




































































Molecular Clinical Genetics 
and Gene Therapy 
Alan W. Flake 

The topics of this chapter are broad in scope and outside 
the realm of a classic core education in pediatric surgery. 
However, both molecular genetics and gene therapy will 
be of increasing clinical importance in all medical spe­
cialties, including pediatric surgery, in the near future. 
A few conservative predictions include improvements in 
the diagnostic accuracy and prediction of phenotype, the 
development of new therapeutic options for many disor­
ders, and the optimization of pharmacotherapy based on 
patient genotype, but there are many other possible uses. 
The goal here is to provide an overview of recent devel­
opments that are relevant or potentially relevant to 
pediatric surgery. 

MOLECULAR CLINICAL GENETICS 

Although hereditary disease has been recognized for 
centuries, only relatively recently has heredity become 
the prevailing explanation for numerous human dis­
eases. Before the 1970s, physicians considered genetic 
diseases to be relatively rare and irrelevant to clinical 
care. With the advent of rapid advances in molecular 
genetics, we currently recognize that genes are critical 
factors in virtually all human diseases. Although an 
incomplete indicator, McKusick's Mendelian Inheritance in 
Man has grown from about 1500 entries in 1965 to 
10,000 in 2000, documenting the acceleration of knowl­
edge in human genetics.44 Even disorders that were once 
considered to be purely acquired, such as infectious dis­
eases, are now recognized to be influenced by genetic 
mechanisms of inherent vulnerability and genetically 
driven immune system responses. 

Despite this phenomenal increase in genetic informa­
tion and the associated insight into human disease, there 
remains a wide gap between the identification of geno­
typic abnormalities that are linked to phenotypic mani­
festations in humans and any practical application to 
patient treatment. With the notable exceptions of 
genetic counseling and prenatal diagnosis, molecular 
genetics presently has little impact on the daily practice 

of medicine or, more specifically, on the practice of pedi­
atric surgery. The promise of molecular genetics cannot 
be denied, however. IdentifYing the fundamental basis of 
human disorders and of individual responses to environ­
mental, pharmacologic, and disease-induced perturbations 
is the first step toward understanding the downstream 
pathways that may have a profound impact on clinical 
therapy. The ultimate application of genetics would be 
the correction of germline defects for affected individu­
als and their progeny. Although germline correction 
remains a future fantasy fraught with ethical contro­
versy,56 there is no question that molecular genetics will 
begin to impact clinical practice in myriad ways within 
the next decade. A comprehensive discussion of the field 
of molecular genetics is beyond the scope of this chapter, 
and there are many sources of information on the 
clinical genetics of pediatric surgical disorders. 

Human Molecular Genetics and 
Pediatric Surgical Disease 

The rapid identification of genes associated with human 
disease has revolutionized the field of medical genetics, 
providing more accurate diagnostic, prognostic, and 
potentially therapeutic tools. However, increased knowl­
edge is always associated with increased complexity. 
Whereas the classic model assumed that the spread of 
certain traits in families is associated with the transmis­
sion of a single molecular defect-with individual alleles 
segregating into families according to Mendel's laws­
today's model recognizes that very few phenotypes can 
be satisfactorily explained by a mutation at a single gene 
locus. The phenotypic diversity recognized in disorders 
that were once considered monogenic has led to a recon­
ceptualization of genetic disease. Although mendelian 
models are useful for identifying the primary cause of 
familial disorders, they appear to be incomplete as 
models of the true physiologic and cellular nature 
of defects. 15.66,71 Numerous disorders that were initially 
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WlIIii#§1 Conceptual continuum of modern molecular genetics. 

The genetic characterization of a disorder depends on (1) whether a 

major locus makes a dominant contribution to the phenotype, (2) the 

number of loci that influence the phenotype, and (3) the presence 

and extent of environmental influence on phenotype. The farther 

toward the right a disorder lies, the greater the complexity of the 

genetic analysis and the less predictive genotype is of phenotype. 

characterized as monogenic are proving to be either 
caused or modulated by the action of a small number of 
loci. These disorders are described as oligogenic disorders, 
an evolving concept that encompasses a large spectrum of 
phenotypes that are neither monogenic nor polygenic. In 
contrast to polygenic or complex traits-which are thought 
to result from poorly understood interactions between 
many genes and the environment-oligogenic disorders 
are primarily genetic in etiology but require the synergistic 
action of mutant alleles at a small number of loci. One can 
look at modern molecular genetics as a conceptual contin­
uum between classic mendelian and complex traits 
(Fig. 2-1). The position of any given disorder along this 
continuum depends on three main variables: (1) whether 
a major locus makes a dominant contribution to the phe­
notype, (2) the number of loci that influence the pheno­
type, and (3) the presence and extent of environmental 
influence on phenotype. 

