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GENE THERAPY

Introduction of wild copies of the defective gene causing the disorder into the cells of the affected individuals is
termed as gene therapy.

Types of Gene Therapy:

A. Germline gene therapy:

1. Germ cells(sperms and eggs) are modified by the introduction of functional genes which are ordinarily
integrated into their genomes.

2. Therefore,the change due to therapy would be heritable and would be passed onto the next
generation.

B. Somatic cell gene therapy:
1. The gene is introduced only in somatic cells.

2. Expression of the introduced gene eliminates symptoms of the disorder but this effect is not
heritable.

THE MAIN STEPS INVOLVED IN GENE THERAPY:

a. ldentification and characterization of gene
b. Cloning of gene

c. Choice of vector

d. Method of delivery

e. Expression of gene

APPROACHES TO GENE THERAPY:

Disease caused by the loss of a functional gene can be treated by introducing extra copies of the normal
genes which may produce the amount of normal gene product level after the normal phenotype is restored.

1. Aggressive gene therapy

2. Adenovirus gene therapy

3. Adenoassociated virus gene therapy
4. Retroviral gene therapy

5. Nonviral delivery in gene therapy
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FIGURE 17.3 Adenovirus Entry

Adenerdnuses enter human cells by recognizing two receptors, CAR and integrin. The virus is taken into the oéli attached to the receptors and
Zurrgunded by a membrane vesicle that dissociates in the cytoplasm. The adenovirus injects its DNA into the nucleus through a nuclear pore.
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'Adenoviruses were among the first viruses chosen

Their advantages are as follows: :
(a) Adenoviruses are relatively harmless: They cause m“'_d infections of epithelial cells,
especially those lining the respiratory of gastrointestinal tracts.
(b) Adenoviruses are nononcogenic (i.e. they do not cause mmcrs]: B
(c) Adenoviruses are relatively easy 10 culture and can be produced in large quantities.
(d) The life cycle and biology of adenovirus are well understood.

(e) The function of most adenovirus genes is known. _
() The complete DNA sequence is vailable, in panicular for adenovirus serotype 5 of

subgroup C.
Although mild, adenoviruses do cuse inflammation and can cause serious illness in patients

with damaged immune systems. Therefore. when designing an adenovinus vector for gene
ling its replication system. This is done by

therapy; the virus needs to be disarmed by cripp

deleting the gene for E1A protein, a virus protein made immediately on infection. EIA has

two functions (Fig. 17.4). First, it promolcs transcription of other early virus gencs. Second,

it binds to host cell Rb protein, which normally prevents the cell from entering S-phase This
hich the virus utilizes for its own

prompts the host cell 10 express genes for DNA synthesis, w
replication. In the lab, crippled adenovirus is grown in genetically modified host cells that
have the viral E1A gene integrated into hosi cell DNA. The virus particles generated by this

approach cannot replicate in normal animal cells.

The DNA of adenovirus is packaged by a headful mechanism. If the DNA is more than 5%
shorter or longer than wild type, packaging fails (Fig. 17.5). Insertion of a therapeutic gene
into an adenovirus will make the DNA longer. If the inserted gene is much longer than the
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deletion used to cripple virus replication, the virus will i gureaiel
fail to assemble correctly. Deleting other nonessential In inserted genes
virus DNA solves this problem. s |
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Although genes carried on engineered adenavirus have
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heen expressed successfully in both animal and human -
tissues. there are problems. The major difficulty is that
adenovirus infections are short-lived. Thus the therapeutic
gene is expressed for only a few weeks before the immune
system eliminates the virus. Funthermore, the patient
develops immuniry 10 the virus so thai a second treatment
with the same engincered virus will fail. Thus adenovirus
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vectars cannot be used for long-term gene therapy for Strung viral
hereditary diseases. e promoter
i Therapeuiic
“Even with the limitations just described, adenovirus Rene
vectors may help deliver a deadly gene 1o cancer cells. FIGURE17.5
[Here only a shon period of expression should be needed. The CAR recepior is normally Engineered
only expressad highly by epithelial cells, which limits adenovirus enuy 10 these cell rypes. e aptin i
However, many cancers also express the CAR receptor at high levels. Consequently, the :Eiigf::i' g; ; a
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CYSTIC FIBROSIS GENE THERAPY BY AD ENOVIRUS

Bocause the lungs are relatively accessible to viral infection, cystic fibrosis (see Chapter 16) has
been a prime candidate for gene therapy. The healthy version of the gystic fibrosis gene

has been cloned and insented into a crippled adenovirus. Aerosols containing the engineered
adenovirus with the aystic fibrosis gene have been sprayed into the noses and lungs, first of
rats. and then of humans. In some instances the healthy cystic fibrosis gene was expressad
and normal chloride ion movements were also restored. Unforunately, expression falls

off over a 30-day period and repeated doses of virus have litle effect, largely because of
recognition and destruciion of the virus by the immune system.

