive signal causing EMT likely involves the in-
teraction of various components expressed in a temporal and spatial manner
during heart development. In the chicken, TGFB2 and TGF3 are secreted by
the myocardium and are present in the extracellular matrix, suggesting that
the inductive signal for EMT includes TGFB-signaling [16]. In addition, car-
diac endothelial cells that undergo EMT express TGFp receptor type 111
(TBRIII) and this may be a key mechanism regulating downstream TGFf
signaling in the target tissue [16].

In general, the molecular mechanisms regulating the selective expression
and secretion of specific genes during discrete stages of cushion formation
remain poorly understood. Differential patterns of gene expression within
subpopulations of the cushion mesenchyme likely determine the fate of
each cell in the developing heart, such as specification, delamination, prolif-
eration, apoptosis, transdifferentiation, migration, and matrix invasion [12].

Mouse gene knockout models have identified molecules required for
valve development that may function in endocardial cushion formation.
For example, the loss of neurofibromin 1 (NFI), mothers against decapen-
taplegic homolog 6 (SMADG6), and epidermal growth factor receptor
(EGFR) gene expression results in the formation of hyperplastic valves, sug-
gesting that these genes serve as negative regulators of valve proliferation
[17-19]. Furthermore, disruption of the retinoid X receptor alpha
(RXRa), hyaluronan synthase-2 (HAS2), endoglin (ENG), sex determining re-
gion Y-box 4 (SOX4), vascular endothelial growth factor (VEGF), or nuclear
factor of activated T-cells (NFATcl) results in the malformation or absence of
valve development, suggesting that the expression of these genes is necessary
for cardiac valve formation [20-25]. Other molecular markers of cushion de-
velopment include fibroblast growth factor (FGF), Dell, v-erb-b2 erythro-
blastic leukemia viral oncogene homolog 3 (ErbB3/HER3), friend of GATA
(FOQG), forkhead box (FOX), msh homeobox homolog (M SX), neuroregulin,
platelet-derived growth factor receptor (PDGFR), and Periostin [26,27]. Al-
though the expression patterns and valve phenotypes observed in mice defi-
cient for these genes are suggestive of an irreplaceable function, little is
known about their roles in regulating the cellular and molecular events of
the developing cushion mesenchyme during human cardiac development.

Proepicardium

Cells migrating from the PE contribute to the epicardium, which is essen-
tial for proper maturation of the myocardium, as well as for differentiation
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of cells comprising the coronary vasculature. The PE is a grapelike cluster of
cells that are located on the pericardial side of the septum transversum in
mammals, which lies directly dorsal to the developing heart [28]. The PE
becomes visible on the dorsal body wall adjacent to the AV canal of the
looped heart [8]. Each vesicle of the PE contains mesothelial cells that will
migrate toward the developing heart and give rise to a mesothelium or epi-
cardial monolayer that lines the myocardium of the heart. In avians, PE cells
migrate across a transient extracellular matrix bridge structure, which has
been termed the proepicardial organ (PEO), between the PE and myocar-
dium and migrate radially from the point of attachment. In contrast in
the mouse, clusters of cells detach from the PE and travel across the pericar-
dial space to the AV myocardium. Upon attachment, clusters flatten into
a monolayer and coalesce during initial epicardial formation. The epicar-
dium generates multipotent epicardial-derived cells that accumulate in the
subepicardial mesenchymal space that can undergo differentiation to cardiac
fibroblasts, endothelial cells, and coronary smooth muscle cells, which will
contribute to formation of the coronary vasculature. The epicardium also
seems to be the source of a majority of the mesenchymal cells in the subepi-
cardial space [8]. TBX5 has been shown to play an important role in proe-
picardial cell migration during cardiogenesis [29]. In addition, the
transcription factor serum response factor (SRF) regulates differentiation
of coronary smooth muscle cells from PE-derived vascular precursor
cells [30,31]. The Wilms tumor 1 (WTI) gene is another transcription
factor that regulates epicardial-derived cell function and differentiation of
the compact ventricular layer of the myocardium [28,32]. Furthermore,
thin myocardium syndrome is characterized by a mutation in W71, which
takes place in association with the impaired function of various genes
involved in epicardial development such as FOG-2, vascular cell adhesion
molecule 1 (VCAM-1), integrins, erythropoietin (EPO) and its receptor
(EPOR) [28].

Cardiac neural crest

The neural crest refers to a population of cells contained within the lead-
ing edge of the neural folds at the dorsal aspect of the developing spinal
cord that migrate to various tissues in the developing embryo in a species
and region dependent manner [11,33]. The neural crest is divided into two
broad regions called the cranial and trunk, based on their ability to give
rise to ectomesenchyme. Only the cranial neural crest has the capacity to
give rise to ectomesenchyme, which gives rise to the bone, muscle, and con-
nective tissue in the head. A subdivision of the cranial crest is defined as the
‘““cardiac neural crest region’ that forms the AP septum and smooth muscle
tunica media of the great vessels of the head and neck. The cardiac crest
originates from the middle of the otic placode to the caudal border of somite
3, corresponding to rhombomeres 6, 7, and 8. The cardiac crest may
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represent a transitional region between the cranial and trunk crest, because
it shares properties with both regions. For example, it generates ectomesen-
chyme like the cranial crest, and lacks the ability for regeneration like the
trunk.

Cells originating from the cardiac crest play an important role during
heart development by participating in the septation of the cardiac outflow
tract into the aorta and pulmonary trunk [11,34]. Several independent
groups have monitored the migration and fate of neural crest cells in avian
and murine models, often referred to as fate-mapping studies, to understand
their contribution to heart development. The cardiac neural crest cells mi-
grate through the pharyngeal arches and support development of the aortic
arch arteries. A subpopulation of these cells continue on to the heart by in-
vading the endocardial cushions of the cardiac outflow tract, in the form of
two advancing columns of cells that later fuse to form the septum that
divides the mature aorta from the pulmonary trunk [34].

A number of mouse models of CHD have been described, and many of
these include primary or secondary defects of the cardiac neural crest. An-
imal models indicate that cardiac neural crest development is influenced by
interactions between surrounding tissues including endothelium, pharyngeal
endoderm and ectoderm, and cardiac myocardium. Specific murine genes
have been implicated in cardiac neural crest development and include the
following families of genes: bone morphogenic proteins (ie, ALK2,
BMPRIla, BMPR2 and MSX2), transforming growth factors TGF32 and
perlecan, FGF8, the NOTCH receptor, Jagged (JAG), WNT, endothelins,
semaphorins, neurotropins, VEGFI165 and hypoxia-inducible factor 1 alpha
(HIF1A), transcriptional regulators (ie, SOX9, FOXC2, PAX3, NKX2-5,
snail homolog 1, and TBXI), and adhesion molecules (ie, neural cell adhe-
sion molecule 1, N-cadherin, and connexin-43) [34]. Unfortunately, genetic
mutations associated with disruptions in neural crest cell development that
are directly related to human CHD are poorly understood; however, pa-
tients who have DiGeorge, Alagille, and Noonan syndrome have congenital
heart defects that involve many structures influenced by cardiac neural crest
cells, and some of these genes are directly associated with these syndromes
(as described below).

Mechanisms associated with human congenital heart disease

CHD is the most common cause of infant deaths from birth defects; one
in three infants who die from a birth defect have a heart defect [2,35-37].
Despite its clinical significance, the etiology of CHD remains largely un-
known. Environmental risk factors for CHD have long been recognized, in-
cluding exposure to organic compounds, maternal alcohol abuse, prenatal
exposure to drugs, as well as conditions such as maternal diabetes, among
others [38-42]. Genetic risk factors also contribute to CHD, evidenced by
familial clustering, sibling recurrence risk, and the association of
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chromosomal abnormalities and clinical syndromes [38,43]. However, dis-
ease-related mutations in only a handful of human genes have been identi-
fied to date, contributing to just a small percentage of CHD. These
mutations and chromosomal aberrations show variable expressivity and
penetrance, and demonstrate that the disease cannot be explained by simple
Mendelian inheritance, but must arise through more complex mechanisms
[38,44]. Theories of multifactorial inheritance have long been proposed,
whereby multiple genetic factors, perhaps interacting with environmental
factors, combine to increase the risk for abnormal cardiac development
[43]. Thus future investigations to define the genetic contribution to these
malformations will likely require much larger populations to discover low
frequency causal mutations and to quantitate low effect relationships be-
tween higher frequency single nucleotide polymorphisms (SNPs) and disease
[45,46].