Disease-Specific Examples of Changing Concepts 
in Molecular Genetics 

Monogenic Disorders 

Cystic fibrosis (CF) is an example of a disorder close to 
the monogenic end of the continuum, but it also illus­
trates the complexity of the genetics of some disorders, 
even when a mutation of a major locus is the primary 
determinant of phenotype. On the basis of the observed 
autosomal recessive inheritance in families, the gene 
CFTR (cystic fibrosis transmembrane conductance regu­
lator) was first mapped in humans to chromosome 
7q31.2.68 Once the CfTR gene was cloned,62 it was widely 
anticipated that mutation analyses might be sufficient to 
predict the clinical outcome of patients. However, analy­
ses of CFTR mutations in large and ethnically diverse 

cohorts indicated that this assumption was an oversimpli­
fication of the true genetic nature of this phenotype, par­
ticularly with respect to the substantial phenotypic 
variability observed in some CF patients. For instance, 
although CFTR mutations show a degree of correlation 
with the severity of pancreatic disease, the severity of the 
pulmonary phenotype-which is the main cause of mor­
tality-is difficult to predict.1,16,45 Realization of the limi­
tations of a pure monogenic model prompted an 
evaluation of more complex inheritance schemes. This 
led to the mapping of a modifier locus for the intestinal 
component ofCF in both human and mouse.63,73 Further 
phenotypic analysis led to the discovery of several other 
loci linked to phenotype, including (1) the association of 
low-expressing mannose-binding lectin (MBL; also 
known as MBL2) alleles, human leukocyte antigen 
(HLA) class II polymorphisms, and variants in tumor 
necrosis factor-a (TNFa) and transforming growth 
factor-I3-1 (TGF{3I) with pulmonary aspects of the dis­
ease5,6,21,30; (2) the correlation of intronic nitric oxide 
synthase 1 (NOSI) polymorphisms with variability in the 
frequency and severity of microbial infections22; and (3) 
the contribution of mucin 1 (Muc1) to the gastrointesti­
nal aspects of the CF phenotype in mice (Fig. 2-2).55 
Recently, further layers of complexity have been discov­
ered for both CFTR and its associated phenotype. First, 
heterozygous CF mutations have been associated with 
susceptibility to rhinosinusitis, an established polygenic 
trait.69 Second, and perhaps more surprising, a recent 
study reported that some patients with a milder CF phe­
notype do not have any mutations in CfTR. This indi­
cates that the hypothesis that CFlR gene dysfunction is 
requisite for the development of CF might not be true.23 
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Oligogenic Disorders 

Recent developments in defining the molecular genetics 
of Hirschsprung's disease (HD) exemplifY a relatively 
new concept in genetics-the oligogenic disorder. 
Although mathematical analyses of oligogenicity are 
beyond the scope of this discussion,18,47 it is important to 
recognize that modifications of traditional linkage 
approaches are useful tools for the study of oligogenic 
diseases, especially if a major locus that contributes 
greatly to the phenotype is known. In the case ofHD, two 
main phenotypic groups can be distinguished on the 
basis of the extent of aganglionosis: short-segment HD 
(S-HD) and the more severe long-segment HD (L-HD). 
Autosomal dominant inheritance with incomplete pene­
trance has been proposed for L-HD, whereas complex 
inheritance that involves an autosomal recessive trait has 
been observed in S-HD. Oligogenicity has been estab­
lished in both HD variants by virtue of several factors: a 
recurrence risk that varies from 3% to 25%, depending 
on the length of aganglionosis and the sex of the patient; 
heritability values close to 100%, which indicates an 
exclusively genetic basis; significant clinical variability 
and reduced penetrance; and nonrandom association of 
hypomorphic changes in the endothelin receptor type B 
(EDNRB), with rearranged during transfection (RET) 
polymorphisms and HD.54,57 So far, a combination of 
linkage, positional cloning studies, and functional candi­
date gene analyses has identified eight HD genes 
(Table 2-1),2 of which the proto-oncogene RET is 
thought to be the main predisposing locus,4.39 particu­
larly in families with a high incidence ofL-HD.2o 