It is hoped that in the near future. improved vectors will allow cystic fibrosis to be cured by
nasal sprays containing genetically engineered viruses. Note, however, that this son of gene -
therapy cures only the symptoms in the lungs; it doss not correat the genetic defec in the

germline cells. The defect will still be passed on to the nex generation.

. ting edenovins veckes were partialy successhd, but onfy forabriefpened. : '

ADENO-ASSOCIATED VIRUS _
Because of the problems with using adenovirus discussed 2bove. other DNA viruses have

' been considersd as vexiors Although none are yel widely used, thi‘: afienu-assummd'nms
(AAV) shouws considerable promise AAVisa defeative or “sateilite” virus that depends on
adenovirus (or some herpes viruses) to supply some necssary ﬁmnms:& Ccr.se;qumﬂy, iis
uspally r’n-.:r;.i in colls that are infeaed with adenovirus. Unlike adenovirus. AAV seems 10 be

entirely harm!ess.
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The benefits of using AAV arc as (ollows:

joni t
smulate inflammation in the host. .
(a) It docs not stimulate sody formation and can therefore be used for multiple treatmeny

() It does not provoke antil 22 an appropriate helper virus is also

FIGURE17.6 Double - o 9 ﬂfq,""r“;ﬂsl 5 Iong " o 5

AAV System (c) In mfe;::.s: :; tlf] E’;]h_;m be cultured in many ypes of animal cells, including those
Two AAV vectors are used present. _

o provida erythropoletin from mice or monkceys. T ; like adenovirus.

to laboratory animals. (d) It can enter nondividing cells of many dit:l'crcnlll ““"iﬁnu;m;mm SiAY sy o
The regulatory veclor () The unusually small size of the virus particle allows 0

(fop) has tvro genas, the body effectively. et .

FRE'RBD ana ZFHD1/ (0 AAV integrates its DNA into a single sitc N the gr:nqmc ol'anln?al cells (the AAVS]
RBD, which encode two sitc on chromosome 19 in humans). This allows the therapeutic gene to be

— eyl permanently integrated.

{actor each linked 10 3

rapamycin binding domain e drawback Is that the AAV genome is small (4681 nucleotides of single-stranded

ely shan segment of DNA. (AAV is unusual in

(RBD). The Inerapeulic DN i » amly 2 relatis
A) and the virus can carry only a re ‘ : :
:m: . m?"f i e f0 packaging both plus and minus strands into virus particles. Alvihnugh_ cach virus p::niclg
gamﬂ 5 'deﬁfn, contains only one ssDNA molecule, a virus preparation contains a mixture of [_!.mlclcs,
i hast cell, the DNA is converted

half with plus and half with minus strands.) On tlllt!l':il'lj;ﬂ .
10 the double-stranded replicative form, or RE which is used for both replication and
nce of helper virus, AAV integrates into the host chromosome and

the transcriplion factor
binding sites. When

rapamycin is added, transcription. In the abse
the transcription factor becomes latent.
| _
:’nr’:eégfiféﬂ.d i Genes that are permanently integrated need to be
carefully regulated. This may be tackled by using
Regulatory vector _ two AAV vectors. Mice and monkeys have been
' ' experimentally treated with a double AAV system
S 7T T 17— that provides erythropoietin, a protein required
e, = for development of red blood cells. One AAV vector
TRABCRIFTION ANDTRANSERFION carries the gene for erythropoietin with a promoter
/o b 4 that must be activated by a wranscription factor. The
0 O DNA- second AAV vector carries an artificial regulatory
i @ E » ;?r'::-l:'-:ﬁ system (Fig. l?:.G}. This consists o_l'um genes
' g encoding hybrid proteins, each with one domain

the presence of rapamycin, the two hybrid proteins

lcing -
: O \ I : A, of the transcription factor. The other domain binds
rapamycin (used as an immunosuppressant). In
° o

Assembled
transcription factor associate via their rapamycin binding domains to
: o ' form a functional transcription factor. This activates
/ j \ Rapamycin ervthropoietin expression.
PNPSTRIN PSP PLINTN AN T ) : Alter de!ivery of the 1wo vectors 1o mice. there Was no
-;I_.,THT‘_TJ;TLT;_'TET,T:;L Pfﬂdl}cl_lan of erythropoietin, But when the animals
forsss LSt gt e SRS were injected with rapamycin, the transcription
& factor 1f:ls assembled and the erythropoietin gene
o & : was activated. The levels of erythropoietin increased
] Erythropoietin up 1o 100-fold and the number of red blood
& cells rose. Even after several months, injection of

Therapeutic vector
rapamycin triggered a sharp rise in erythropoictin

F'.Lﬁ'.. : : ‘
S Pro b v il levels. Preliminary studies are now being performed
ter wi 2 hinelin: 3 oy ; : ‘ :
“ites for ZFIIDY in cystic fibrosis patients with AAV vectors carrying
: the CFTR genc.