There are various molecular cascades that have been identified as playing
roles in the cellular mechanisms of heart development. Many of these
genetic pathways have been identified in various vertebrate model systems
such as mouse, chick, and fly. Because murine models have been recognized
as the closest mammalian equivalent for studies of human cardiac disease
[47-49], the similarity of genomes and ability to modify or genetically engi-
neer the mouse has led to its use in laboratory studies of CHD. As a result,
multiple genetic pathways have been identified that contribute to heart de-
velopment, and whose disruption results in phenotypes similar to CHD
seen in humans. Some of these genetic mechanisms are discussed below,
where focus is placed on genes in which human mutations have been iden-
tified and associated with CHD. The incidence and known mechanisms as-
sociated with human CHD are described below and summarized in Table 1.
For clinicians, an overview is provided in the following reviews [3,5,50-52].

NKX2-5

The NKX2-5 gene on chromosome 5q34 consists of two exons, which en-
code a 324 amino acid protein. This homeobox transcription factor is ex-
pressed during early cardiac morphogenesis and serves as a master
regulatory protein [53-55]. Because of its critical role in cardiogenesis,
NKX2-5 has been a prime candidate in studies to identify the genetic basis
of structural congenital heart defects. Mutations have been identified in
patients who have a variety of congenital heart malformations, including
atrial and ventricular septal defects, conotruncal abnormalities, and AV
conduction defects, among others [44,56-58]. NKX2-5 interacts with a num-
ber of different proteins and genes that also play critical roles in cardiovas-
cular development and perhaps in disease. In particular, studies indicate
that NKX2-5, GATA factors, and members of the T-box transcription
factor (TBX) family participate in a transcriptional regulatory relationship
during cardiogenesis [59-61].
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Types and incidence of human congenital heart defects

Incidence per

Defect 1000 live births [2] Gene association

VSD 3.57 NKX2-51[29,112], GATA4 [70,71], TBXS5
[64]

PDA 0.799

ASD 0.941 NKX2-5[57,113], GATA4[70,71], TBXS
[64,114], MYHC [115], ACTC [116]

AVSD 0.348 CRELDI [117]

PS 0.729

AS 0.401

CoA 0.409

TOF 0.421 NKX2-5 [58], JAGI [118]

d-TGA 0.315 CFCI [119], ZIC3 [120]

HRH 0.222

Ticuspid atresia 0.079

Ebstein’s anomaly 0.114

Pul atresia 0.132

HLH 0.266 NKX2-5 [44,113]

Truncus 0.107

DORV 0.157 CFCI [119], NKX2-5 [44]

SV 0.106

TAPVC 0.094

All cyanotic 1.391

All CHD* 9.596

BAV 13.556 Notchl [121]

Syndromes

Alagille rare JAGI [122]

Char TFAF2B [123]

DiGeorge 14.1 Chomosome 22q11.2 [124], TBX1 [125]

Holt-Oram 0.95 TBXS5 [126]

Jacobsen 1 Chomosome 11q [127]

Noonan 40 PTPNII [128]

Williams® 13.3 Chomosome 7q11.23 [129]

Trisomy 13 3.44 [130]

Trisomy 18 14.2 [130]

Trisomy 21 100 [131]

Abbreviations: AS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal
defect; BAV, bicuspid aortic valve; CoA, coarctation of the aorta; DORV, double-outlet right
ventricle; d-TGA, complete transposition of the great arteries; HLH, hypoplastic left heart;
HRH, hypoplastic right heart; PDA, patent ductus arteriosus; PS, pulmonary stenosis; SV,
single ventricle; TAPVC, total anomalous pulmonary venous connection; TOF, tetralogy of
Fallot; VSD, ventricular septal defect.

? Not population study.

® Up to 70% of patients have cardiovascular defects [132].
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T-box transcription factors

Members of the TBX family also play a role in cardiac development, and
mutations in some 7BX genes are directly associated with CHD. For example,
TBX5isamember of the TBX factor family and has a critical role in early fore-
limb and cardiac morphogenesis [62,63]. The gene maps to chromosome
12g24.1 and consists of nine exons. Germ-line 7BX5 mutations have been im-
plicated in Holt-Oram syndrome (HOS), an autosomal-dominant disorder
characterized by upper limb malformations and cardiac septation defects
[53,64,65]. TBX5 has been shown to interact with NKX2-5 on a molecular
level, and the two different types of transcription factors are thought to syner-
gistically induce cardiac development [66,67]. Because of its complex regula-
tion during normal heart development and its ability to partner with other
cardiac transcription factors, 7BX5 is considered a strong candidate gene
for understanding the genetic causes of congenital heart defects.

TBXI is another member of the T-box transcription factor family linked
to human syndromes with CHD [5]. A high percentage of patients who have
conotruncal defects carry a 22q11 deletion, a region commonly deleted in
DiGeorge syndrome. The gene TBX! is contained within this commonly
deleted region and has been strongly implicated as a major contributor to
DiGeorge syndrome. Interestingly, 7BX1 is not expressed in neural crest
cells, but is expressed by pharyngeal endoderm, so TBX/ may indirectly
affect neural crest cell maturation. Although the etiology of the disease is
unclear, other genes on 22q11 that are deleted in DiGeorge syndrome likely
play a direct or indirect role in contributing to the disorder.

GATA4

Mouse and human data demonstrate that the zinc finger-containing
transcription factors GATA-4/5/6 play critical roles in cardiovascular devel-
opment [68]. GATA4 interacts directly with NKX2-5 via the homeodomain
of NKX2-5 and the zinc finger domain of GATA4, and is thought to regu-
late genes involved in embryogenesis and in myocardial differentiation and
function [60,69]. GATA4 has also been demonstrated to form a complex
with TBXS that if disrupted can lead to CHD [70]. Mutations in GAT A4
have been identified in multiplex families to associate with septal defects
[70-72].

Jagged 1

In addition to TBX 1, the Jagged-1 (JAG ) gene has been clearly indicated
to be associated with human CHD, although the expressivity of the disease
is highly variable. Cardiac manifestations include abnormalities of the
pulmonary vasculature, tetralogy of Fallot, atrial and ventricular septal
defects, aortic stenosis, and coarctation of the aorta [73,74]. JAGI is found
to be mutated in approximately 94% of patients who have Alagille
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syndrome, and encodes a protein for one of the five known ligands of the
Notch signaling pathway [74,75]. The mechanism of how JAG1 mutations
disrupt Jagl-Notch signaling and cause CHD is unknown, but there is
some suggestion that functional haploinsufficiency is a possible mechanism
[74,76].

Vascular endothelial growth factor/[NFATcl signaling

NFATcl (or NFAT?2) belongs to a family of calcium-sensitive transcrip-
tion factors activated by calcineurin-dependent dephosphorylation that
play important roles in human development [77,78]. Four NFATc genes
have been identified, NFATcl through ¢4, but only NFATcl has a restricted
pattern of expression in endocardial cells destined to the valve. Activation of
NFATcl protein results in exposure of nuclear localization sequences and
translocation to the nucleus. Once nuclear, NFATcI interacts with other
transcription factors, including activator protein-1 (AP-1), nuclear factor-xB
(NF-kB), and GATA4 (described above) to form regulatory complexes on
DNA and control transcription.

NFATcl is absolutely required for heart valve formation. This role was
first discovered when null mutant mice lacking NFATcl gene expression
failed to form aortic and pulmonary valves, resulting in embryonic death
by day E13.5 [22,24,79]. These findings are consistent with recent studies
demonstrating that valve malformation in the NFATcI~'~ mouse embryo
results in abnormal circulatory flow patterns and not primary myocardial
dysfunction [79]. Although the NFATcl gene has not been directly associ-
ated with human CHD, mouse defects associated with loss of NFATcl
function are similar to clinical cases of human CHD that have cardiac valve
malformations [80]. Furthermore, gain-of-function germ-line mutations of
the human protein tyrosine phosphatase, nonreceptor type 11 (PTPNI11)
gene that cause Noonan syndrome, a human development disorder with
CHD present in approximately 85% of the cases, have been shown to dis-
rupt Ca>" oscillatory control and impair NFAT signaling [81]. This suggests
that although NFATcl mutations have not been identified in patients who
have CHD, other genetic mechanisms directly associated with CHD, such as
PTPNII and GATA4, might contribute to the development of congenital
heart abnormalities by disrupting NFATcl function. Therefore, a thorough
knowledge of NFATc] activation and function is important to understand-
ing its potential role in CHD.

VEGEF is an upstream regulator of calcineurin signaling and NFATcl
activation in the valve, resulting in increased proliferation of human pulmo-
nary valve endothelial cells [82]. VEGF plays multiple roles in cardiac devel-
opment. Disruption of VEGF expression is embryonic-lethal, caused by
chamber malformations, septation defects, and underdeveloped endocardial
cushions [83-85]. Normal cardiac valvular formation depends on not only
the appropriate timing of VEGF expression [86], but also on the correct level
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of VEGF expression during development [83,84,87,88]. Recent work demon-
strated failure to develop coronary arteries when quail embryos were ex-
posed to VEGF-Trap at E6 or E7 [89], further supporting the hypothesis
that VEGF must be finely regulated.

