
EDITORIAL

Triumph over Mischance: A Role for Nuclear Medicine in
Gene Therapy

Yield not thy neck to fortune's yoke, but let thy dauntless mind still ride in triumph overall mischance.

King Henry the Sixth, W.H. Shakespeare

The human genome has about
100,000 individual genes. These

genes produce the macromolecules that
form, in large measure, our human poten
tial for sickness or for health. In the last
decade our knowledge of genetics has
progressed rapidly and we have learned
that not only do we obtain our genetic
inheritance at the moment of conception
but genetic alterations during life are the
basis for many important human dis
eases. In particular, common human can
cers appear to develop from a series of
somatic cell mutations that are most
probably due to environmental insults
occurring at susceptible points in the
genome. This "multihit" hypothesis has

been most thoroughly developed for
colorectal cancer by Vogelstein and his
colleagues (/), and damaged genes with
an important role in human cancer, such
as the mutated p53 gene, play a major
role in carcinogenesis.

Gene therapy is the manipulation of the
expression of genes in human cells for
the purpose of treating genetically-based
human disease. It has actually become
possible to treat some diseases by repair
ing the damaged gene or, in other cases,
altering genes to destroy damaged cells.
A recent review describes the concepts
and terminology of this rapidly emerging
discipline (2).

Radiolabeled peptides that bind to spe
cific cell-associated receptors have
shown great promise in selectively target
ing human tumors, diagnosing tumors,
characterizing the tumor cell biology in
terms of receptor expression, and target
ing radiotherapy. The pioneering work of
Reubi, Krenning, Lamberts and others on
the use of somatostatin analogs, labeled
with '"in (3), has set the stage for these

developments. Indium-111 -octreotide now
is used widely for diagnosing APUDomas,
as well as other tumors of neuroendocrine
origin. Other peptides, such as radiolabeled
VIP, offer similar promise for diagnosing
gastrointestinal malignancies (4).

In an accompanying article, Rogers et
al. (5) describe a gene transfer-mediated
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approach to improving targeting of radio-
labeled bombesin peptide to tumor, with
the ultimate purpose that the radiolabeled
peptide would be a carrier molecule for
antitumor therapy using target radionu-

clides, such as I. Although not empha
sized by the authors, this technique does
offer an approach to detecting the pres
ence of an activated gene in vivo through
localizing a specific ligand to the gene
product, the bombesin receptor. This pa
per offers an intriguing example of how
advances in tumor genetics can be com
bined with advances in nuclear medicine
to provide tumor targeting of radiola
beled molecules based on a specific
membrane receptor produced by induc
tion of genes that are not normally ex
pressed in the target cell.

The use of radiotracers to target genet
ically altered cells in vivo is still in its
infancy, and no human studies have as
yet been reported. The successful animal
studies are listed in Table 1 (5-16). The

studies are of two general types: (a)
targeting due to metabolic trapping of a
specific substrate (marker substrate),
based on a specific genetic alteration
(marker gene) and (b) targeting to a cell
membrane receptor, which is induced
artificially by genetic engineering. These
preliminary data suggest a vast potential
for nuclear medicine applications in mon
itoring gene expression in vivo in gene
therapy studies.

GENE THERAPY
A limitation of many biological-based

therapies has been our inability to
achieve controlled and effective delivery
of biologically active molecules to tumor
cells or their surrounding matrix. This
condition is particularly limiting for bio
logically active compounds that have
very short half-lives and exhibit site-
specific therapeutic and toxic effects.
Gene-based therapy can provide control
over the level, timing and duration of
action of these biologically active prod
ucts by including specific promoter/acti
vator elements in the genetic material
transferred resulting in more effective
therapeutic interventions. Methods are
actively being developed for controlled

gene delivery to various somatic tissues
and tumors using novel formulations of
DNA, and for controlling gene expres
sion using cell specific, replication-acti
vated and drug-controlled expression sys
tems (77). Targeting gene therapy to
particular tissue (e.g., tumor) or specific
organs is an increasingly active area of
research with over 400 related articles
published in 1994, over 800 articles in
1995 and over 1200 articles in 1996.

