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T
he modern era of interest
in gene transfer as a
methodology for treating
disease began around 1985
with the first use and pub-

lication of mouse-based retroviruses
that could transduce human cells.1 In
fact, the use of gene transfer as a clini-
cally useful method is probably older
than any other therapy commonly used
today — it forms the basis for the vac-
cinia vaccination against smallpox, pop-
ularized in Western medicine by Jenner.
Another antecedent is phage therapy for
bacterial infection, which was largely
but not completely superseded by
antibiotics (although it may make a
comeback in this era of drug-resistant
pathogenic bacterial strains.)2 Other
examples include the other live viral
vaccines: measles/mumps/rubella, polio,
varicella, tuberculosis, influenza, the use
of bacillus Calmette-Guérin (BCG) as a
therapeutic for bladder cancer bone
marrow transplants, and even the use of
maggots to clean wounds.3,4 

Why Gene Therapy?

The current picture of therapy or
prophylaxis using gene transfer is closely
related to the live vaccine idea. However,
there are several concepts that gene
therapy vectors can exploit that make new
approaches to medicine possible. The
most important of these are as follows.

Delivery of Large Biomolecules into Cells

First, gene therapy allows delivery of
large biomolecules (such as proteins and

nucleic acid) to the interior of cells, which
is where most of the biochemical action
is in animals and humans. It has been
very difficult to get intact proteins into
cells, and it is no coincidence that most
recombinant biologics on the market
are molecules that have a pharmacolog-
ical effect when put into the circulation
or are otherwise applied extracellularly.
This includes many cytokines and hor-
mones (e.g. IL-2, interferon alpha,
growth hormone, and insulin) and also
monoclonal antibodies, the latest addi-
tion to the biopharmaceutical arsenal.
The experience and understanding of
protein action has led to gene transfer as
one way to deliver these proteins.

Specificity of Action

Second, and related to the intracellu-
lar action, is the specificity of action of
biomolecules that typically have fewer
unexpected side effects and toxicities

than candidate small molecule drugs.
This aspect is reinforced by the difficult,
though not impossible, challenges in
producing small molecule mimetics for
macromolecules.5

Targeted Delivery

Third, there is an opportunity to
avoid systemic exposure to protein or
nucleic acid drugs by directing the genes,
or the expression of genes, in various ways.
Despite the above paean to specificity,
many proteins are naturally pleiotropic,
and can have different actions depend-
ing on local conditions. Ideally a pro-
tein, or any therapeutic agent, would
only be present where it was necessary
to elicit the therapeutic effect, as side
effects of pharmaceutical agents always
exist. The advantage of delivering a
gene is that, unlike most small mole-
cules and proteins, it stays put and
delivers the biopharmaceutical payload
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locally. At present, the most effective
way to target a particular tissue is often
by delivering the gene vector through a
device such as a needle or catheter into
the tissue. Other methods have had some
success, at least in animal models. These
include topical delivery, intravenous
delivery to the liver and blood compart-
ment, various forms of liquid delivery
to lung tissue, introducing genes into
cells ex vivo (e.g. T cells, CD34+ cells)
then returning these to the body, modi-
fying surface proteins on vector parti-
cles to alter affinities and binding, and
using tissue-specific promoters to limit
expression to certain cell types.

High Potency

Finally, an underappreciated proper-
ty of vectors based on modified viruses
is that they are generally quite potent
and, although they have had their share
of manufacturing issues, the manufac-
turing scale per estimated human dose
is moderate compared to many recom-
binant proteins (Fig. 1). For example, a
typical dose of recombinant factor VIII
(a crucial blood clotting protein) is
50–500 µg, whereas vectors are thera-
peutic at mass doses at least 100-fold
lower than that, at least in animal mod-
els. Other proteins require higher doses
in the milligram range; monoclonal
antibodies are heading to even higher
doses in the hundreds of milligrams.
Gene therapy vectors, therefore, likely
have a considerable mass advantage in
the amount of material required for an
effective human dose. As there are no
gene therapy drugs approved yet (apart
from the vaccines mentioned above),
this advantage is necessarily not defini-
tive — but the potential is definitely
there. In fact, this accounts for the aca-
demic cottage industry in gene therapy,
in which it is possible to manufacture
the smaller quantities of material that
constitute a human dose with academic
dollars. This is not typically feasible for
recombinant proteins.