VEGF/NFATcl signaling may be an important event during early
stages of valve development, by promoting the proliferation of endothelial
cells in the endocardial cushions. As a transcription factor, NFATc1 sig-
naling likely leads to regulated expression of downstream target genes re-
quired for valve formation. Endothelin-1, tissue factor (7F) and the Down
syndrome critical region 1 (DSCRI) have been identified as possible gene
targets of NFATcl in endothelium [90-93], but transcriptional targets of
NFATcl in the valve are not well-defined. Autoregulation of NFATcl
may be required for maintaining high NFATclI expression in pro-valve en-
docardial cells [94]. Furthermore, NFATc signaling in the myocardium
was shown to initiate heart valve morphogenesis at E9 by repressing
VEGF expression, which is followed by NFATcl1 playing a direct role in
perpetuating the remodeling of the valvular leaflets at E11 [91]. This sug-
gests that negative feedback control of VEGF/NFATcl signaling might
exist through NFATc-mediated repression of VEGF expression. In addi-
tion, negative regulators of VEGF/calcineurin/NFATcl signaling in the
valve might be effective modulators of valve morphogenesis. For example,
cellular inhibitors of calcineurin phosphatase, as well as protein kinases,
have the ability to block NFATc1 phosphorylation and nuclear transloca-
tion [77,78]. Interestingly, the authors recently found that the ligand-
activated nuclear hormone receptor peroxisome proliferator activated
receptor gamma (PPARY) is a negative regulator of VEGF signaling
and NFATcl activation in human pulmonary valve endothelial cells
[95], suggesting that PPARY may be another important regulator of cush-
ion development.

Diagnostics and therapeutics
Surgical intervention in neonates

Advances in anesthesia, echocardiography, and interventional catheteri-
zation techniques, along with the increased availability of prostaglandins
in recent years, have resulted in significant modifications in the treatment
of patients who have complex CHD in the neonatal period. Major trends
include a shift to early primary and complete repair of complex defects
(ie, transposition of the great vessels, interrupted-arch ventricular septic de-
fect [VSD], congenital aortic stenosis, truncus arteriosus, tetralogy of Fallot
with pulmonary atresia) and more aggressive palliation of the most complex
single ventricle complexes, such as hypoplastic left heart syndrome and pul-
monary atresia with intact ventricular septum. Understanding the genetic
contributions to these disease processes may lead to early diagnosis in
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some cases, and to more informed counseling and preparation for the team
and family embarking on neonatal cardiac surgical intervention.

Fetal intervention (in utero)

Surgical fetal interventions for CHD have been described [96]. Particular
interest is currently focused on balloon dilation of the congenitally stenotic
aortic valve annulus in some variants of hypoplastic left heart syndrome
[97]. Fetal procedures have yet to demonstrate equivalent or improved out-
comes compared with neonatal procedures. Nonetheless, intervening while
on placental support and during a period of continued plasticity of develop-
ment has numerous theoretical advantages. It has become clear that success-
ful outcomes in fetal intervention in utero are absolutely dependent upon
accurate prenatal diagnostics, clear understanding of developmental biology
and fetal physiology, and patient selection. Understanding the genetic con-
tributions to CHD combined with improvements in prenatal diagnostics will
be critical to future success in this arena.

Microarray analysis

Microarray analysis has served has a useful tool to obtain a genetic pro-
file of CHD. Genetic testing typically has required multiple affected family
members or syndromic features. The technique of microarray analysis has
been applied to CHD and other cardiovascular diseases [98]. A number of
genes previously not associated with CHD were identified as being differen-
tially expressed (either upregulated or downregulated) in disease. Recently,
microarray analysis was used to identify genes expressed that contribute to
the right ventricular hypertrophy and stunted angiogenesis in patients who
had tetralogy of Fallot [99]. The specific roles of genes necessary for devel-
opment need to be further delineated.

Gene therapy

Genetic therapies remain a process for laboratory development. Delivery
of the correct gene may be done with nonviral or viral vectors [100]. These
methods may lead to cytotoxity and do not necessarily correct the defect.
Intracardiac injection of viral vectors did arrest cardiomyopathies in ham-
sters that would normally progress [101]. Ideally, a specific genetic defect
would be corrected in the developing embryo. Modification of the heart
has been possible in Xenopus embryos. By overexpression of conditional
dominant-interfering eomesodermin (EOMES), hypoplastic left heart syn-
drome was created. Conversely, overexpressing the activity of a different
EOMES led to increased heart size [102]. This technique demonstrates
promise, yet little work has been performed in mammalian models. With
this new capability, the development and potential treatments of HLHS
and its variants will become more evident.
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Stem cell therapy

Cardiac transplantation and surgical interventions are the most common
treatments for end-stage heart failure; however, these procedures are con-
strained and complicated by the limited number of available donor organs
and the lack of suitable autologous tissue to restore the injured heart.
Thus, the development of new therapeutic approaches is necessary to ad-
vance the morbidity and mortality rate of patients who have heart failure.

Cell-based therapies using adult or embryonic stem cells constitute an ex-
citing future approach for the treatment of CHD. As mentioned earlier, the
embryonic heart, and perhaps even the adult heart, are self-renewing in the
sense that they may contain primitive cardiac stem cells that may differenti-
ate to form myocytes, smooth muscle cells, and endothelial cells [9,10].
Although present in exceedingly small numbers, the future ability to isolate
cardiac stem cells for ex vivo amplification would have important implica-
tions toward understanding myocardial homeostasis, cardiac aging, and tis-
sue repair. More importantly, amplification would provide a valuable source
of cells for tissue engineering.

Stem cell treatment has promising therapeutic potential. Mouse embry-
onic stem cells have been cultured and induced to differentiate into cardio-
myocytes [103]; however, because of several issues, including immune
rejection, potential for teratoma, and the inability to demonstrate reproduc-
ibly pure and stable cardiac grafts in transplanted rodent hearts, embryonic
stem cell use in humans remains an experimental area that has considerable
challenges. By contrast, the use of adult stem cells for clinical purpose is
currently underway. Putative endothelial and cardiomyocyte precursor cells
from adult bone marrow have been isolated and injected into patients [100].
Also, mesenchymal stem cells have been injected directly into infarction sites
or transfused as a blood product [104]. These cells find their way to the in-
farction site and appear to engraft in the injury site; however, the engraft-
ment does not appear to be long-term. In addition, the politics and ethics
surrounding human stem cell research are major challenges that need to
be resolved before significant advancements are made.

Tissue engineering

The primary obstacle of stem cell therapy is the limited source of cells
with the pluripotent potential to give rise to all cardiac cell types; however,
stem cell technologies coupled with tissue engineering may provide a useful
and plausible solution. Cardiac defects specific to the valve are the most
common form of CHD, affecting 25% to 30% of patients who have CHD
[2,12]. For many patients who have valvular disease, replacement of the dis-
eased native heart valve with animal, mechanical, or synthetic tissue valve
substitutes is required. Despite significant advances in valve replacement
surgery, these substitute valves are prone to thrombosis and calcification,
and often fail postoperatively because of progressive deterioration, thus
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requiring additional surgical intervention. Furthermore, major congenital
malformations present significant challenges to pediatric cardiologists and
cardiac surgeons, because children who require valve replacement procedures
typically “outgrow’ the replacement valve as they develop. Consequently,
various efforts are underway to generate autologous, tissue-engineered heart
valves that are functional, viable, and have the potential to grow with the
child through adulthood.

Remarkably, many of the tissue-engineering achievements with blood ves-
sels and valves have been made without a thorough understanding of the bi-
ology of native valve tissue [105,106]. One of the first successful attempts to
tissue-engineer autologous semilunar heart valves involved the use of mesen-
chymal stem cells isolated from the bone marrow of sheep, which were seeded
onto a biodegradable scaffold and then implanted back into sheep for a period
of longer than 4 months [107]. The valves were functional and underwent ex-
tensive remodeling in vivo to resemble native heart valves, suggesting that
stem cell-derived, tissue-engineered heart valves may be a real alternative
form of therapy in the future for patients who have CHD in need of heart valve
replacement. Unfortunately, technical challenges such as difficulties associ-
ated with re-endothelialization of the valve conduit have limited progress
and advancement in the field of tissue-engineering [108]. A long-term goal
of future studies is to develop novel tissue-engineering strategies for produc-
tion of improved cardiac valve substitutes. Addressing such tissue-engineering
challenges will require a fundamental knowledge of the molecular and cellular
mechanisms regulating cardiac valve development.

Adult congenital heart defects

It should be noted that because of the advances in treatment of children
who have even the most complex forms of CHD, these patients are now sur-
viving into adulthood. As a direct consequence, there is an increasing num-
ber of adults who have moderate or severe forms of CHD. The population
of adults with CHD is expected to increase by 5% each year [109—-111], and
Hoffman and colleagues [110] suggest that 320,000 to 600,000 adults are in
need of specialized care now. Competent care requires an in-depth under-
standing of the molecular and cellular basis of CHD and the altered phys-
iology that results from surgical correction [111].