The nonmendelian transmission of HD has hindered 
the identification of predisposing modifier loci by 

conventional linkage approaches. When these approaches 
(parametric and nonparametric linkage studies) were car­
ried out on a group of 12 L-HD families, very weak linkage 
was observed on 9q31. However, based on the hypothesis 
that only milder RET mutations could be associated with 
another locus, families were categorized according to the 
RET mutational data. Significant linkage on 9q31 was 
detected when families with potentially weak RET muta­
tions were analyzed independently,39 indicating that mild 
RET alleles, in conjunction with alleles at an unknown 
gene on chromosome 9, might be required for pathogen­
esis. The mode of inheritance in S-HD has proved to be 
more complex than in L-HD, requiring further adjust­
ments to the linkage strategies. Recently, the application of 
model-free linkage, without assumptions about the num­
ber and inheritance mode of segregating factors, showed 
that a three-locus segregation was both necessary and suffi­
cient to manifest S-HD, with RET being the main locus, and 
that the transmission of susceptibility alleles was additive.2o 

The inheritance patterns observed in disorders such as 
HD illustrate the power of both expanded models of dis­
ease inheritance that account for reduced penetrance 
and phenotypic variability and the ability of these models 
to genetically map loci involved in oligogenic diseases-a 
first step toward identifYing their underlying genes. More 
important, the establishment of nonmendelian models 
caused a change of perception in human genetics, which 
in turn accelerated the discovery of oligogenic traits. 

Polygenic or Complex Disorders 

Polygenic or complex disorders are thought to result 
from poorly understood interactions between many 
genes and the environment. An example of a polygenic 

~ TABLE 2-1 Genes Associated with Hirschsprung's Disease and Relationship to Associated Anomalies 

Gene Gene Locus Gene Product Inheritance 

RET 10ql1.2 Coreceptor for GDNF AD 

GDNF 5p12-13.1 Ligand for RET and AD 
GFRa-l 

NTN 19p13.3 Ligand for RET and AD 
GFRa-2 

GFRa-l 10q26 Coreceptor for GDNF Unknown 
EDNRB 13q22 Receptor for EDN3 AD/AR 

EDN3 20q13.2-13.3 Ligand for EDNRB AD/AR 

ECE-l lp36.1 EDN3 processing gene AD 
SOX10 22q13.1 Transcription factor AD 

*Limited data available. 
t No mutations detected thus far in humans, but associated with HD in mice. 

Population 

17-38 (S-HD) 
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Unknown 
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AD, autosomal dominant; AR, autosomal recessive; CCHS, congenital central hypoventilation syndrome (Ondine's curse); ECE-l, endothelin-converting enzyme-l; 
EDNRB, endothelin receptor B; EDN3, endothelin-3; GDNF, glial cellline-derived neurotrophic factor; GFRa-l, GDNF family receptor a-l; HD, Hirschsprung's disease; 
L-HD, long-segment HD; MEN, multiple endocrine neoplasia; NTN, neurturin; RET, rearranged during transfection; S-HD, short-segment HD; SOX, Sry-Iike HMG bOX. 