Current gene-based therapies for can

cer involve several different biological
approaches to treatment and new ap
proaches continue to be developed. There
are over 140 human gene-therapy clinical
trials currently being investigated in the
U.S. (18), and additional studies are be
ing performed in Europe and Asia. In
cluded are 64 "immunotherapy/cytokine"

protocols, most of which involve the
transfer of cytokine genes into tumor
cells. There are 15 "tumor suppressor (an-
tioncogene)/antisense" protocols. There are
seven "drug resistance" protocols, all of

which involve transfer of multidrug resis
tance cDNA. There are 32 "gene marker"

protocols that are primarily designed to
assess the efficacy and safety of gene trans
fer and gene therapy in patients. Most of
these protocols involve transfer of the neo-
mycin-resistance gene into lymphocytes or
stem cells ex-vivo and their readministra-

tion to patients. Questions related to the
distribution and persistence of the geneti
cally altered cells, identified by their resis
tance to neomycin toxicity, are being ad
dressed.

There are also 26 "drug sensitivity"

protocols; 25 involve retroviral transfer
of the HSVl-tk gene into tumor cells
followed by systemic treatment with gan-
ciclovir. Their use in cancer therapy is to
create significant differences between
normal and malignant cells by selective
transduction of the "susceptibility" gene

into malignant, but not normal cells. This
approach is based on the fact that certain
genes can be used to sensitize cells to
drugs that are normally inactive or non-
toxic (e.g., prodrug), and these genes
have been described as "susceptibility" or
"suicide" genes. Most susceptibility

genes encode viral or bacterial enzymes
that convert inactive forms of a drug,
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TABLE 1
Marker Gene/Marker Substance Studies

GeneHSV-tkHSV-tkHSV-tkHSV-tkGRPr%Radiotracer(route)FIAIT

131|/124I(|V)FIVAU,
FIVRU 131I(IV)T18F-acyclovir*18FFHPGâ„¢[125l]-miP-bombesin;^l-Tyr-'-bombesinTarget

tissueRG2/W256

tumorBalb
STKLiver9L

gliomaSKOV3.ip1
tumorHost

(site)Rodent

(flank)Rodent
(flank)RodentRodent

(brain)PeritoneumTransfection

modeIn

vivo/invitroIn
vitroIn
vivoIn
vivoIn

vivoVector

typegpSTK-A2

retroviralSTK

retrovirusAdenovirusâ€”Adenovirus(AdCMVGRPr)ReferenceTjuvajev

et al.(6-70)Morinetal.
(77-73)Srinivasan

et al.(74)Goldman
et al.(75)Rogers

et al. (5)

â€¢Percentgastrin-releasing peptide receptor.

fFluoro-1 b Darabinofuranosyl-5-[l-131]-iodo-uracil.
*2'-fluoro-5-(iodovinyl)-arabinofuranosyl- and -ribofuranosyl-iodo-uracil.

Â§Fluorine-18-fluoroacyclovir.
â„¢9-1{(1-[18F]fluoro-3-hydroxy-2-propoxy)methyl} guanine.

prodrug, into toxic compounds or antime-
tabolites capable of inhibiting nucleic-

acid synthesis. HSV thymidine kinase
selectively converts the normally non-

toxic prodrug, ganciclovir, into toxic
compounds that results in cell death.
These so-called "drug sensitivity" or
"susceptibility" gene therapy protocols

depend on the expression of HSV-tk in
the target (tumor) tissue. These protocols
are summarized in Table 2.

TYPICAL PROTOCOL DESIGN
The in vivo gene therapy can be illus

trated by an example of a prodrug acti
vating gene therapy protocol. A typical
pro-drug activating gene therapy protocol
(i.e., HSVl-tk or E. Coli cytosine deami-
nase) includes CT- or MRl-guided mul
tiple intratumoral injections of a suspen
sion containing the retroviral vector
producer cells or adenoviral vectors. The
adenoviral vectors infect and express the
transgene in both proliferating and non-
proliferating cells. A peak of gene ex
pression after adenoviral-mediated gene
transfer occurs at 1-3 days postinocula-
tion. The retroviral vectors integrate only
into the genome of proliferating cells, but
the expression of transgene in not prolif
eration dependent. Implantation of the
retroviral vector producer cells provides a
local source for sustained supply of ret
roviral vector and a larger magnitude of
transduction of proliferating tumor cells.
Therefore, in case of HSVl-tk gene the
administration of ganciclovir is initiated
1-3 days after adenoviral-mediated gene

transfer or 2 wk after implantation of the
retroviral vector producer cells. A usual
duration of ganciclovir treatment is 2 wk.
After the completion of ganciclovir ad
ministration, patients are followed up for
several months to assess the effect of
prodrug activating gene therapy by MRI.
Thus, the efficacy of gene transfer and
expression as well as the results of pro-
drug activation therapy can be assessed

only after several weeks or even months
by measuring changes in tumor size.