Summary

The cellular and molecular basis of CHD is an evolving area of rapid dis-
covery. This brief overview has introduced the basic mechanisms underlying
cardiac development and CHD in order to permit a clear understanding of
current diagnostics and therapeutics and their future development. It is clear
that although significant advances have been made in understanding mech-
anisms controlling heart formation, the direct causes of CHD remain poorly
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defined. Future studies that delineate the complexity of these mechanisms
are required to provide a comprehensive understanding of the etiologies
of CHD. Such understanding will lead to the development of novel ap-
proaches to prevention and therapy.
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Blood pressure, the product of cardiac output and peripheral vascular re-
sistance, follows a circadian rhythm and is altered by numerous circulating
and local substances and by many physiologic events (Fig. 1) [1,2]. During
the course of the 24-hour day, systolic blood pressure varies considerably
[3]. Tt is hardly surprising, then, that the factors controlling blood pressure,
including its molecular determinants, are complex. With infants, children,
and adolescents increasingly being identified with elevated blood pressure,
considering different aspects of pathogenesis has become ever more impor-
tant for pediatricians.

Why do children develop hypertension? Clearly, some have definable
causes, which may include monogenic forms of hypertension, although these
are rare [4]. It has become clear that many children have primary (essential)
hypertension. Simplistically, their blood pressures become elevated when
those factors that control cardiac output or peripheral vascular resistance
are altered, resulting in hypertension [4]. Classically, cardiac output is deter-
mined by stroke volume, the condition of the cardiac muscle, the sympa-
thetic nervous system, and local vasoactive factors within the heart,
kidneys, and vasculature [5,6]. Peripheral vascular resistance is determined
by vascular tone, circulating factors, and nerves. All of these variables are
affected by afferent input from the brain, kidneys, and other organs. The
number of genes, signaling pathways, and systems that are involved in blood
pressure regulation is enormous, and dissecting those factors that are most
important in hypertension has proven challenging. This article briefly con-
siders molecular mechanisms of hypertension in those several conditions
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Fig. 1. A number of physical, environmental, genetic, and hormonal factors act together to
influence both cardiac output and peripheral vascular resistance.

in which mutations in a single gene give rise to hypertension and then con-
siders the contribution of these and other genes to essential hypertension.

Monogenic forms of hypertension

Specific mutations in a small number of genes have elucidated abnormal-
ities in several forms of heritable hypertension, because the aberrant gene
product or function leads to a specific and definable cause of hypertension
in each case. Such conditions, classified as monogenic hypertension, often
are associated with severe elevations in blood pressure, frequently presenting
early in childhood [7,8].

Positional cloning (in the past called “‘reverse genetics’) has been success-
ful in leading to the discovery of genes that are mutated in these disorders
[9-11]. Using this approach, informative pedigrees with a large number of
family members are phenotyped, and the mode of inheritance is analyzed
(autosomal recessive, dominant, sex-linked, codominant, and so forth).
Linkage analysis then can be performed with microsatellite markers or other
highly polymorphic genetic markers that are evenly spaced throughout the
genome (at approximately 10-cM intervals). Because about 70% of people
are heterozygous, allele inheritance can be followed through large pedigrees.
If a linkage study is successful, a specific chromosomal region in the genome
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is found to be linked to the trait being studied. The LOD (logarithm of the
odds) score is used to describe such a region as present or absent. An LOD
score greater than 3.3 (corresponding to a genomewise significance level of
4.5 x 107°) generally is considered significant [10]. A search for known
genes of interest can begin following discovery of a relevant chromosomal
region.

Because several types of monogenic hypertension are associated with low
plasma renin levels or activity, profiling renin levels or activity against
sodium excretion can be invaluable in directing a patient’s hypertension
evaluation. Table 1 lists the best-characterized forms of monogenic
hypertension, each of which is considered briefly. Children and adolescents
with hypertension who have a suggestive family history, severe hypertension
from an early age, or hypertension that is difficult to control should be eval-
uated for monogenic hypertension.

Glucocorticoid-responsive aldosteronism

In the late 1960s Sutherland and colleagues [13] and New and coworkers
[14] observed that some hypertensive patients who had increased aldoste-
rone secretion and suppressed renin levels improved when they were given
dexamethasone. (See Online Mendelian Inheritance in Man [OMIM]
#103900 at http://www.ncbi.nlm.nih.gov/Omim.) A large number of af-
fected families with this condition [15-20], now known as glucocorticoid-
responsive aldosteronism or GRA, have been reported. The hypertension
in this disease is attributable to the effects of a chimeric gene (fusion of
the 11 B-hydroxylase and aldosterone synthase genes by way of an unequal
crossing-over event) [21,22], which results in stimulation of aldosterone syn-
thesis by corticotropin rather than by angiotensin II or potassium. Aldoste-
rone synthesis and secretion in people who have GRA is generally high
[20,23-25], with resultant salt and water retention and plasma volume
expansion.

Urine and plasma (or serum) aldosterone levels are often but not invari-
ably elevated in GRA. Because the protein product of the chimeric gene
converts cortisol to 18-hydroxy and 18-oxo metabolites, these can be mea-
sured in urine [26-29]. In people who have this condition the urinary levels
of 18-Ftetrahydrocortisol (TH180x0oF) and 18-hydroxycortisol are high,
and the ratio of THI18oxoF/urinary tetrahydroaldosterone (THAD) is
increased. Genetic testing is both sensitive and specific in this disorder.

GRA should be considered as a potential cause of hypertension if a child
who has elevated blood pressure has a family history of severe resistant es-
sential hypertension or if family members have had serious cardiovascular
events, such as stroke and myocardial infarction, early in life. A case series
that reviewed the findings in 20 children who had established GRA indi-
cated that 16 were hypertensive, some as early as the first month of life
[30]. The 4 children who were not hypertensive were diagnosed in the course
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Table 1

Monogenic forms of hypertension

Signs and Sx

Hormonal findings

Mutation

Genetics

Comment

Steroidogenic enzyme defects
Steroid 11B-hydroxylase
deficiency

Steroid 11a-hydroxylase/
17, 20-lyase deficiency

Dexamethasone-suppressible
hypertension
Glucocorticoid-

remediable
aldosteronism (GRA)

| PRA and aldo; high
serum androgens/urine
17 ketosteroids; elevated
DOC and 11-
deoxycortisol

|l PRA and aldo; low
serum/urinary
17-hydroxysteroids;
decreased cortisol;

i corticosterone (B) and
DOC in plasma; serum
androgens and estrogens
very low; serum
gonadotrophins very high

Plasma and urinary aldo
responsive to corticotropin;
dexamethasone
suppressible within 48 hr;
urine and plasma 18OHS,

18-OHF, and
18 oxoF

CYP11BI mutation
(encodes cytochrome
Pys5011B/18 of ZF);
impairs synthesis of
cortisol and ZF
17-deoxysteroids

CYP17 mutation (encodes
cytochrome P450C17)
impairs cortisol and sex
steroid production

Chimeric gene that is
expressed at high level in
ZF (regulated like
CYPI11B1) and has
18-oxidase activity
(CYP11B2 functionality)

Most cases are autosomal
recessive
Adrenal: Zona fasciculata

Adrenal: zona fasciculata;

Gonadal: interstitial cells
(Leydig in testis; theca in
ovary)

Adrenal: abnormal
presence of enzymatic
activity in adrenal ZF,
allowing completion
of aldo synthesis from
17-deoxy steroids

Hypertensive virilizing CAH;

most patients identified by
time they are hypertensive.
Increased BP may also
occur from medication side
effects

CAH with male

pseudohermaphroditism;
female external genital
phenotype in males;
primary amenorrhea in
females

Hypokalemia in sodium-
replete state
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Apparent mineralocorticoid
excess
AME

Non-steroidal defects
Liddle’s syndrome

Pseudohypoaldosteronism
II — Gordon syndrome

Hypertension and
brachydactyly

fi plasma corticotropin and
secretory rates of all
corticosteroids; nl serum F
(delayed plasma clearance)

Low plasma renin, low or
normal K™; negligible
urinary aldosterone

Low plasma renin, normal
or elevated K™

Short metacarpals, short
stature, hypertension

Mutation in 11OHSD
type 2

Mutations in the epithelial
sodium channel, ENaC

Mutations in WNKI1 or
WNK4

1 plasma F bioact in
periphery (F—E) of

bi-dir. 11BOHSD or slow

clearance by 5 o/B
reduction to allo
dihydro-F

Autosomal dominant ENaC
channel is constitutively
active in this disorder

Autosomal dominant

Linkage to chromosome 12p Autosomal dominant

Cardiac conduction
changes; LVH, vessel
remodeling; some calcium
abnormalities;
nephrocalcinosis; rickets

Responds to triamterene,
other distal agents,
low-salt diet

Responds to thiazides

7

Abbreviations. B, corticosterone or Compound B; bi-dir, bidirectional; bioact, bioactive; CAH, congenital adrenal hyperplasia; DOC, deoxycorticosterone;
F, cortisol, or Compound F; LVH, left ventricular hypertrophy; nl, normal; OHSD, hydroxysteroid dehydrogenase; PRA, plasma renin activity; Sx, symp-

toms; ZF, zona fasciculate.