disorder relevant to pediatric surgery is hypertrophic 
pyloric stenosis (HPS). The genetic cause of HPS has 
long been recognized, with frequent familial aggrega­
tion, a concordance rate of 25% to 40% in monogenetic 
twins, a recurrence rate of 10% for males and 2% for 
females born after an affected child, and a ratio of risk of 
IS for first-degree relatives compared with the general 
population.46 However, this risk is considerably less than 
would be predicted based on mendelian patterns of 
inheritance.1O In addition, HPS has been reported as an 
associated feature in multiple defined genetic syn­
dromes,9,35,36,59,67 chromosomal abnormalities, 12,27,29,60,70 
and anecdotally with many other defects,24,31,37,42,72 sug­
gesting a polygenic basis, Although the molecular 
genetic basis of HPS remains poorly defined, a likely 
common final pathway causing the disorder is altered 
expression of neural nitric oxide synthase (nNOS) 
within the pyloric muscle,51 A detailed analysis of the 
molecular mechanisms of this alteration has been pub­
lished, describing a reduction of messenger RNA 
(mRNA) expression ofnNOS exon lc, with a compensa­
tory up-regulation of nNOS exon If variant mRNA in 
HPS.5! DNA samples of 16 HPS patients and SI controls 
were analyzed for nNOS exon lc promoter mutations 
and single nucleotide polymorphism (SNP). Sequencing 
of the 5'-flanking region of exon lc revealed mutations 
in 3 of 16 HPS tissues, whereas SI controls showed the 
wild-type sequence exclusively. Carriers of the A allele of 
a previously uncharacterized nNOS exon lc promoter 
SNP (-S4G/ A SNP) had an increased risk of developing 
HPS (odds ratio, S.O; 95% confidence interval, 2.5 to 
25.6), which could indicate that the -S4G/ A promoter 
SNP alters expression of nNOS exon lc or is in linkage 
dysequilibrium with a functionally important sequence 
variant elsewhere in the nNOS transcription unit and 
therefore may serve as an informative marker for a func­
tionally important genetic alteration. The observed cor­
relation of the -S4G/ A SNP with an increased risk for the 
development of HPS is consistent with a report showing 
a strong correlation of a microsatellite polymorphism in 
the nNOS gene with a familial form of HPS,13 However, 
the -S4G/ A SNP does not account for all HPS cases; there­
fore, other components of the nitric oxide-dependent 
signal transduction pathway or additional mechanisms 
and genes may be involved in the pathogenesis of HPS. 
This is in accordance with other observations suggesting a 
multifactorial cause of HPS,46 In summary, genetic alter­
ations in the nNOS exon lc regulatory region influence 
expression of the nNOS gene and may contribute to the 
pathogenesis of HPS, but there are likely numerous other 
genes that contribute to the development of HPS as well 
as predispose to environmental influences in this disorder. 

These examples provide insight into the complexity of 
current models of molecular genetics and illustrate the 
inadequacy of current methods of analysis to fully define 
genetic causes of disease, particularly polygenic disor­
ders. The majority of pediatric surgical disorders cur­
rently fall into the category of undefined multifactorial 
inheritance, which is even less well understood than 
the genetic categories described. In these disorders, no 
causative, predisposing, or influencing gene loci have been 
identified. Isolated regional malformations are presumed 

to result from interactions between the environment and 
the actions of multiple genes. Multifactorial inheritance 
is characterized by the presence of a greater number of 
risk genes within a family. The presumption of a genetic 
basis of the anomalies is based on recurrence risk. The 
recurrence risks in multifactorial inheritance disorders, 
although generally low, are higher than in the general pop­
ulation; they are increased further if more than one family 
member is affected, if there are more severe malforma­
tions in the proband, or if the parents are closely related, 
Beyond these generalizations, genetics can provide little 
specific information about this category of disorder, 

Utility of Molecular Genetics in Clinical Pediatric 
Surgery 

Genetic Counseling and Prenatal Diagnosis 

As mentioned earlier, there is still a gap between geno­
typic understanding of a disorder and direct application 
to clinical treatment. The exceptions are in the areas of 
genetic counseling and prenatal diagnosis. Pediatric sur­
geons are likely to require some knowledge of molecular 
genetics as their role in prenatal counseling of parents 
continues to increase. Molecular genetics can supply spe­
cific information about an affected fetus by providing 
genotypic confirmation of a phenotypic abnormality, a 
phenotypic correlate for a confirmed genotype, and, in 
many instances, the recurrence risk for subsequent preg­
nancies and the need for concern (or lack thereof) 
about other family members. Once again, HD is an 
example of how molecular genetics can be valuable in 
genetic counseling.8,64 The generalized risk to siblings 
is 4% and increases as the length of involved segment 
increases. In HD associated with known syndromes, 
genetic counseling may focus more on prognosis related 
to the syndrome than on recurrence risk. In isolated HD, 
a more precise risk table can be created. Risk of recur­
rence of the disease is greater in relatives of an affected 
female than of an affected male. Risk of recurrence is 
also greater in relatives of an individual with long­
segment compared with short-segment disease. For 
example, the recurrence risk in a sibling of a female with 
aganglionosis beginning proximal to the splenic flexure 
is approximately 23% for a male and IS% for a female, 
whereas the recurrence risk in a sibling of a male with 
aganglionosis beginning proximal to the splenic flexure 
is approximately 11 % for a male and S% for a female. 
These risks fall to 6% and lower for siblings of an indi­
vidual with short-segment disease. Prenatal diagnosis 
is possible if the mutation within the family is known. 
However, because the penetrance of single gene 
mutations is low (except for SOXIO mutations in 
Waardenburg's syndrome), the clinical usefulness of 
prenatal diagnosis is limited. 

