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Abstract
Gene therapy research has expanded from its original concept of replacing absent or defective
DNA with functional DNA for transcription. Genetic material may be delivered via multiple
vectors, including naked plasmid DNA, viruses and even cells with the goal of increasing gene
expression; and the targeting of specific tissues or cell types is aimed at decreasing risks of
systemic or side effects. As with the development of any drug, there is an amount of empiricism in
the choice of gene target, route of administration, dosing and in particular the scaling-up from pre-
clinical models to clinical trials. Systems Biology, whose arsenal includes high-throughput
experimental and computational studies that account for the complexities of host-disease-therapy
interactions, holds significant promise in aiding the development and optimization of gene
therapies, including personalized therapies and the identification of biomarkers for success of
these strategies. In this review we describe some of the obstacles and successes in gene therapy,
using the specific example of growth factor gene delivery to promote angiogenesis and blood
vessel remodeling in ischemic diseases; we also make references to anti-angiogenic gene therapy
in cancer. The opportunities for Systems Biology and in silico modeling to improve on current
outcomes are highlighted.
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Introduction
As the complexity of therapy-host interactions becomes increasingly apparent, the ability to
predict the outcomes of interventions relies on a comprehensive dual approach of systematic
measurement and integrative assembly of predictive computational models [1]. This is
reflective of a shift from a one-gene-per-disease mindset to understanding of multi-gene
complex disease processes, where the outcome is dependent on a synthesis of the behavior
of interrelated networks and systems as a whole [2]. While systems biology has recently
been applied to the study of diseases [3] and specific molecules or pathways [4], the scope
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of this review is to outline the potential for the application of systems biology practices to
therapeutic design, and specifically to gene delivery. In particular we point out the
advantages of this approach as regards personalized medicine. Systems biology principles
have been applied only in part in the gene delivery arena so far, and by describing the
approaches and opportunities, it is hoped that this review can spur further activity in this
area.

Because the ‘systems’ designation is reflective of the complexity being studied rather than a
specific limited set of tools, strict definitions are elusive; a recent analysis refers to Systems
Biology studies as incorporating at least two of the following three characteristic
components: High-throughput experiments; Computational models; and Bioinformatics [5].
Systems Medicine is a subset of Systems Biology related to human therapeutics. Systems
Biology studies are: (i) Quantitative. Going beyond on/off, up/down, inhibit/repress
representations of biological interactions [4]. (ii) Integrative. Compiling and analyzing data
for multiple elements within the network and system, rather than a single readout [6,7]. (iii)
Spanning multiple scales. Incorporating gene, message, protein and cell-level
measurements and predictions, and possibly extended to tissue, organ and organism levels
[8,9]. (iv) Predictive. Covering a sufficient fraction of the system to allow prediction of
system behavior in untested states, and the ability to predict interventions to alter those
states. Thus, systems biology approaches enable us to measure and predict multiple
parameters simultaneously and under many conditions, giving a better picture of the state
and dynamics of the system as a whole, rather than one specific element.

Gene therapy as it is currently practiced has failed to take advantage of the approaches of
systems biology or systems medicine. Typically, patients receive treatments that are not
based on their genomic or proteomic characteristics but rather on the up-regulation of the
amount of a particular protein. As with other therapeutic approaches, empirically-derived
maximum tolerated dose for a patient population, rather than maximally efficacious dose for
the individual patient is used, which may not be the same, and thus the translation from pre-
clinical animal model to human trial and to clinic is not optimal. Moreover, analysis of
toxicity needs to consider both the effects of changes in protein concentration and the effects
linked to the vector itself. Indeed, for plasmid DNA approaches the amount of DNA that can
be delivered is often limited by the amount/cost of the vector, more so than the limiting
effects of toxicity of the protein product.