Adapted from Ingelfinger JR. Low renin hypertension in childhood. In: Lifshitz F, editor. Pediatric Endocrinology. 4th edition. New York: Marcel Dekker;

2003.
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of family evaluations. Half of the children who had hypertension required
multiple antihypertensive medications to bring their blood pressure levels
under control; 3 children did not achieve blood pressure control, even
with multiple agents [30].

Apparent mineralocorticoid excess

Apparent mineralocorticoid excess (AME, OMIM # 218030) also is char-
acterized by low-renin hypertension with hypokalemia and metabolic alka-
losis [31]. New and colleagues first described this condition in the late 1970s
[32,33]. The hypertension in AME is often severe, presents early in life, and
may already be accompanied by end-organ damage by the time of diagnosis
[34].

Affected patients have low levels of 11-B-hydroxysteroid dehydrogenase,
the enzyme that converts cortisol to cortisone. Normally, the microsomal
enzyme 11B-hydroxysteroid dehydrogenase converts active 11-hydroxyglu-
cocorticoids to their inactive keto-metabolites. Because aldosterone and cor-
tisol bind to the mineralocorticoid receptor, there is delayed conversion of
cortisol to the biologically inactive compound, cortisone [35,36]. The in-
creased cortisol can then bind and activate the mineralocorticoid receptor
[37-41]. In AME patients, high levels of cortisol, acting by way of the
mineralocorticoid receptor, exert effects usually reserved for potent
mineralocorticoids.

AME is attributable to a mutation in 11-B-hydroxysteroid dehydrogenase
2 (11-B-HSD2), which is important in epithelial sodium transport. The clin-
ical picture of classical AME is severe hypertension, failure to thrive, and
often persistent polydipsia. Dietary sodium restriction may be useful as pa-
tients are volume expanded. Plasma renin levels and activity are markedly
decreased.

Similar physiology occurs in the severe hypertension that has been re-
ported in people who have ingested large amounts of licorice. The active
component of licorice, glycyrrhetinic acid, inhibits 11-B-hydroxysteroid
dehydrogenase, increasing the available cortisol and stimulation of the
mineralocorticoid receptor [42]. The pathogenesis of licorice-induced
hypertension is similar to that seen genetically in AME [39,40,43].

Liddle syndrome

Liddle syndrome (OMIM # 177200) is named for the clinical investigator
who described a unique family with an autosomal-dominant form of severe
hypertension accompanied by hypokalemia and both low renin and low al-
dosterone levels [44,45]. The affected family members presented with a clin-
ical picture of aldosterone excess, yet the biochemical picture was marked by
extremely low renin and aldosterone levels [46,47]. Some, but not all, af-
fected patients have hypokalemia. Early studies demonstrated that inhibit-
ing the aldosterone receptor had no effect on the hypertension. In
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contrast, a low-salt diet and inhibitors of the distal nephron sodium
transporters were effective. Furthermore, red blood cell transport studies
suggested an abnormality in membrane sodium transport [48]. These
observations, taken together, suggested that there was a sodium transport
abnormality that involved renal handling of salt and water. The primary
role of the kidneys in this syndrome was demonstrated when a patient
who had this syndrome required a renal transplant, after which hyperten-
sion and hypokalemia rapidly resolved [49].

The cloning of the epithelial sodium channel, ENaC, which contains «, B,
and vy subunits, is integral to mineralocorticoid-dependent sodium transport
within the renal epithelia. It is now known that activating mutations in the
B and vy subunits of ENaC (which lie in close proximity on chromosome 16)
lead to Liddle syndrome.

Gordon syndrome or pseudohypoaldosteronism type I1

Gordon syndrome, or familial hyperkalemia (OMIM #145260), also
called pseudohypoaldosteronism type II, is an autosomal-dominant form
of hypertension associated with hyperkalemia that is present in the face of
normal glomerular filtration rate [50-53]. In addition, increased renal salt
reabsorption and acidemia may be present [50-53]. PHAII is attributable
to mutations in the WNK1 and WNK4 kinase genes located on human
chromosomes 12 and 17, respectively [54,55]. The name WNK derives
from a molecular description: the absence of a key lysine in kinase subdo-
main II (with no K kinases) [56,57]. Immunohistochemical analysis has re-
vealed that WNK1 and WNK4 are expressed predominantly in the distal
convoluted tubule and collecting duct. WNKI1 is a cytoplasmic protein,
and WNK4 is found in tight junctions in the distal portion of the nephron.

Mutations in the introns of WNK1 lead to PHA II, whereas the muta-
tions in WNK 4 are missense mutations [54—56]. Normally, WNK4 down-
regulates the activity of ion transport pathways expressed in these
nephron segments, such as the apical thiazide-sensitive Na™-Cl~ cotrans-
porter and apical secretory K* channel ROMK, and upregulates paracellu-
lar chloride transport and phosphorylation of tight junction proteins, such
as claudins. In addition, WNK4 downregulates other CI™ influx pathways,
such as the basolateral Nat-K*-2Cl~ cotransporter and Cl /HCO;~
exchanger. Considering the normal functions, it is understandable that
WNK4 mutations behave as a loss-of-function for the Na™-Cl~ cotrans-
porter and yet a gain-of-function when it comes to ROMK and claudins.
These dual effects of WNK4 mutations fit with proposed mechanisms for
the electrolyte abnormalities and hypertension in PHA-II and point to
WNK4 as a multifunctional regulator of diverse ion transporters.

Some, but not all, patients have hyperchloremia, metabolic acidosis, and
suppressed plasma renin activity. The hypertension and electrolyte abnor-
malities generally improve when the patient is treated with triamterene or



1018 INGELFINGER

thiazide diuretics. In contrast, aldosterone receptor antagonists do not cor-
rect the clinical abnormalities.

PHALII genes were mapped initially to chromosomes 17, 1, or 12 [54-57].
One kindred with large intronic deletions that increase WNK1 expression
was described, as was another with missense mutations in WNK4, located
on chromosome 17. Of note, WNK 1 is expressed in various tissues, whereas
WNK4 is expressed primarily in the kidney. In the renal collecting duct
WNKSs regulate the handling of potassium and hydrogen, increasing salt re-
sorption and intravascular volume. Mutations in WNKs lead to relatively
increased salt resorption and high intravascular volume. Current research
suggests that WNK1 may play important roles in BP regulation within
the general population [58,59].

Other types of monogenic hypertension

Hypertension with brachydactyly, also called Bilginturan syndrome
(OMIM #112410), is a familial syndrome in which affected individuals
have short metacarpals, hypertension, and short stature. Linkage studies
have suggested that the gene lies on chromosome 12p in a region defined
by markers D12S364 and D12S87 [60,61]. Neither a responsible gene nor
a specific mutation in this region has been identified.

Molecular basis of primary hypertension

Abundant evidence suggests that primary hypertension develops as a
result of multiple interacting genes and environmental influences. In the
premolecular era it was well recognized that primary hypertension had
a genetic component. It was suggested in the decade before the millennium
that genetic factors account for 60% to 70% of familial hypertension [62].
Although it was originally estimated that 5 to 10 genes might be involved
in determining blood pressure level, it now seems more likely that more
genes are involved [63-65]. OMIM currently notes many genes or chromo-
some regions that may be involved in primary hypertension (Table 2).

It has been estimated that more than 1 billion people worldwide have es-
sential hypertension [64]. Although the contributions of interacting genes
and gene products to blood pressure level will be delineated more completely
in the future, much is presently unknown. Attempts to understand the
contribution of genes to primary (essential) hypertension go back to the
mid-twentieth century. Familial aggregation of blood pressure (and hyper-
tension) has been reported for decades. Within the molecular era, the search
for genes that control blood pressure has widened greatly. It was estimated
that variation in genetic makeup accounted for half of the phenotypic var-
iation in blood pressure [62].