More commonly, a general knowledge of genetics can 
allow accurate counseling of recurrence risk and reassur­
ance for parents of an affected fetus diagnosed with 
a multifactorial inheritance defect, the most common 
circumstance involving prenatal consultation with a 



pediatric surgeon. Pediatric surgeons should also be 
aware of the value of genetic evaluation of abortus tissue 
in cases of multiple anomalies when, after counseling, 
the parents choose to terminate the pregnancy. It is a 
disservice to the family not to send the fetus to an appro­
priate center for a detailed gross examination and a 
state-of-the-art molecular genetic assessment when 
appropriate. 

As molecular genetics increasingly characterizes the 
genes responsible for specific disorders, their predispos­
ing and modifier loci, and other genetic interactions, a 
better ability to predict the presence and severity of spe­
cific phenotypes will inevitably follow. This will allow 
prenatal counseling to be tailored to the specific fetus 
and lead to improved prognostic accuracy, giving par­
ents the opportunity to make more informed prenatal 
choices. 

Postnatal Treatment 

In the future, molecular genetics will allow specific ther­
apies to be optimized for individual patients. This may 
range from specific pharmacologic treatments for indi­
vidual patients based on genotype and predicted phar­
macologic response to anticipation of propensities for 
specific postoperative complications, such as infection or 
postoperative stress response. Of course, the ultimate 
treatment for an affected individual and their progeny 
would be to correct the germline genetic alteration 
responsible for a specific phenotype. Although there are 
many scientific and ethical obstacles to overcome before 
considering such therapy, it is conceivable that a combi­
nation of molecular genetics and gene transfer technolo­
gies could correct a germline mutation, replacing an 
abnormal gene by the integration of a normal gene and 
providing the ultimate preventive therapy. Although the 
state of gene transfer technology is far from this level of 
sophistication, progress in the past 3 decades can only be 
described as astounding. The next section provides an 
overview of the current state of gene transfer and its 
potential application for therapy. 

GENE THERAPY 

Gene therapy continues to be embroiled in controversy, 
its seemingly unlimited potential obscured by repeated 
disappointments and, more recently, adverse events. The 
year 2000 brought the first clinical gene therapy suc­
cess-treatment of X-linked severe combined immune 
deficiency (XSCID) II-only to have this dramatic 
achievement undermined by the occurrence ofleukemia 
in two patients. This and other adverse events threaten to 
overshadow the substantial progress made in gene trans­
fer technology in recent years. Slowly but surely, methods 
for gene transfer are being developed that will have 
greater safety, specificity, and efficacy than ever before. 
Although complex issues remain to be solved, it is likely 
that successful gene therapy strategies will be developed 
and proved within the next few years. The technology of 
gene transfer can be divided into viral vector-based gene 
transfer and nonviral gene transfer. Because of the 

limited scope of this chapter and the limited efficiency of 
nonviral-based gene transfer thus far, only the current 
state of viral-based gene transfer is reviewed. 

Viral Vectors for Gene Transfer 

Viruses are highly evolved biologic machines that effi­
ciently penetrate hostile host cells and exploit the host's 
cellular machinery to facilitate their replication. Ideally, 
viral vectors harness the viral infection pathway but 
avoid the subsequent replicative expression of viral 
genes that causes toxicity. This is traditionally achieved 
by deleting some or all of the coding regions from the 
viral genome but leaving intact those sequences that are 
needed for the vector function, such as elements 
required for the packaging of viral DNA into virus cap­
sid or the integration of vector DNA into host chro­
matin. The chosen expression cassette is then cloned 
into the viral backbone in place of those sequences that 
were deleted. The deleted genes encoding proteins 
involved in replication or capsid or envelope proteins 
are included in a separate packaging construct. The vec­
tor genome and packaging construct are then cotrans­
fected into packaging cells to produce recombinant 
vector particles (Fig. 2-3). 