Timing

As noted above, the modern concept
of therapy by transfer of specific genes
to specific tissues was first taken seri-
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Figure 1: Typical equipment used for  vector production at the 10–40 liter scale  equivalent
which yields about 10–40 human doses or 20–80 monkey doses of an EIAV lentiviral vector
(30) designed to treat Parkinson’s Disease.29
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ously by the scientific and medical com-
munity around 1985, and the first clini-
cal trial started in 1990.6 The course of
gene therapy, from high intellectual
excitement at the new concepts to disap-
pointment in the face of both foreseen
and unforeseen difficulties, is reminis-
cent of the monoclonal antibody “magic
bullets” story. Only in the last few years
have monoclonal antibodies begun to
receive regulatory approval and appear
on the market. Most observers expect a
similarly happy ending for gene therapy,
so using the same timeline, gene therapy
products should start to appear in the
next five years. If true, this means these
products should currently be in devel-
opment and in the clinic. Indeed, there
are a number of agents in clinical trials
that are promising candidate products
in cardiovascular disease, genetic dis-
ease, and even in that graveyard of new
therapies, cancer. For example, an ade-
noviral vector fibroblast growth factor
(FGF4) agent has shown Phase II effica-
cy data in angina pectoris, and it seems
clear that hemophiliacs will be treated
by AAV, retroviral, or other vectors
encoding factors VIII or IX.7-9 

In addition, the sole clear, published
cure from gene therapy is the treatment
of X-linked severe combined immuno-
deficiency syndrome (SCID).10 In  this
study, bone marrow-derived hematopoi-
etic stem cells from infants with the
genetic disease were transduced with the
gene for which they were deficient (the
gamma chain of the IL-2 and IL-15
receptors). This syndrome leaves chil-
dren without an immune system and
hence very susceptible to infection. The
treatment appears to be essentially a
complete cure, allowing the children to
lead normal lives. However, in a classic
example of how risk and benefit often
show up at the same time, two of nine
children developed a leukemia that
seems to be linked to the treatment by
insertional activation of a gene associat-
ed with a translocation in cancer.11 The
affected children appear to be respond-
ing well to chemotherapy and are not
dead, despite reports to the contrary.
Although all instances of serious disease
(especially in children) are tragic, it is
clear that this therapy is a resounding
success, albeit with a finite chance of

serious side effects. If this therapy were
not “Gene Therapy” it would likely be
widely recognized as a success. The neg-
ative reaction from the public and regu-
latory authorities around the world is
the flip side of the initial enthusiasm
and heightening of expectations that
seem inevitable with the appearance of
any new clinical paradigm.

In cancer, progress with viral vectors
has been on a broader front, and a num-
ber of agents have shown therapeutic
effects at levels that suggest strong prod-
uct potential. Many of these are based
on cancer immunotherapy (which
many believe will work), but no one is
quite sure of which indications and with
what agents exactly.12 These include the
expression of tumor-associated anti-
gens, cytokines, and other immune
stimulators such as CD40 ligands.13-15

Cancer researchers are testing a number
of different vectors, including vaccinia,
adenoviruses, retroviruses, and DNA.

Another promising approach to can-
cer — currently in Phase III trials for
head and neck cancer — is the use of
adenoviral vectors expressing p53 to
induce local tumor death.16 Also, after a
rocky start, some of the conditionally
replicating oncolytic vectors (her-
pesvirus, for instance) have advanced
into clinical trials.17

Finally, at least a few agents or
approaches have such compelling ani-
mal data that it is easy to believe that
these are products-in-waiting. These
include the use of glial cell line-derived
neurotrophic factor (GDNF) for
Parkinson’s disease, the adenoviral vec-
tor prime boost as an HIV vaccine strat-
egy, and the use of lentiviral vectors
encoding antiangiogenic factors as ther-
apies for macular degeneration and dia-
betic retinopathy.18-21

So, What’s the Catch?

A major consideration with gene
therapy is that to effectively practice the
technology, a cross-disciplinary team is
needed to try to anticipate the multiple
issues in different scientific disciplines
that will inevitably occur. Although this
is commonplace knowledge in drug
development circles, it was often not the
situation with the individuals and

groups who pioneered the first gene
therapy clinical trials. Some, though by
no means all, of these types of expertise
were mainly available in large drug com-
panies. Expertise was (and remains)
needed in virology, immunology, toxi-
cology and pharmacology, the target
diseases, process development and man-
ufacturing of biologics, clinical trials,
and the regulatory arena. However, not
only were all these capabilities neces-
sary, but they also had to be applied
conceptually to a new technology (viral
vectors) and the issues associated with
drug development had to be worked
out. Hindsight is 20/20, but it truly
seems that some issues could have been
better addressed. One example (but by
no means the only one) is the issue of
immune responses to viral vectors, par-
ticularly those to which most humans
are already immune.22 Although the
consequences of this are still to be com-
pletely understood, the existence of such
immune responses raises a number of
questions such as:

· How often to readminister the
agent?