Despite the recognition that genes are involved in essential hypertension,
identifying the involved genetic mechanisms for hypertension, even in the



Table 2

Partial list of genes possibly involved in primary hypertension

OMIM number

Gene

Function

Gene map locus

106180

601699.0001

106150

106165
139130

191191
600423
102680
605325.0001

163729.0001
171190

ACE, angiotensin converting enzyme; kininase 2

PTGIS, prostaglandin 12 synthase or prostacyclin
synthase
Angiotensinogen, AGT

AGTRI, angiotensin receptor 1

GNB3, the beta unit of guanine nucleotide binding
protein

TNFR2, tumor necrosis factor receptor 2

Endothelin-converting enzyme 1, ECEL

Adducin-1, ADD-1

CYP3AS, cytochrome P450, subfamily IIIA,
polypeptide 5

NOS3, nitric oxide synthase 3

Phenylethanolamine N-methyltransferase, PNMT,
PENT

Converts Ang I to Ang II and involved in bradykinin
breakdown
Vasodilator and inhibitor of platelet aggregation

Substrate of renin angiotensin system; source of
angiotensins

Vascular receptor for angiotensin II

Abnormalities in gene may be responsible for G-protein
hyperresponsiveness in hypertension

May be linked with hypertension? how

Involved in processing of endothelin

Cytoskeletal protein

CYP3A5*1/*3 polymorphism is associated with
hypertension

Mutation associated with therapy-resistant hypertension

May be involved in essential hypertension

17923
20q13.11-q13.13
1q42-q43

3q21-g25
12p13

1p36.3-p36.2
1p36.1
4p16.3
7q22.1

7936
17q21-q22

Additionally, listed in OMIM, susceptibility loci for essential hypertension have been mapped to chromosomes 17 (HYT1; 603918), 15q (HYT2; 604329),
2p25-p24 (HYT3; 607329), 12p (HYT4; 608742), 20q (HYTS5; 610261), and 5p (HYT6; 610262).
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present post-genomic era, remains problematic. Both animal models of ex-
perimental hypertension and human studies have been important in what is
known to date. At this point, examining potential risk alleles and candidate
genes in children who have hypertension remains a research tool with
promise.

Investigating polygenic hypertension: experimental models

Animal models have been central to better understanding of hyperten-
sion. A few years ago, summarizing studies in rats, Rapp [66] noted that
24 regions on 19 chromosomes might be associated with elevated blood pres-
sure. Since then, further refinement using congenic animals (a fully congenic
strain is one in which all animals are identical at all loci except for a trans-
ferred locus, such as a linked segment of a given chromosome) and consomic
strains (two rat strains are consomic when they differ by just one chromo-
some pair) to isolate specific similarities in the genome have resulted in the
identification of additional chromosomal areas of interest. Mouse models
also have helped identify and study many candidate genes. Targeted gene de-
letion studies in murine models have indicated that more than a dozen genes
contribute to blood pressure. Not surprisingly, these include the angiotensin
type 2 receptor (and other members of the renin-angiotensin system), insulin
receptor substrate, the dopamine receptor, endothelial nitric oxide synthase,
the bradykinin receptor, and apolipoprotein E [67].

The roles of several candidate genes, in particular renin-angiotensin sys-
tem genes, have been addressed by genetic manipulation in murine models
(reviewed in [68]). Particularly useful studies have been made possible by in-
creasing expression of a given gene (using transgenic approaches or other
means of overexpressing a given gene) or deleting gene function (with
knockouts). In a transgenic model, naked DNA that contains the regulatory
and coding region of a gene is injected into the pronucleus of a fertilized egg
[69]. The naked DNA then randomly integrates into the genome of the
mouse. The effects of the transgene vary, because the location of integration
and copy number may not be the same. The phenotypic change from delet-
ing or knocking out a gene may clarify the gene’s importance. Gene target-
ing by way of embryonic stem ES cell cultures also is useful [70,71].

The value of inbred strains is also important in hypertension research
[72]. For example, Hilbert and coworkers [73] and Jacob and colleagues
[74] used linkage studies in the stroke-prone spontaneously hypertensive
rat that indicated that the angiotensin converting enzyme (ACE) gene was
involved in determining hypertension. The interested reader is referred to re-
cent reviews [75,76].

Human hypertension

Studies in humans are more difficult. Most people who have common
conditions, such as high blood pressure, possess susceptibility alleles rather
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than disease alleles per se, and not all people who have a given susceptibility
allele have the disease in question. Either the necessary environmental expo-
sure to cause the condition is absent, or another necessary complementary
allele (or alleles) is lacking. Given the multiple potential interactions, and
the fact that susceptibility alleles are generally common, it is difficult to trace
a given allele through most pedigrees. In a recent case-control analysis con-
cerning the heritability of primary and secondary hypertension in children,
Robinson and colleagues [77] observed that primary hypertension in chil-
dren, as in adults, is likely influenced heavily by contributions of multiple
genes, whereas, in contrast, secondary hypertension was related to few
genes.

Many susceptibility alleles confer only a small effect on blood pressure
levels, which means that segregation analysis is difficult. As of 2004, linkage
studies in humans suggested arcas of 15 chromosomes associated with
hypertension [78-84]. Additional studies are adding new regions at a
considerable rate [85-102]. Certain candidate genes, such as members of
the renin-angiotensin system, have been associated with hypertension in
humans for some time [103,104]. Some loci that have been uncovered in
linkage studies also point to their importance.

Although linkage analysis often is used as a first step [9-11], it is not as
powerful in this setting as in conditions with clear Mendelian inheritance,
because many people who do not have the condition being studied also
may carry the susceptibility allele. Consequently, another approach is to
use sets of affected siblings (sib pairs). When sibs are affected by a given
health problem, such as hypertension, they would be expected to share
more than half of their alleles near or at the susceptibility locus, the chance
of which is then calculated [9-11]. A linked locus is likely to have an LOD
score of greater than 3.6; such loci tend to be large (in the range of 2040
cM), so that further study will be required. After a replicate study confirms
linkage, fine mapping can be performed, narrowing the region where the
gene may be. Linkage disequilibrium or association testing between disease
and genetic markers then may be performed, often using single nucleotide
polymorphisms (SNPs), which are randomly present roughly every 1000
base pairs, making them amenable to automated testing. With the SNP ap-
proach, which requires high throughput sequencing and bioinformatics, one
can narrow a large region (1040 cM) to a much smaller region of roughly
1 x 10° base pairs (9107) [105].

To date, the genomewide screens that have been performed to identify
hypertension genes in humans have comprised subjects from diverse ethnic
groups, with different phenotypes, selected by various criteria. Genomewide
studies have led to at least 27 loci of interest. Some studies have employed
single, large pedigrees, whereas others have used more than 2000 sib pairs
from roughly 1500 families [106—108]. The United States Family Blood Pres-
sure Program (FBPP) [107] used genomic scan data obtained by way of four
partner networks. The FBPP aimed to select phenotypes that would reflect
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the ethnic diversity of the United States. Disappointingly, however, no ge-
nomewide significance has been reported from the USFBP Program. The
Medical Research Council British Genetics of Hypertension study reported
the phenotyping of 2010 sib pairs drawn from 1599 families with severe hy-
pertension and then performing a 10-cM genomewide scan [108]. This strat-
egy led to a locus on chromosome 6q with an LOD score of 3.21 with
a genomewide significance of 0.042. One should be circumspect, however,
in interpreting these results, because this locus is at the end of chromosome
6, a chromosomal location that may generate errors. Three additional loci
with LOD scores greater than 1.57 [108] were also reported by this group,
and one of them was similar to that reported in Finnish and Chinese studies
[108].

Candidate genes

Focusing on genes of already-known interest that are close to the peak of
observed genetic linkage is another strategy—the candidate gene approach.
It is easier to proceed with further study when the full sequence of a given
candidate gene is known.

Several candidate genes were present within areas on chromosomes 2 and
9 that had been identified by the linkage analysis [108]. Various genes of in-
terest have merited attention, including serine-threonine kinases STK39 and
STK17B on chromosome 2q, a protein kinase on chromosome 9q called
PKNBETA, a G-protein—coupled receptor on chromosome 9 called
GPR107 9q, GPR21 on 9q33, and a potassium channel, KCNJ3, noted
on 2q24.1.

Several candidate genes have been considered as susceptibility genes be-
fore study, especially those that encode proteins of the renin-angiotensin
system, because these already were associated with hypertension and cardio-
vascular regulation during the pre-genomic era. Izawa and coworkers [109]
selected a group of 27 candidate genes by reviewing physiologic and genetic
data that concerned vascular biology, leukocyte and platelet biology, and
glucose and lipid metabolism. Having chosen these candidate genes, they
then chose 33 SNPs within these genes, most of which were located within
promoter regions, exons, or spliced donor or acceptor sites in introns.
They then examined relationships to hypertension in a cohort of 1940 indi-
viduals. The results suggested that polymorphisms in the TNF alpha gene
were associated with hypertension in women and that polymorphisms in
the CC chemokine receptor 2 gene were associated with hypertension in
men [109].