Pre-clinical models strive to achieve homogeneity and reproducibility (e.g. using inbred
strains of mice), while disease heterogeneity among patients that may manifest in
heterogeneous activation of different genes, and in differential expression of multiple
ligands, receptors and regulatory molecules may render certain therapies unsuccessful for
some patients but effective for others. Taking advantage of systems biology can help to
increase the success rate of translation. Possible reasons for failure of clinical trials include
inappropriate selection of pre-clinical animal models, rendering the scale-up less accurate
[10]; systems biology can help to identify the key drivers of therapeutic success, indicating
which correlations between animal and human are most relevant. In target selection, systems
biology can help identify targets (e.g. ligands, receptors or transcription factors) which are
most likely to be effective for the broadest number of patients or patient subpopulations
[11,12]. A systems approach also allows for comparison among multiple therapies targeting
the same pathways, whether through delivery of genes, siRNA, shRNA or miRNA.
Developing predictive and quantitative biomarkers for gene therapy would allow
determination of patient subpopulations that are most likely to benefit from a given therapy,
allowing the clinical trial to be more selective and increase the significance of successful
outcomes and optimize dosing and timing of the gene therapy regimen [13].
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Bioinformatics
Like computational modeling that we will review below, bioinformatics is an enabling
methodology in the arsenal of systems biology. Modern bioinformatics generally includes
application of computational and statistical methods to the analysis of genomic, proteomic,
transcriptomic and metabolomic data (Omics), gene expression, cell signaling and metabolic
pathways, protein-protein interactions, genome-wide association studies, and structure-based
drug discovery. Bioinformatics can be regarded as a means to generate biological
hypotheses and derive scientific knowledge from computer analysis of complex
experimental data. Large-scale bioinformatic analysis of vector integration sites for gene
therapy has led to new insights into vector–host cell interactions [14,15]. Genomic and
proteomic approaches have been used to identify new targets for gene therapy in
cardiovascular applications [16] and cancer [17]. However, the systematic use of this
approach is still in its infancy relative to its potential. Bioinformatic approaches can be used
to identify novel targets for both pro- and anti-angiogenic gene therapy strategies. A variety
of systems biology approaches have been introduced in a study to engineer microvascular
networks for ischemic diseases and also in application to tissue engineering; those include
genomics, proteomics, transcriptomics, and pathway analysis integrated with high-
throughput experimental methods, and computational modeling [4]

Mathematical and Computational Modeling of Gene Therapy
While the goal of gene therapy is the expression of the protein encoded by the delivered
gene, it is not sufficient that the gene product is expressed. The downstream impact of this
protein, expressed for a sufficient duration and magnitude, must exert a beneficial effect on
the protein network, whether this “effect” is short or long term. Currently, gene expression
studies often examine changes in target protein concentration over a period of time as
opposed to the effects of these changes in protein expression on the overall pathways
involved (Figure 2). The goal of systems biology is to overcome this by incorporating
information on the expressed protein and the pathways in which it is involved, allowing us
to optimize gene therapy approaches. This includes systematic use of mathematical models
and in silico simulations of gene therapy. We can consider the following sequential steps
each as candidates for systems biology studies: (1) target selection; (2) therapy design (e.g.
promoters, enhancers, vector); (3) delivery (systemic, targeted); (4) uptake by cells; (5)
expression of gene product; (6) impact on target and therapeutic outcome. In certain cases,
even this last step alone can reveal considerable information on the design of gene therapy;
for example, hypothetical fitness advantages conferred by delivered genes on a subset of
cells – and the longevity of those advantages – are predicted by Markov models to have
great impact on the prevalence of specific cell lineages in hematopoiesis [18,19]; these
predictions guide the design of specific gene therapies that can provide these advantages. In
other cases, several of the steps are simulated together, and mathematical and computational
models can be used to optimize or identify markers of success and failure at each of the
steps in gene therapy. A variety of model types and modeling methodologies can be used to
quantify these steps. For example, models can be classified as deterministic vs stochastic or
hybrid, continuum vs discrete, spatial (1-, 2-, or 3-dimensional) vs compartment, single- vs
multi-scale. As far as modeling methodologies, models can be expressed in terms of
algebraic equations, ordinary or partial differential equations (ODEs or PDEs),
representation of stochastic processes using probability distributions, agent-based models
(ABMs). Once the model is formulated in mathematical terms using a single or combination
of methodologies, numerical methods are used to make the problem amenable for computer
simulations, i.e. a computer algorithm. The problem is then solved on the computer
(depending on the complexity of the problem, using a single processor or tens to thousands
of processors) to generate predictions. Models often contain multiple parameters (e.g.,
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kinetic coefficients, receptor expression, rates of degradation) whose values are not
accurately known; this necessitates a sensitivity analysis where parameter values are varied
within wide ranges to assess the sensitivity of the results to these variations. Many of the
mathematical and computational models in the area of gene therapy have been reviewed in
[20].