Potential Clinical Impact of
Noninvasive Imaging of
Transduced Genes

Several issues that are important for
clinical optimization of gene therapy re
main unresolved in many current clinical
protocols:

1. Has gene transduction or transfec-
tion been successful?

2. Is the distribution of the transduced
or transfixed gene localized to the
target organ or to target tissue, and
is the distribution in the target op
timal?

3. Is the level of gene expression in
the target organ or tissue sufficient
to result in a therapeutic effect?

4. In the case of combined prodrug-
gene therapy protocols, when is
gene expression maximum (opti
mal) and when is the optimal time
to initiate treatment with the pro-
drug? and

5. How long does gene expression
persist in the target and other tis
sues? As an aid to answering these
questions, a noninvasive, clinically-
applicable method for imaging the
expression of successful gene trans
duction in target tissue or specific
organs of the body would be of
considerable value. It would facili
tate the monitoring and evaluation
of gene therapy in human subjects
by defining the location, magnitude
and persistence of gene expression
over time.

NUCLEAR MEDICINE APPROACHES

Marker Substance/Marker Gene
Approach

Clinical monitoring of gene expression
requires the appropriate combination of
"marker gene" and "marker substrate."

We consider the following characteristics
to be ideal, if not essential (7):

1. A "marker gene" is usually a "for
eign gene" that is not present (or

not normally expressed) in the host

TABLE 2
Gene Therapy Trials Worldwide

Trials Number

Cytokine/lmmunotherapy 64
â€¢Carcinoembryonic antigen 3
â€¢Prostate-specific antigen 1
â€¢HLA-B7 8
â€¢HLA-B7 and ÃŸ-2microglobulin 4
â€¢IL-2 25
â€¢IL-2 and ÃŸ-galactosidase (E Coli) 1
â€¢IL-2 sense and TGF-ÃŸ2antisense 1
â€¢IL-4 4
â€¢IL-7 2
â€¢IL-12 1
â€¢GM-CSF 4
â€¢INF-g 2
â€¢INF-g and IL-2 1
â€¢IL-7and IL-12 and GM-CSF 2
â€¢TNF (cDNA) 1
â€¢Ig (cDNA) 1
â€¢T-cell receptor antibody 1
â€¢MART-1 1
â€¢IGF-1 antisense 1

Tumor suppressor 15
â€¢p53 antisense 3
â€¢p53 sense 4
â€¢Retinoblastoma 1
â€¢c-fos and/orc-myc 2
â€¢c-myb 1
â€¢bcr/abl antisense 1
â€¢E1A 1
â€¢BRCA-1 1
â€¢Anti-erB-2 single-chain antibody 1

Drug resistance 7
â€¢Multiple drug resistance (MDR) 6
â€¢MDR and neomycine resistance 1

Marker gene 32
â€¢E Coli ÃŸ-galactosidase 2
â€¢Neomycine resistance 30

Drug sensitivity 26
â€¢HSV1-tk 24
â€¢E Coli cytosine deaminase 2
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tissue, and the "gene product" is an

enzyme that can be expressed in
transduced or transfected host cells.
This enzyme must be nontoxic to
host cells and catalyze a reaction
with the "marker substrate" where

the reaction product accumulates
within transduced or transfected
cells.

2. A "marker substrate" is chosen to
match the "marker gene." It is a

compound that is not metabolized
(or only slowly metabolized) by the
host, and does not accumulate in
nontransduced or nontransfected
host tissue. It can be radiolabeled
with appropriate isotopes for clini
cal imaging using gamma camera,
SPECT or PET techniques, or is a
paramagnetic compound appropri
ate for clinical MR imaging.

3. The "marker substrate" must cross

cell membranes readily, be rapidly
metabolized by the "marker gene"

product and be effectively trapped
within transduced cells throughout
the period of imaging, and it must
accumulate to levels that are mea
surable by existing clinical imaging
techniques.

4. The accumulation of the "marker
substrate" in transduced or trans

fected cells must reflect the activity
of the "gene product" and, thereby,
the expression of the "marker gene"

in transduced or transfected tissue.
Animal studies show the feasibility
of imaging gene expression using
nuclear medicine techniques (Table
1).