Presently, the candidate genes noted in the OMIM as being involved in
primary hypertension include members of the renin-angiotensin system,
the strongest evidence of which exists for angiotensinogen and the angioten-
sin II type I receptor. Other genes of interest listed include prostacyclin syn-
thase, the beta unit of guanine nucleotide binding protein, tumor necrosis
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factor receptor 2, endothelin-converting enzyme 1, adducin-1, CYP3AS,
nitric oxide synthase 3, and phenylethanolamine N-methyltransferase.
Of these, there are now fairly robust data that adducin is important in
salt-sensitive hypertension [110].

Variants or subphenotypes

Analysis of so-called ‘“‘subphenotypes” by way of positional cloning may
be potentially illuminating when a variant of a complex disease is clinically
distinct [9-11,110]. Fewer susceptibility genes are likely to be involved in this
situation. The physiology involved in examining and distinguishing subphe-
notypes may be intricate, however, as in the case of salt-sensitive hyperten-
sion [12]. Careful metabolic studies will be critical for confirming the
subphenotype (hypertension with salt sensitivity) and will be needed for
such studies.

Genes and hypertension in the individual pediatric patient

An infant, child, or teenager who has hypertension plus a history or signs
and symptoms consistent with a form of monogenic hypertension should be
evaluated with the known syndromes in mind. Specific therapy always
should be sought in young children who have hypertension, which implies
the need for accurate diagnosis of a secondary form of hypertension that
can lead to curative therapy (dilation of renal artery stenosis) or disease-spe-
cific therapy (diuretics for excess volume). Most children who have elevated
blood pressure, however, have essential hypertension. Despite the promise
of future genetic diagnosis, currently no standard diagnostic testing for
polygenic primary hypertension is available.
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Superoxide and other oxygen radicals (ROS) derived from the oxidative
metabolism of L-arginine influence cell signaling and gene expression. In
some tissues ROS stimulate structural changes, such as proliferation, hyper-
trophy, or remodeling. ROS production within the developing CNS stimu-
lates excitation and in vascular tissue causes contraction. The effects of
ROS-induced autoregulatory failure in the CNS following hypoxic-ischemic
encephalopathy, seizures, trauma, or stroke in children leads to acute
mortality and chronic morbidity.

Production and effects of ROS on the cerebral vasculature

Regulation of nutritive blood flow to metabolically active tissue is a vital
process supplying substrate for enzymatic production of intermediates to
maintain cellular homeostasis. In the brain, neuronal metabolism relies
almost exclusively on oxidative pathways requiring adequate delivery of
oxygen and glucose. Under normal ranges of physiologic blood pressure,
cerebral blood flow to the brain remains constant despite fluctuations in
transmural pressure. This autoregulation is largely a function of signaling
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events in the vessel wall such that increasing arterial pressure depolarizes
and activates arterial muscle keeping flow relatively constant [1-4].

Reactive oxygen species are believed to be involved in cellular signaling in
blood vessels in both normal and pathologic states. The major pathway for
the production of ROS is by way of the one-electron reduction of molecular
oxygen to form an oxygen radical, the superoxide anion (O,- ). Within the
vasculature there are several enzymatic sources of O,-~, including xanthine
oxidase, the mitochondrial electron transport chain, and nitric oxide (NO)
synthases [5]. Studies in recent years, however, suggest that the major con-
tributor to O,-~ levels in vascular cells is the membrane-bound enzyme
NADPH-oxidase [6]. Produced O,-~ can react with other radicals, such
as NO, or spontaneously dismutate to produce hydrogen peroxide (H,O5)
[7]. In cells, the latter reaction is an important pathway for normal O,-~
breakdown and is usually catalyzed by the enzyme superoxide dismutase
(SOD). Once formed, H,O» can undergo various reactions, both enzymatic
and nonenzymatic. The antioxidant enzymes catalase and glutathione per-
oxidase act to limit ROS accumulation within cells by breaking down
H->0, to H,O. Metabolism of H,O, can also produce other, more damaging
ROS [8]. For example, the endogenous enzyme myeloperoxidase uses H,O,
as a substrate to form the highly reactive compound hypochlorous acid. Al-
ternatively, H,O, can undergo Fenton or Haber-Weiss chemistry, reacting
with Fe*™/Fe*" ions to form toxic hydroxyl radicals (—OH) [8].

ROS are involved in oxidation of lipoproteins, modulation of apoptosis,
upregulation of adhesion molecule expression, and activation of the processes
involved in vascular remodeling, such as enhancement of vascular smooth
muscle growth and activation of matrix metalloproteinases [9]. In addition,
one of the most powerful acute effects of ROS in the vasculature is the alter-
ation of vascular smooth muscle tone. There is evidence that O,-~ can not
only constrict [10] but also dilate cerebral arteries [11]. Moreover, several
studies have demonstrated clearly that small cerebral arterioles relax in re-
sponse to the O,-~ metabolite H>O, [12,13]. H,O, thus causes powerful dila-
tation of cerebral arterioles whether applied exogenously or generated
endogenously within the vascular wall in response to agonists, such as brady-
kinin or arachidonic acid [14,15]. These dilator responses scem to be mediated
primarily by cyclooxygenase-derived ROS, which open potassium channels in
the vascular smooth muscle cell membrane to cause hyperpolarization and
thus relaxation [14-16]. In the cerebral circulation, therefore, ROS such as
O,-~ and H,0, could possibly either dilate or even exert opposing effects
on vascular tone. The balance between O,-~ and H»O5 in the vascular wall
is regulated by the expression and activity of endogenous SOD.

The role of cytochrome P450 enzymes for the production of ROS

The cytochrome P450 (CYP) enzymes are membrane-bound, heme-
containing terminal oxidases that are found in organisms from
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Archaebacteria to humans. These enzymes are responsible for the metabolic
activation or inactivation of most types of drugs and toxins. CYP enzymes
are capable of metabolizing endogenous arachidonic acid (AA) into vaso-
reactive products and therefore are often referred to as the third pathway
of AA metabolism (cyclooxygenases and lipoxygenases being the other
two pathways). Much attention thus has been focused on the role of
CYP enzymes in vascular homeostasis [17]. In addition to the production
of vasoreactive AA metabolites, CYP enzymes also generate ROS, such as
O,- and H,0O,_ For example, released free AA following stimulation of as-
trocytes with glutamate is converted to epoxyeicosatrienoic acid (EETs) by
microsomal epoxygenases (CYP 2CI11) or PGI2/Tx by cyclooxygenases.
Both these processes generate O,-~, which is further metabolized to H,O,
by superoxide dismutase (SOD). Similarly, stimulation of vascular smooth
muscle cell by pressure, stretch, flow, and so forth, triggers the release of
AA, which is metabolized to 20-HETE by CYP 4A enzyme that can also
generate O,-~, which is further metabolized to H,O, by SOD. ROS thus
are produced during metabolism of AA by CYP enzymes and may play
an important role in regulation of the tyrosine kinase pathways. Addition-
ally, another recent report provides strong evidence that O,-~ participates
in the endothelium-derived hyperpolarizing factor (EDHF) response of
CYP-derived EETs, suggesting that an endothelial epoxygenase homolo-
gous to human CYP 2C8/9 is the source of O,-~ in coronary arteries [17].
Release of inhibitory radical species would be expected to inhibit pres-
sure-induced myogenic tone. On the other hand, O,-~ has been shown to
inhibit NO production, which would enhance myogenic tone [18]. Given
the potential sources of ROS formation in the form of NADPH P450
oxidases in the cerebral arterial wall, it is important that we define the
role of ROS on myogenic mechanisms in the cerebral circulation.

Action of ROS on ion channels

Maintenance of cellular ionic gradients is essential to cell survival and
function. Apart from maintaining osmotic equilibrium, ion channels are co-
transporters that mediate the movement of ions against electrical and con-
centration gradients and regulate plasma and mitochondrial membrane
potential. Plasma membrane potential controls many cell-specific processes.
In the brain, the membrane potential controls the active state of arterial
muscle, release of paracrine substances from vascular and capillary endo-
thelial cells, neuronal activity, and multiple processes in astrocytes. With
respect to arteriolar muscle there are four major K* channel isoforms:
Ca”"-activated K" channels, delayed rectifier K channels, inwardly recti-
fying K™ channels, and ATP-sensitive K* channels [19]. On patch clamping
freshly isolated cerebral arteriolar muscle the major K* channel isoform
present is K¢,. If analogy with other excitable cells is assumed, it is the
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inwardly rectifying K" channel that is largely responsible for setting the
level of membrane potential [19,20]. Inhibition of K* channels depolarizes
cerebral vascular muscle as defined by the K™ equilibrium potential, how-
ever [21,22]. The major voltage-sensitive Ca®" channel in cerebral arterial
muscle is the L-type Ca?" channel [23]. To date we have little evidence
for rapidly inactivating T-type Ca®" channels in cerebral arterial muscle.
There are also several Cl~ channels in cerebral arteriolar muscle, and there
is increased interest in them with respect to regulation of membrane poten-
tial and other cellular processes [24]. In this review we focus on K¢,
channel.