Effective therapeutic models would study both the pharmacokinetics (i.e. the fate of the gene
vector in the body) and the pharmacodynamics (i.e. the ability of the vector to produce an
effective gene product) (Figure 3), but many studies focus primarily on one or the other. So
far no one modeling approach has integrated these together.

Pharmacokinetic models
To better compare multiple possible therapeutic strategies, the pharmacokinetics of gene
delivery are required. Recent mathematical studies have permitted the identification of the
rate-limiting steps for retroviral delivery, focusing on extracellular and intracellular viral
trafficking and integration [21]. The problem was formulated to simulate an experiment with
mammalian cells at the bottom of a culture dish and retrovirus introduced to the medium.
Mathematically, the vector distribution is described by a time-dependent one-dimensional
diffusion equation with a decay term, and the concentration of target cells which carry
viruses inside their cytoplasm is governed by an ordinary differential equation with respect
to time. However, some of the terms are evaluated at time t-τ, where τ is the mean
trafficking time of a virus in the cell cytoplasm which includes the times for reverse
transcription and transport to the nucleus resulting in a delay differential equation. The
distribution of virus-carrying cells containing k vectors is approximated by the Poisson
probability density. This description is also related to stochastic models describing
intracellular virus dynamics [22]. Conceptually similar models have been formulated for
non-viral delivery described by a combination of kinetic equations and the distribution of
plasmids in the cells described stochastically using Poisson and Bernoulli processes [23].
The results of simulations yielding probability distributions for the number of plasmids are
validated against in vitro cell transfection experiments. A biophysically-detailed non-viral
gene delivery model based on stochastic description was developed in [24]. Therefore,
modeling methodology for viral and non-viral gene delivery has been developed and
validated against in vitro data. Gene products that are extracellular, such as growth factors,
add an additional level of complexity, as the transport of the protein throughout the target
tissue, and potentially through the blood to other tissues, must also be included [25].

Pharmacodynamic models
Describing pharmacodynamics pertinent to gene therapy in biophysical and biochemical
detail is a difficult task and only a few studies have been undertaken. Note that this problem
is intimately related to models of gene expression and gene networks regulation [26]. It is
also related to the intrinsic cell-to-cell variability of gene expression [27].

The simplest incorporation of gene product overexpression into a mathematical model is an
additional production term, as in a recent model of endostatin delivery to tumor cells [28].
The major considerations are: (i) which cell types experience overexpression? This could
depend on the ability of the cells to uptake the vector, as well as by design using a cell-
specific promoter; (ii) what is the timeline of overexpression? Whether transient or stable,
there is a characteristic time of upregulation and/or downregulation [29]; (iii) what is the
peak overexpression? This level of expression of the gene product is likely to be the key to
effective therapy; (iv) what is the variability in expression level from cell to cell? [30] There
are several stochastic processes that can result in a range of copy numbers and thus
expression differences between cells; (v) once expressed, what is the localization of the gene

Mac Gabhann et al. Page 4

Curr Opin Mol Ther. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



product? Growth factors with longer retention times (e.g. heparin-binding growth factors
such as HGF) have shown some promise [31] in comparison to diffusible factors [32].

Effective pharmacodynamic models also include the host target of the gene product, e.g.
VEGFR2 in the above endostatin model [28], or other components of the VEGF/VEGFR
pathway in the case of VEGF gene delivery [30]. This has the advantage of detecting the
typically nonlinear or even biphasic relationships between expression of the gene product
and therapeutic efficacy. For example, VEGF delivery can induce endogenous production of
additional factors that promote stabilization of newly formed blood vessels [33].

In the area of angiogenesis and vascular remodeling a variety of models have been
developed, including models of pro- and anti-angiogenic therapeutic interventions; general
recent reviews are available [4,9,34,35] Pro-angiogenic therapies in peripheral arterial
disease are analyzed in [7,25].