· Do potencies suffer because of this
phenomenon? 

· What toxicities could be linked to
administration in the face of a pre-
existing immune response to the
vector? 

In general, immunologists were not
heavily involved in the early days of gene
therapy, despite the fact that quite a few
approaches involved inducing immune
responses to viral or tumor-associated
antigens. It is certainly possible to find
immunologists who say that, had it been
up to them, they would never have started
with such vectors. In fact, it turns out
that excellent immunology is now being
performed on the different vector sys-
tems, resulting in exciting possibilities
for controlling whether or not immune
responses to the vector or transgene
arise, depending on which vector is used
and how and where it is administered.23

This is only one example, but it is fair to
say that there are many cases in which
the issues were underestimated or not
fully appreciated. This is inevitable in
pushing a new technology forward, but
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Vector

1st 
generation
adenoviral
vectors

Replication
competent
vectors-
mainly
adeno, but
also herpes

AdenoAssociated
Virus (AAV)

Retroviral
(MLV based)

Lentiviral
(HIV, FIV,
BIV and EIAV
based)

Herpes

Vaccinia/
Pox

Strengths

Easy to make,
high levels of
expression

Relatively easy to
make, can be 
made cell type
or tumor specific

Long term
expression,
several serotypes
may have
improved
properties

Long term
expression

Long term
expression, useful
natural tropisms,
transduces many
non-replicating
cells

Extensive under-
standing of
biology, BAC
cloning has made
manipulation of
large genome
much simpler

Known entity-
smallpox vaccine

Properties
and 

limitations

Short term
expression,
limited doses

The specificity
still not that
great

Seem 
quite well 
tolerated,
tropism 
in vivo can be 
unexpected

Extensively used

Only one 
trial so far

Neurotropic
large
genome in 
one format

Parent (non-
recombinant)
used on
many people

Known toxicities
and issues

Relatively low limiting 
dose, pre-existing
immune response,
immunogenic

Potency seems lower
than expected,
replication can die out

Insertional
mutagenesis issues
have been raised no
clinical evidence, pre-
existing immunity
appears not to be strong
limitation

Replication competent
retrovirus
contamination
insertional activation
of oncogenes in one
trial, transduces only
replicating cells

Pre-existing immunity
to HIV, mobilization
by HIV, regeneration
of replication
competent lentivirus
(hypothetical)

Can be toxic unless
very disabled;
complex

Known to have serious
side-effects at a low 
frequency, pre-existing
immunity

Clinical
areas of

typical use

Cancer,
limited
duration
expression

Cancer

Genetic
diseases,
chronic
diseases

Infectious
disease,
cancer,
genetic
disease

Infectious
disease,
chronic
neurological
disease

Cancer,
Pain

Cancer,
Infectious
disease

Manufacturing 
status

Straightforward,
complementing
cell lines for
deficient viral
functions (293,
PER C6)

Straightforward

Never been 
very easy,
usually made
by transient
transfection on
tissue culture
cells

Routine,
continuous
production from
cell lines

Transient
transfection on
293 cells

Packaging cell
lines made,
preparation still
difficult

Routine and 
robust

% current
Gene

Therapy
trials to

date (26)

27%

NA

2.4%

34%

0.15%

0.8%

6.1%

Table 1. Summary of properties of vectors that have been in the clinic
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it is possible that daylight could have
dawned sooner. Fortunately, there is
now a considerable cadre of individuals,
mainly in biotechnology companies,
who have the appropriate experience to
get the balance right.

Another issue that has taken time to
address is the relative complexities of
these agents. It is well known that
seemingly inconsequential changes to
manufacturing processes can occasion-
ally change the properties of biological
drugs in unexpected ways. These were
new agents, new processes, and the
combination has been fragile. At the
R&D stage, the differences between
“good” preps (i.e. those that had the
desired biological effect) and “bad”
preps (those that did not) were often
not apparent.

One take-home lesson from all of
this seems to be that, in general, hoping
for the best is a bad strategy. If there
seems to be a possibility of a problem, it
is best to assume that if you can think of
it, it must be fairly obvious and there-
fore quite likely to happen. Some of
these issues are listed below.