Given the diversity of therapeutic strategies and dis­
ease targets involving gene transfer, it is not surprising 
that a large number of vector systems have been devised. 
Although there is no single vector suitable for all applica­
tions, certain characteristics are desirable for all vectors 
if they are to be clinically useful: (l) the ability to be 
reproducibly and stably propagated, (2) the ability to be 
purified to high titers, (3) the ability to mediate targeted 
delivery (i.e., to avoid widespread vector dissemination), 
and (4) the ability to achieve gene delivery and expres­
sion without harmful side effects. There are presently 
five main classes of vectors that, at least under specific 
circumstances, satisfY these requirements: oncoretro­
viruses, lentiviruses, adeno-associated viruses (AAVs) , 
adenoviruses, and herpesviruses. Table 2-2 compares the 
general characteristics of these vectors. 

Oncoretroviruses and lentiviruses are "integrating," 
that is, they insert their genomes into the host cellular 
chromatin. Thus, they share the advantage of persistent 
gene expression. Nonintegrating viruses can achieve per­
sistent gene expression in nondividing cells, but integrat­
ing vectors are the tools of choice if stable genetic 
alteration needs to be maintained in dividing cells. It is 
important to note, however, that stable transcription is 
not guaranteed by integration and that transgene expres­
sion from integrated viral genomes can be silenced over 
time.53 Oncoretroviruses and lentiviruses differ in their 
ability to penetrate an intact nuclear membrane. 
Whereas retroviruses can transduce only dividing cells, 
lentiviruses can naturally penetrate nuclear membranes 
and can transduce nondividing cells, making them par­
ticularly useful for stem cell targeting applications. 19,74 

Because of this difference, lentivirus vectors are supersed­
ing retrovirus vectors for most applications. Both types of 
vector, because of their ability to integrate, share the 
potential hazard of alteration of the host cell genome. 
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This could lead to the undesirable complications of 
human germ line alteration or insertional mutagenesis, 
particularly important considerations for pediatric or 
fetal gene therapy.56 Nevertheless, these vectors have 
proved most efficient for long-term gene transfer into 
cells in rapidly proliferative tissues and for stem 
cell-directed gene transfer. 

Nonintegrating vectors include adenovirus, AAV, and 
herpesvirus vectors. Adenovirus vectors have the advan­
tages of broad tropism, moderate packaging capacity, 
and high efficiency, but they carry the usually undesir­
able properties of high immunogenicity and consequent 
short duration of gene expression. Modifications of ade­
novirus vectors to reduce immunogenicity and further 
increase the transgene capacity have consisted primarily 
of deletion of "early" (EI-E4) viral genes that encode 
immunogenic viral proteins responsible for the cytotoxic 
immune response. 3,38 The most important advance, 

however, has been the development of helper-dependent 
adenoviruses (HD-Ads) that are deleted of all viral genes, 
thus eliminating the immune response to adenoviral­
associated proteins.48 These vectors may ultimately be 
most valuable for long-term gene transfer in tissues with 
very low rates of cell division, such as muscle or brain. 

AAV is a helper-dependent parvovirus that, in the 
presence of adenovirus or herpesvirus infection, under­
goes a productive replication cycle. AAV vectors are sin­
gle-strand DNA vectors and represent one of the most 
promising vector systems for safe long-term gene transfer 
and expression in nonproliferating tissues. AAV is the 
only vector system for which the wild-type virus has no 
known human pathogenicity, adding to its safety profile. 
In addition, the small size and simplicity of the vector 
particle make systemic administration of high doses of 
vector possible without eliciting an acute inflammatory 
response or other toxicity. Although the majority of the 



~ TABLE 2-2 Five Main Viral Vector Groups 

Vector Coding Packaging Tissue Vector 
Type Material Capacity (kb) Tropism Genome Advantages Disadvantages 

Retrovirus RNA 8 Only dividing Integrated Persistent gene Requires cell division; 
cells transfer in dividing may induce 

cells oncogenesis 
Lentivirus RNA 8 Broad, including Integrated Integrates into Potentia I for 

stem cells nondividing cells; oncogenesis 
perSistent gene 
transfer 

HSV-l dsDNA 40 Neural Episomal Inflammatory Large packaging 
response; limited capacity; strong 
tropism tropism for neurons 

AAV ssDNA <5 Broad Episomal (90%) Noninflammatory; Small packaging 
Integrated (<10%) nonpathogenic capacity 

Adenovirus dsDNA 8 Broad Episomal Extremely efficient Capsid-mediated 
30* gene transfer potent immune 

in most tissues response; transient 
expression in dividing 
cells 

• Helper dependent. 
AAV, adeno-associated vector; ds, double-strand; HSV-l; herpes simplex virus-l; ss, single-strand. 