The study of viral and nonviral gene delivery pharmacokinetics has so far been distinct from
the study of endogenous signaling networks targeted for intervention. There are some
technical challenges in integrating the two types of models together; for example, the
pharmacodynamic models are frequently multicellular while the pharmackinetic models
have to date focused on only the primary target cells, validating in vitro.

Gene therapy for neovascularization: the story so far
Both naked plasmid and adenoviral gene therapy of VEGF and other growth factors have
been successful in multiple animal models of ischemic diseases such as peripheral and
coronary artery disease [36–38]. Translation to human clinical trials, however, has not yet
been successful despite a dozen clinical trials in those diseases delivering genes expressing
VEGF or a VEGF-inducing transcription factor [7,36,39]). Delivery of other pro-angiogenic
growth factors such as FGF in humans has also failed, though a meta-analysis suggests
significant improvement when all the pro-angiogenic studies are pooled [40]. Indeed, no
human gene therapy is yet FDA-approved. Finding an answer to why these clinical trials
have failed – including testing hypotheses such as insufficient dosing [39] and insufficient
inflammatory response [38] – requires integration of theoretical and experimental studies,
scaling animal models up to human tissues. The specific disease present may play a role –
while clinical trials of growth factor delivery in coronary artery disease and claudication in
peripheral artery disease have had no major successes, there have been at least two
promising recent Phase II trials in critical limb ischemia, delivering HGF [31] or FGF [41].
Interestingly, in both cases, plasmids were the vehicle and multiple injections were used
(three and four doses, respectively, approximately two weeks apart). Anti-angiogenic
approaches for use in cancer have also been studied, including delivery of natural
angiogenesis inhibitors and cytokines that downregulate endogenous angiogenesis
promoters [42].

Gene therapy for neovascularization: opportunities
Computational models can be used to predict the impact on efficacy of many parameters
beyond target selection, and exploration of this space may lead to both improved and
individualized therapies.

The failed clinical trials of gene delivery targeting VEGF performed to date should not in
totality exclude the potential of gene delivery to target the vasculature. There are many
additional available targets (Figure 1), including the VEGF-inducing transcription factor
PGC1α [43,44], alternate ligands such as Placental Growth Factor PlGF, signaling pathway
members, and the VEGF receptors themselves. The receptors are particularly intriguing as
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they have been observed to be elevated in exercise [45]. Perhaps the peak and duration of
altered protein expression were insufficient.

Most of the pro-angiogenic therapy studies have focused on increasing the expression of
pro-angiogenic molecules. However a similar methodology would permit the delivery of
siRNA, shRNA or miRNA to modulate expression of endogenous anti-angiogenic
molecules, of which there are many. This would be particularly relevant in certain disease
backgrounds where anti-angiogenic molecules are upregulated [46,47]. Negative regulation
of VEGF family members such as soluble VEGF receptor 1 or other components alone or in
combination could improve outcomes [25,48].

Rather than delivering naked DNA or viral vectors, the injection of cells that have been
treated and transduced has the potential for well-targeted and well-tolerated delivery of the
gene product [49,50]. This method has the advantage of establishing confirmed stable
expression ex vivo before reimplantation [51,52], and may be particularly useful for highly
localized induction [30]; focal induction of collaterals may be particularly effective in
ischemic diseases as only a small number of collaterals are necessary for efficient restoration
of flow [53]. Stable expression of gene products is still a major challenge of gene therapy. In
many cases, expression is transient; this can result in a temporally-restricted response that
may or may not be beneficial [54]. Gene therapy has typically been formulated a single-
injection, but transient expression suggests that multiple dosing could be indicated. The
pharmacokinetics of multiple dosing will be particularly important to study, as the
transduction efficiency may decrease with each round of gene delivery (a problem that
extends also to simultaneous delivery of multiple genes).

There are many issues associated with scaling up of doses from animal models to humans.
The fraction of target cells successfully transduced is vastly lower in humans than in small
animals; it has also been noted that gene doses and concomitant inflammation may also be
lower in humans [38], resulting in less effective gene product production. Systems
biological models can be formulated for both small animals and humans that take into
account the impact of geometry, microanatomy and other differences in microenvironment.
In addition, it may be advantageous to add larger animal models, such as swine to the
studies of gene therapy targeting vasculature [47,55].