The studies of Tjuvejev et al. (6) are
illustrative of the optimization of a non-
invasive imaging system based on the
concept of marker substrate/marker gene.
This approach has used a marker sub
stance (radiolabeled FAIU) and a marker
gene (HSVl-tk) to noninvasively monitor
the transfection of human xenograft in
vivo. Noninvasive imaging of gene ex
pression has the potential to greatly facil
itate gene therapy studies by monitoring
in vivo and noninvasively, the expression
of the gene, as a function of time post-
transfection and also the persistence of
the genes in vivo. In addition, since the
uptake is correlated with gene expression
and subsequent sensitivity to drugs, this
will also allow establishing dose response
relationships at the level of the cell. In
this successful, noninvasive imaging of
herpes simplex virus Type 1, thymidine
kinase (HSVl-tk) expression was demon
strated by the gamma camera and by
SPECT using 131I2'-fiuoro-2'-deoxy-l-

b-D-arabinofuranosyl-5-iodo-uracil
(FIAD). Studies were performed in rats
bearing wild type and STK retrovirus
transfected RG2 glioma and Walker 256
mammary carcinomas, both in vitro and
in vivo by injection of the retroviral
vector producing gp-STK-A2 cells. Im
aging was performed 2-3 wk after tumor
transduction to allow time for production
and spread of the retroviruses through the
tumor and for sufficient growth and in
crease in size of the tumor to facilitate
imaging. One to two millicuries of [13II]-

FIAU was used in this instance. Uptake
correlated with in vitro ganciclovir sen
sitivity.

In comparison to conventional gamma
camera imaging, PET offers higher reso
lution and quantitative uptake measure
ments in vivo. Recently, HSVl-tk trans
duction in rat tumors was demonstrated
with [I24I]-FIAU and PET (9), and in the

future PET will likely be the method of
choice for such gene imaging studies
(14).

In most instances the marker substance
is a nucleoside that is metabolically
trapped in the cell in the presence of the
HSVl-tk marker gene (6-16). It is likely
that improved nucleoside targeting agents
will be developed. It is noted that there
are derivatives of the FAIU compound
that may have even better imaging char
acteristics than FIAU, and will be more
resistant to metabolic breakdown. Prom
ising marker substances include FIVAU
and FIVRU, which are the 2'-fluoro-5-
(iodovinyl)-arabinofuranosyl- and the ri-
bofuranosyl analogs (11-13). Other in
vestigators also have contemplated
similar approaches and compounds and a
list is shown in Table 1.

Another approach for marker gene im
aging that was unsuccessfully attempted
explored the potential of imaging the
E.Coli cytosine deaminase (CD) expres
sion with 5-fluoro-cytosine (5FC) (19).
In our opinion, this approach is doomed
to failure because the 5FC is metabolized
by the E.Coli cytosine deaminase to 5-
fluoro-uracil (5FU) which does not sig
nificantly accumulate in the transduced
cells because it freely diffuses out.

FUTURE DIRECTIONS

Imaging Multigene Transductions
Since all "therapeutic genes" may not

have an appropriate "marker substrate"

that can be labeled for imaging (as is the
case for HSVl-tk), we are exploring an
alternative approach by using a double-
gene construct where the "therapeutic
gene" is linked to a second "marker
gene" (HSVl-tk) by an 1RES sequence

(20-22). We have shown that genes
linked by an 1RES sequence are ex
pressed in a proportional relationship,
such that the magnitude of expression of
one gene, the "marker gene," reflects the

magnitude of expression of the other
gene, the "therapeutic gene". We recently

determined the relationship between the
expression of GM-CSF and HSVl-tk
genes linked by an 1RES sequence in
transduced murine Lewis Lung carci
noma cells HSVl-tk expression was mea
sured by radiolabeled FIAU accumula
tion (10). Another approach to express
two genes in a proportional manner, is
based on fusion genes (23). Validation of
this concept for use in clinical imaging
will expand further the utility of HSVl-tk
as a "marker gene" in future gene therapy

protocols.

Gene-Targeted Radiotherapy
The efficiency of HSVl-tk gene trans

fer to tumor tissue is relatively low and a
significant fraction of the antitumor ef
fect of HSVl-tk/ganciclovir combination
gene therapy is based on the "bystander
effect." This "bystander effect" is limited
to cells that are close to the HSVl-tk
transduced cell that is susceptible to gan
ciclovir treatment. The bystander effect
observed with ganciclovir therapy in the
nontransduced cells is attributed to gan
ciclovir monophosphate that is produced
by the transduced cells and passed into
the surrounding nontransduced cells
through the gap junctions. More distantly
located cells and, especially, nonprolifer-
ating cells are not killed by the bystander
effect and are most likely to cause tumor
progression or recurrence.