Scientific Difficulties with Viral
Vectors that Might Have Been
Anticipated

· Immunogenicity of foreign proteins,
with intracellular delivery 
allowing class I responses

· Immunogenicity or preexisting 
immunity may limit readministra-
tion possibilities

·Other arms of the immune system 
(complement, cellular antiviral 
strategies)

· Tumorogenicity innate to extra 
DNA in nucleus

· Control of gene expression

Product Development Issues in Early
Viral Vectors

· Defined reproducible material from 
novel manufacturing and testing 
procedures

· Difficulties in defining release tests 
that predict biological activity in  
vivo

· Effective design of clinical trials so 
that outcomes guide subsequent steps

A second lesson for gene therapy,
and for developing new biopharmaceu-
tical modalities in general, is the need
for input as early as possible from indi-
viduals who are willing to work to
understand the nitty-gritty details of the
technology and its capabilities, then
apply preexisting drug and biopharma-
ceutical development expertise.

Viral Vector Systems

This review describes some of the
general issues associated with making
and using viral vectors. However, dif-
ferent viral vector systems have different
strengths and weaknesses. Good descrip-
tions of the different viral (and non-
viral) vectors have been published, and
this is a broad subject for any detailed
description, so no in-depth comparison
of different vector systems is included
here.24,25 However, Table 1 describes
the properties of the major vector sys-
tems that have been used in the clinic.

In addition to these vectors, many
other viruses (including alphaviruses,
SV40, measles, hepatitis B, polio, vesicu-
lar stomatitis virus, and baculovirus)
have been proposed and used in the lab-
oratory.26  In general, any virus can be
engineered to carry foreign genes.
Every virologist has a scheme to make a
vector out of his or her favorite virus,
and usually there are one or more com-
pelling reasons to become enthusiastic
about a particular vector system. It is
much more difficult to foresee what the
issues will be as a novel product goes
forward into drug development. For
this reason it is easier to proceed with
vectors for which experience exists, so
that time and money are not spent cre-
ating that expertise. An extreme exam-
ple is the use of first generation aden-
oviral vectors. These vectors were asso-
ciated with the death in a clinical trial of
a patient who received, in the hepatic
artery, a dose of the vector (3.8 x 1013

particles) that is now recognized to be
toxic by that route.27 Subsequent data
has indicated that this is likely a toxic
dose by any intravascular route.28 This
is not the appropriate forum to com-
ment on the ethical issues surrounding
the incident, but one issue that became
apparent was the need to standardize

measurements of vector strength and
potency, so that doses could be accurate-
ly described. The result is that a maxi-
mum tolerated dose of these vectors is
well known: the 1013 to 1014 particle
range for normal adults. For drug
developers, this is welcome and useful
knowledge.

Maximizing Success in Clinical Trials

Finally, for a gene therapy approach
to a particular disease situation, what
factors might facilitate success?  The fol-
lowing is a partial list and may not cover
every situation, but there is little doubt
that these factors are important in
determining the chances of a successful
gene therapy product. Some represent
hard-won experience and some are self-
evident as risk reducers. For example,
the first item refers to the idea that
although systemic production of a
recombinant protein has drawbacks as
an approach, a large advantage is that
this is where most known therapeutic
proteins have actions. These items also
imply the limitations that still exist for
this powerful technology.

Considerations for a Successful Gene
Therapy Approach

· The protein encoded by the vector 
is therapeutic when administered 
as  protein (e.g. clotting factors)

· The therapy uses an accepted 
known mode of action (e.g. inhibits 
viral replication, ablates tumor cells,
stimulates an immune response)

· The protein or other gene product 
can be made in the necessary   
amount

· The time frame for clinical action is 
appropriate for the specific vector 

· The therapy is aimed at interfering   
with an accepted disease mechanism 

· It is clear where to inject the vector
· The gene should be in an easily 

accessible tissue
· Precise control of gene expression is 

not necessary

It is usually not possible to have all of
these, but the more of these conditions
that can be satisfied, the more likely the
drug/vector will be clinically successful.
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Conclusion

Based on the timetable of other novel
technologies such as monoclonal anti-
bodies, the development of gene thera-
py products is on track and we can
expect products to start reaching the
market during the next five years. The
current doubts that some have
expressed concerning this diverse group
of technologies called viral vectors are,
in part, a reaction to initial overly opti-
mistic projections of the time it would
take to develop products. Gene therapy
is alive and well and products are in the
pipeline for a number of indications.
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