AAV vector genome after transduction remains episo­
mal, an approximately 10% rate of integration has been 
observed.50 There are two primary limitations of AAV 
vectors. The first is the need to convert a single-strand 
DNA genome into a double strand, limiting the effi­
ciency of transduction. Recently this obstacle has been 
overcome by the development of double-strand vectors 
that exploit a hairpin intermediate of the AAV replica­
tion cycle.43 Although these vectors can mediate a 10- to 
100-fold increase in transgene expression in vitro and in 
vivo, they can package only 2.4 kb of double-strand DNA, 
limiting their therapeutic usefulness. This relates to the 
second primary limitation of AAV vectors, which is lim­
ited packaging capacity (4.8 kb of single-strand DNA). 
One approach to address this limitation is to split the 
expression cassette across two vectors, exploiting the in 
vivo concatemerization of rAAV genomes. This results in 
reconstitution of a functional cassette after concatemer­
ization in the cell nucleus. 17,49 Finally, an approach that 
has become common for enhancing or redirecting the 
tissue tropism of AA V vectors is to pseudo type the vectors 
with capsid proteins from alternative serotypes of AAy'58 
Although most rAAV vectors have been derived from 
AAV2, eight distinct AAV serotypes have been identified 
thus far, all of which differ in efficiency for transduction 
of specific cell types. AAV vectors have proved particu­
larly useful for muscle, liver, and central nervous system 
directed gene transfer. 

Herpes simplex virus (HSV-l) vectors are the largest 
and most complex of all currently used vector systems. 
Their primary advantages are a very large packaging 
capacity (up to 40 kb) and their strong neurotropism, 
allowing lifelong expression in sensory neurons. This has 
made neuropathologic disorders a primary target for 
HSV-1-mediated gene transfer. 

Clinically Relevant Challenges in Gene Transfer 

Recent adverse events demonstrate the potential for dis­
aster when using vector-based gene transfer. Major initia­
tives must be undertaken to delineate the potential 
complications of gene transfer with specific vectors to 
convince physicians and the public of their safety for 
future clinical trials. Nevertheless, because of the poten­
tial benefit, continued efforts to develop safe and effica­
cious strategies for clinical gene transfer are warranted. 

One of the primary obstacles to successful gene ther­
apy continues to be the host immune response. The 
intact immune system is highly capable of activation 
against viral vectors using the same defense systems that 
combat wild-type infections. Viral products or new trans­
gene encoded proteins are recognized as foreign and are 
capable of activating an immune response of variable 
intensity. Adenovirus vectors are the most immunogenic 
of all the viral vector types and induce multiple compo­
nents of the immune response, including cytotoxic 
T-Iymphocyte responses, humoral virus-neutralizing 
responses, and potent cytokine-mediated inflammatory 
responses. 7 Great progress has been made in reducing 
T-cell responses against adenoviral antigens by the devel­
opment of HD-Ad vectors that are deleted of all adenovi­
ral genes. These vectors have demonstrated reduced 
immunogenicity with long-term phenotypic correction 
of mouse models and negligible toxicity.14.34 However, 
even HD-Ad vectors or less immunogenic vector systems 
such as AAV or lentivirus vectors can induce an immuno­
logic response to capsid proteins or to novel transgene 
encoded proteins, a potentially limiting problem in a 
large number of human protein deficiency disorders 
caused by a null mutation. Thus, the application of gene 
transfer technology to many human disorders may 



require the development of effective and nontoxic strate­
gies for tolerance induction. 

Another major area of interest that may improve the 
safety profile of future viral vector-based gene transfer is 
specific targeting to affected tissues or organs. Whereas 
wild-type virus infections are generally restricted to those 
tissues that are accessible through the route of transmis­
sion, recombinant vectors are not subject to the same 
physical limitations. The promiscuity of viral vectors is a 
significant liability, because systemic or even local admin­
istration of a vector may lead to unwanted vector uptake 
by many different cell types in multiple organs. For 
instance, lack of adenovirus vector specificity was directly 
linked to the induction of a massive systemic immune 
response that resulted in a gene therapy-related death in 
1999.7 Because many of the toxic effects of viral vector­
based gene transfer are directly related to dose, increas­
ing the efficiency with which viral vectors infect specific 
cell populations should reduce viral load and improve 
safety. 