Recently, we developed a new ap
proach for therapy of cancer by merging
gene therapy and targeted radiotherapy
into a concept that we call gene-targeted
radiotherapy (Tjuvajev, personal commu
nication, 1997). This new approach uses
the HSVl-tk gene transduction of tumor
tissue followed by administration of ther
apeutic doses of radioiodinated FIAU.
This approach is aimed not only to im
prove targeting of the HSVl-tk trans
duced tumor tissue with radioiodinated
FIAU (or other nucleoside analogs) but
also to increase the magnitude of the
"bystander effect" by ionizing radiation
(beta minus) from incorporated 131I-la-

beled FIAU into the DNA of tumor cells.
Indium-125-labeled FIAU could also be
used to potentiate the antitumor effect of
[13II]-FIAU by more effective elimina
tion of the HSVl-tk transduced tumor
cells. It is possible that I25l-labeled FIAU

monophosphate could also be shared by
the transduced and neighboring nontrans-
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duced cells that could result in [I25I]-

FIAU incorporation into the DNA of
nontransduced cells as well. This DNA
incorporation should significantly in
crease the magnitude of bystander effect
because each decay of I results in (at
least) one DNA double-strand break.

A very attractive feature of this ap
proach is that the level of HSVl-tk gene
expression after in vivo (or extracorporal)
transduction can be imaged with "diag
nostic" doses of [13II]- or [124I]-FIAU

with gamma camera or PET, respec
tively. Based on the results of imaging
studies, the dosimetry of [I31I]- and
[125I]-FAIU administration could be esti

mated as a basis for better treatment
planning.

The whole-body radiation exposure
from therapeutic doses (100 mCi) is ex
pected to be small and well within ac
ceptable limits based on the results of
diagnostic imaging studies of HSV-tk
expression in rats. For example, the do
simetry of radioiodinated FIAU may be
approximated by radioiodinated IUDR,
and estimates of whole-body dose is pre
dicted to be about 0.05 rem/mCi. (24,25).
Exposure to proliferating tissues after
radioiodinated FAIL), (bone marrow and
intestinal mucosa) will also be less than
that of lUdR that was estimated to be 0.2
rem/mCi. This is because of the substan
tially lower incorporation of FIAU into
nontransduced tissue DNA.

Mutant Receptor Ligands for
Radiolabeled Antibodies and
Radiolabeled Peptides

Instead of using the natural (wild-type)
receptors (as in the currently reviewed
paper by Rogers et al. (5)) for radio-gene-
therapy and/or radio-gene-imaging it is
possible to use genetically mutated recep
tors or truncated receptors. One reason
for not using the wild-type receptors is
that they remain physiologically active
and may respond to naturally present
ligands and contribute to tumor growth.
Also, because the wild-type receptors are
expressed in the tissues of their origin,
this creates a limitation from the dosim
etry point of view. The later limitation
applies also to the dominant-negative re
ceptors (with unmodified binding site).
Mutated or truncated receptors devoid
these limitations because they are non
functional and they are not present in
other tissues. Such mutated or truncated
receptors can be recognized by a radiola-
beled peptide fragment which has a high
affinity to the modified receptor but not

to the wild-type receptor (or has very low
affinity to the wild-type receptor). Alter
natively, truncated or heavily mutated (or
genetically engineered) "receptors" (any

kind of cell membrane incorporating re
ceptor-like protein) can be recognized by
a specific radiolabeled antibody that may
or may not internalize.

For example, retroviral vectors encod
ing truncated low-affinity human nerve
growth factor receptor (tr-NGRF) have
been developed for rapid screening and
immuno-magnetic purification of T-cells
transduced with this "surface marker"
(26-28). Using a radiolabeled anti-trNGFR

antibody it should be possible to target
radioimmunotherapy of transduced tumor
tissue.

CONCLUSION
We are the witness to an age in which

nature is yielding up her secrets about the
role of the genome in human disease.
There is reason for optimism, that at least
for some patients, what was previously
unchangeable bad fortune, can now be
fixed through gene therapy. New con
cepts have emerged that permit gene-
selective radiotracer targetingâ€”making it
likely that nuclear medicine will soon
play its own important role in this grand
"triumph over ... mischance."

Steven M. Larson
Juri Tjuvajev

Ronald Blasberg
Memorial Sloan-Kettering Cancer Center,

New York, New York
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