Free radicals exert direct and indirect actions on ion channels. The re-
dox status of channel proteins has been hypothesized to affect the ion
channel activity in arterial muscle [25,26]. This hypothesis states that
the balance between oxygen and its reactive species functions as an oxy-
gen sensor through actions on ion channels [26,27]. In this regard K™
channels have been shown to be sensitive to H,O, [26,28-31]. H,O, has
been demonstrated to hyperpolarize arterial muscle by way of activation
of maxi K¢, by direct and indirect mechanisms [15,26,28-31]. In cat,
H,0, has been shown to activate ATP-sensitive K* channels [11]. A re-
cent report provides evidence that H,O, can function as an EDHF [31].
ROS repeatedly have been demonstrated to modulate [Ca®']; on agonist
stimulation of L-type Ca”’" channels, which could be either the primary
or secondary target [32]. The literature on free radicals and direct action
on ion channels as determined by patch clamp or direct measurement of
membrane potential is not extensive. Given the importance of membrane
potential on cellular control mechanisms, however, this is an area of
active investigation.

There are many indirect actions of ROS on vascular membrane potential.
Activation/inhibition of ion channels to a large extent depends on channel
protein phosphorylation. Both upstream regulators of protein/tyrosine
kinases and direct effects on their translocation and activation have been
shown to be sensitive to reactive radical species. Tyrosine kinases and phos-
phatases are targets of H,O, as activators and inhibitors [33]. H,O, can
activate ERK1/2 and p38 MAPK in the presence of agents such as angioten-
sin [9,34]. H,O, also can mediate EGF-induced activation of phospholipase
C (PLC) [35]. In general, phospholipases are targets of ROS. PLC activity
regulates diacylglycerol (DAG) level, which in turn activates and induces
translocation of protein kinase C (PKC) [36]. Recent literature demonstrates
that ion channel phosphorylation is mediated by kinase activity [37,38]. Al-
teration of PKC, either through DAG or directly, and tyrosine kinase activ-
ities induced by ROS would be expected to modulate ion channel activity,
resulting in membrane potential responses with downstream modulation
of cell functions under membrane potential influence. Similarly, modifica-
tion of PLC activity changes levels of intracellular inositol triphosphate
(IP;) affecting Ca”" release from internal stores.
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Action of ROS on K, channel activity in cerebral arterial muscle cells

Activation of arterial smooth muscle is regulated largely by the level of
membrane potential. The plasma membrane potential is set by unequal
distribution of ions. Ion species with high relative conductance set the
membrane potential in accordance to specific charge and concentration
gradients (ie, Nernst potential); in vascular muscle cells K* is the dominant
species in this regard. Vascular smooth muscle membrane potential is a ma-
jor influence in defining the level of activation, and in cerebral arterial
muscle cells the major determinant of activation and contraction. Indeed,
a 1.0-mV reduction in membrane potential initiates a significant increase
in active tension with a correlation coefficient relating change in membrane
potential to change in active tension of 0.98 [2,3]. The mechanisms by which
ROS modulate ion channels, including K¢, channel activity in vascular
muscle, remain largely unexplored. We have shown that the K¢, is a target
for O,-~ [39]. At this time we do not know how O,-~ enhances K, activity;
it could act directly on channel proteins or on second messengers, which
include PKC and tyrosine kinase, that mediate phosphorylation of K¢,
channels. Generation of H,O, also seems to activate K, (Debebe Gebre-
medhin, PhD, and David R. Harder, PhD, unpublished data, 2005). Both
H,0, and O,-~ thus act to increase single-channel K, activity in cerebral
vascular muscle cells.

ROS in the brain: actions on functional hyperemia

The source of ROS in the brain may require CYP enzyme activity and is
supported further by data obtained recently in our laboratory using samples
of cerebrospinal fluid (CSF) containing the spin trap N-tert-butyl hydroxyl-
amine, which is selective for O,-~ (Debebe Gebremedhin, PhD, and David
R. Harder, PhD, unpublished data, 2005) and support a recent report that
an endothelial CYP isoform (C8/C9) generates O,-~ in coronary arteries
[40]. Given the many cell types in the brain, it is certain that there is no sin-
gle source of ROS. Whatever the source of ROS, these free radicals appear
to impinge chronically on mechanisms regulating blood flow in the brain;
for example, infusion of scavengers, such as SOD, into the CSF increased
blood flow as measured by laser-Doppler flowmetry (Debebe Gebremedhin,
PhD, and David R. Harder, PhD, unpublished data, 2005). The effect of
SOD on baseline blood flow is most likely attributed to removal of O,-~,
which potentially enhances nitric oxide. The increase in blood flow was re-
versed after the infusion was completed (Debebe Gebremedhin, PhD, and
David R. Harder, PhD, unpublished data, 2005). The literature would sug-
gest that the source of cerebral O, produced would be by way of nitric
oxide synthase (NOS) through NAD(P)H-dependent reductase activity.
The CYP NAD(P)H reductase, however, is virtually the same as NOS
(NOS is a heme-containing protein similar to CYP enzyme system). In
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summary, scavenging of O,-~ by infusion of SOD modulates the cerebral
blood flow in vivo (Debebe Gebremedhin, PhD, and David R. Harder,
PhD, unpublished data, 2005), demonstrating that these molecules partici-
pate in the regulation of nutritive blood flow in the brain. Even more dra-
matic is the action of 30-minute subdural infusion of a cocktail of
xanthine/xanthine oxidase/catalase (X/XO/Cat, 0.2 mM xanthine/20 mU
xanthine oxidase/500 U catalase). We have shown that under control condi-
tions there is significant autoregulation of CSF; however, there is complete
inhibition of CSF autoregulation on elevation of arterial pressure following
infusion of a cocktail designed to generate excess O,-~ as shown by
increased fluorescent intensity of ethidium bromide produced by O,-~
from dihydroethidium [39].

When a membrane-enriched homogenate is exposed to H,O, (xanthine/
XO) there is a marked and significant reduction in 20-HETE formation
by way of CYP w-hydroxylase (Debebe Gebremedhin, PhD, and David
R. Harder, PhD, unpublished data, 2005), which is one of the primary me-
diators of pressure-induced activation of cerebral arteries [41,42]. The action
of O,- " in inhibiting 20-HETE production in a membrane-enriched solution
in which all conditions are optimized is most likely attributable to a direct
action on CYP w-hydroxylase activity.

Possible pathogenetic role of intracisternally generated ROS

Subarachnoid hemorrhage (SAH) results in a high mortality rate; 15% of
patients who have SAH die before reaching the hospital and 30% die within
24 hours of onset [43]. Patients who survive the initial hemorrhage and over-
come vasospasms frequently experience persistent cognitive deficits, psycho-
social impairments, and a decrease in quality of life as a result of acute brain
injury [44]. Most research in this area has focused on the late phase, how-
ever, when vasospasm occurs, whereas the mechanisms of acute brain injury
are poorly understood.

Lipid peroxidation and other consequences of increased levels of ROS
have been implicated in the cause of cerebral vasospasm after SAH
[45,46]. The primary contributor to ROS production after SAH is the au-
tooxidation within the subarachnoid space of oxyhemoglobin to met-Hb
[47]. As a direct product of this redox reaction, O,-~ is converted to highly
reactive hydroxide anion (T"OH) through the metal-catalyzed Haber-Weiss
and Fenton reactions [48,49]. In support of this theory that ROS are
primary pathogens for SAH, various antioxidants have been shown to
attenuate cerebral vasospasm in animals and humans [50-54]. It also has
been shown that intracisternal overproduction of O,-~ may initiate or me-
diate cerebral arterial vasoconstriction and subsequent structural damage
[46]. Moreover, administration of ferrous (Fe*") or ferric (Fe**) iron chela-
tors was shown to mitigate against cerebral vasospasm, providing evidence
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that the iron-catalyzed Haber-Weiss and Fenton reactions are involved in
the mechanism of ROS generation leading to the occurrence of cerebral va-
sospasm [55,56]. These studies further support the pathogenic role of ROS
in cerebral vasospasm after SAH.

In summary, cerebral blood flow is maintained at a constant rate despite
fluctuations in arterial pressure. The ability of the cerebral vasculature to
autoregulate is primarily the function of the activities of the native K¢,
channel. The K¢, channel is also a target for several paracrine factors
and various physical forces, which alter cerebral tone. Astrocytes are inter-
mediary cell types that function to increase cerebral blood flow to match the
metabolic demand of activated neurons. Channelopathy coupled with func-
tional alteration of the mechanisms regulating cerebral blood flow could
lead to episodic stroke or cerebral vasospasm. Knowledge of the mechanism
by which the functions of the cerebral circulation are regulated will help to
develop new therapies for the treatment of pediatric patients suffering from
hypoxic injury, trauma, stroke, and other cerebral disorders, including acute
infections such as meningitis and encephalitis [57].
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