There are a variety of promising methods to achieve 
the targeting of viral vectors for specific organs or cell 
types. Perhaps the simplest approach is vector pseudotyp­
ing, which has been performed for retrovirus, lentivirus, 
and AAV vectors. By changing the capsid envelope pro­
teins to alternative viral types or serotypes, a portfolio of 
vectors with different tropisms can be generated.40 

Another approach is the conjugation of capsid proteins 
to molecular adapters such as bispecific antibodies with 
specific receptor binding properties. 33,61 A third 
approach is to genetically engineer the capsid proteins 
themselves to alter their receptor binding (i.e., to abolish 
their normal receptor binding) or to encode a small pep­
tide ligand for an alternative receptor.28 These and other 
approaches, when combined with the appropriate use of 
tissue-specific promoters, may significantly reduce the 
likelihood of toxicity from viral-based gene therapy. 

Another important obstacle to human gene therapy­
particularly fetal gene therapy-is the potential for inser­
tional mutagenesis when using integrating vectors. Until 
recently, this risk was considered extremely low to negli­
gible, based on the assumption that oncogenesis requires 
multiple genetic lesions and the fact that induced cancer 
had not been observed in any of the hundreds of 
patients treated with retrovirus vectors in the many gene 
therapy trials. However, recently 2 of 11 patients treated 
in an otherwise successful trialll ,25 of retroviral gene ther­
apy for XSCID developed a leukemia disorder.26 
Evidence suggests that this was caused by retroviral 
genome insertion in or near the oncogene LM02. These 
concerns have been further heightened by evidence that 
retroviral genes are not randomly inserted, as previously 
believed; rather, they preferentially integrate into tran­
scriptionally active genes.65 Although such events may be 
more likely to occur under the unique selective influ­
ences of XSCID, it is clear that the risk of insertional 
mutagenesis can no longer be ignored. Approaches 
designed to neutralize cells expressing transgene if and 
when an adverse event occurs, such as engineering sui­
cide genes into the vector, are one option, but this would 
also neutralize any therapeutic effect. More exciting 
approaches are based on site-specific integration-for 

instance, taking advantage of site-integration machinery 
of bacteriophage <j>X3l.52 This is undoubtedly only one 
of many approaches that will use site-specific integration 
in the future and should, if successful, negate the risk of 
insertional mutagenesis. 

Finally, a critical issue for in vivo gene transfer with 
integrating vectors in individuals of reproductive age is 
the potential for germline transmission, with alteration 
of the human genome. The risk of this event is poorly 
defined at present and is most likely extremely low, 
although in some circumstances (e.g., fetal gene trans­
fer), it could be increased.56 Although still not techni­
cally possible, the intentional site-specific correction of 
defects in the germline would be the ultimate in gene 
therapy. However, even if the technology becomes avail­
able, the intentional alteration of the human genome 
raises profound ethical and societal questions that will 
need to be thoroughly addressed before its application. 
The considerations are similar to those for insertional 
mutagenesis, so many of the approaches mentioned 
earlier for gene targeting and reduction of the potential 
for insertional mutagenesis are applicable here as well. 

Overview of the Current Status of Gene Transfer 

At present it is clear that viral vectors are the best avail­
able vehicle for efficient gene transfer into most tissues. 
Several gene therapy applications have shown promise in 
early-phase clinical trials. Although the adverse events 
noted in the XSCID trial have dampened enthusiasm, 
this still represents the first successful treatment of a 
disease by gene therapy. The treatment of hemophilia B 
using rAAV is also promising. 32,41 The next few years are 
likely to bring advances in the treatment of certain types 
of cancer using conditionally replicating oncolytic 
viruses and in the treatment of vascular and coronary 
artery disease using viral vectors that express angiogenic 
factors. In the future, new disease targets are likely to 
become approachable through the fusion of viral vector­
mediated gene transfer with other technologies such as 
RNA interference, a powerful tool to achieve gene silenc­
ing, Such vectors could be useful in developing therapy 
for a range of diseases, such as dominantly inherited 
genetic disorders, infectious diseases, and cancer, 
Advances in the understanding of viral vector technology 
and DNA entry into cells and nuclei will likely lead to the 
development of more efficient nonviral vector systems 
that may rival viral vectors in efficiency and have superior 
safety, Gene vector systems of the future may be very dif­
ferent from those in use today and will ultimately provide 
efficient delivery of target-specific, regulated, transgene 
expression for an appropriate length of time. 
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