A particular strength of systems biology studies is the ability to predict effects on parts of
the system that are not the direct or intended target of the therapy. In the case of gene
therapy, the delivery of the vector to a multicellular tissue can result in ectopic expression,
or an extracellular gene product may interact with other cells. Systemic delivery carries
particular risks in this regard. Interfacing with studies of other major processes such as
inflammation may aid in both therapy design and side effect reduction. Side effects and
interactions of gene therapy with other drugs [56,57] would also be identifiable and this
enables us to design around them. Synergy (or at least lack of interference) with other new
promising therapies such as injected circulating endothelial progenitor cells (EPCs) could
also be tested [58,59]. Conceptually, the idea that activity within a pathway is activated is
probably more important than merely altering expression of a specific protein.

Mathematical models and bioinformatic studies designed to compare single therapies can
also be used to test combinations of therapies. Gene therapy is increasingly being tested in
combination with other modes of therapy [60]. In addition, some therapeutic processes (e.g.
angiogenesis or arteriogenesis) appear to be best induced by multiple (two or three)
complementary gene products [61–64].
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Conclusion
Systems biology – the combination of experiment, bioinformatics and computational
biology – can shed significant insight on both the challenges and opportunities for gene
delivery. Uniquely it can synthesize many sources of information to provide detailed and
testable predictions for therapy design, biomarker prediction, and side effects. It can be used
to compare existing and novel therapeutic designs and to predict the behavior of multimodal
or multigene therapy. While individual components of systems biology – e.g. computational
modeling – have been applied to gene therapy studies as described here, a fully integrated
systems approach has yet to be attempted in this area. As we look forward to the next decade
of gene therapy studies, a one-size-fits-all approach to medicine is likely to lose ground in
favor of a systems approach to the prediction of outcomes of, and biomarkers for,
personalized medicine. Emphasis is increasing on personalized therapies, and systems
biology – particularly bioinformatics and computational modeling – are extremely well
suited to contribute in this area. Just as there is cell-to-cell variability in expression and
behavior [23], there is also considerable inter-individual variation, possibly due to
modulation by SNPs [65,66]. For each of the above opportunities in gene therapy design,
there will be individuals who will respond better or worse than average, or not at all,
particularly in the presence of disease backgrounds [48,67]. Thus we need biomarkers for
the success of therapies. Typically biomarkers are identified in a post-hoc manner – as
metrics that distinguished responders from non-responders. Bringing the tools of systems
biology to bear allows us to predict biomarkers that can aid in therapy design and selection,
as well as post-therapeutic monitoring.
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Figure 1. Current and potential targets for pro-angiogenic gene therapy
Although gene delivery of the pro-angiogenic cytokines VEGF, FGF and HGF, plus that of
the transcription factor (TF) HIF, have so far not resulted in successful phase III trials, there
are many approaches for targeting the same system, including alternate ligands, receptors,
and downstream signaling targets. In particular, combination therapies have yet to be tried.
Computational and systems biology are uniquely placed to compare these approaches using
a consistent model system based on previous trials and preclinical experiments. Green
arrows, tested in clinical trials; red arrows, not tested.
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Figure 2. Evaluating success of gene delivery
A vector (plasmid, virus or cell) carrying the gene for agent A injected causes
overexpression of A. Traditionally, gene delivery studies have used elevated measurements
of A (typically in blood) as confirmation that the treatment is working. However, the
expression of A is only the start of the process of the tissue responding to the intervention.
Agent A will interact with endogenous molecules and cause multifocal effects. It is the
impact of these effects on the desired therapeutic outcome that defines the efficacy of the
treatment, but these can be difficult to predict without the use of systems biology approaches
and models.
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Figure 3. Systems Biology provides a predictive bridge between therapeutic design and outcomes
Barriers between the gene delivery and the therapeutic outcome can be analyzed and
simulated by applying existing frameworks for pharmacokinetics and pharmacodynamics.
Systems biology allows the exploration of the potential space for therapy design, and of the
space of possible interindividual variation, particularly in how the pharmacokinetics and
pharmacodynamics would be altered. This aids in determination of the best therapy for each
individual and the best therapies for groups of individuals.
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