- MA':::I::hal M;ed virus (AAV) s being f’“’hm as a gene therapy vector, A major advantage over adeno-
| eIt does nol provake antibody formation and can ba used for multipla treatmients. &y
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RETROVIRUS GENE THERAPY

Retroviruses wilect many types of cells in mamimals. They need
divading eells for successiul infection, and will notinfect many tissues
where st cell growth and division have come 10 Astandstill. Moreover,
the penetic matenial of rerovineses passes through both DNA and ANA
stapes This mieans that intrans must be removed from any therapeutic
gt bielore they are doned in1o a retrovings, Diespite these exra

ey himcal difticulies, 3 retrovirus has the distinction of carrying the firs
porwe in successful human gene therapy (see later discussion)

Ihie revrovirus particle has an inner nuclenca
F5A genome inside a protein shell and an ¢
from the eytoplasmic membirane
TEHVITUS PENmEe

psid consisting of an
witer envelupe, denved

of the previous host eell. ‘The basic
consists of three genes (gag, pol, and env) enclosed
Between two long terminal repeats (LTRs). alihough more comiplex
retrorvarusey such as 1V have exira genes involved in repulation. The
LI sequences are needed for imepration of the DNA version of the

A) TWPICAL RFTROVIRUS CENOME

wiras genome into the host cell DNA Between the upstream or 5
FIR and the gag gene is the packaging signal {lig 17.7), which is
vssential for packaging the RNA into the virus particle

Vectors for gene therapy have been derived from the simpler
retrovinuses. especially murine leukemia virus (MulLV). The

vertors have all the retrovirus genes removed, and as a result they are
completely defective in replication Ihev reain only the packaging
signal and the two LIl (g, 17.7) and can carry approximately 6 1o
Hhb of insened DNAL A vinus promotes in the 5 1R drives expression
ot the cloned gene Because the vecton Lacks gz pol, and env it canno
make virus particles Hence these funcions must be prosaded by a 7
packaging construct 4 defective provirus that is integrated into the

DNA ol the producer cell (see Vg 17 7} The packaging constract lacks the packaging sipnal

s alifongh s responsible for manufacture of virus panices, it s packaged nsell The
vins panicles generated contain only the retiovinus veaor carrying the cloned gene.

Aher inlecuon of sthe panent. the BNA inside the retraviral veaor is teverse iranscrilwd to gve a
I g | Al wgh the retronaral vector dows nen carry a cupy of the revene UANTIPLA grne,
# b maodecules of reverse ransonptase enzyme are packaped in retrovins pranicles ) Ideally, the
thoned prne. enuclosed between the two TR seyuences. is then integrated into host cell DNA

Because the sevroviral vectun are completely devoid of genes lon retrovinus proteins, they do
TR Tl an imimune respunse of gmbicam inflammation lunhermaore. ther abiliey 1o
integzate anio homt ol DSA means than the therapeun pene will become a permaneni par of
Vb bmi celi prime Do prindiple the retrovinus could imtegrate imo a harenful Lo aucn, thus
st ihe functnn of regulation of 2 host cell gene In Practe, becawse miost 1NA in
drnrnial vells 1 noncoding, the thances ate bow. and only occasional cells would be damaged

Moaw wivan problerms are that retoviral vectlon can cany only small amuunts of D% A faboan
Bi§ and annot nten nondisuting cells. Hewever the entvins fammily o
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VEEAS ) it be osed B derive v,
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Gene Therapy

RETROVIRUS GENE THERAPY FOR SCID

Severe combined immunodeficiency (SCID) occurs when both the I'Sce‘lls and T cells .
the immune system are defective and results in an almost totally defective immune r'esp_:- L€
Children with SCID have 10 be shielded from all contact with other people and are kep
inside special sterile plastic bubble chambers. Without immune protection any dISE-?Sl:. oVCn
a cold, could prove fatal. Several genetic defects are known that caus.e SCID. APoul ._Slf.: e
- due to mutations in the Ada gene that encodes the enzyme adenosine deaminase. This

FIGURE17.8
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is needed for the metabolism of purine bases, and its absence prevents development of
lymphocytes (white blood cells including both the B cells and T cells).

The first successful instance of human gene therapy used a retroviral vector 1o provide a
functional copy of the Ada gene to a child with SCID. The cells affected by SFIID are the
lymphocytes that circulate in the blood, where they carry out immune su-rveﬂlance.. Thv}:
are produced by division of bone marrow cells (Fig. 17.8). Gene therapy involves removing
bone marrow cells from the patient and maintaining them in cell culwure outside the body.
Because bone marrow cells constantly replenish the blood supply, they divide often and are
suitable for retroviral infection. While in culture, the bone marrow cells are infected with
genetically engineered retrovirus carrying the Ada gene and are then returned to the body.

Since 1991, several children have been treated by this approach. However, because T cells
live for only 6 to 12 months, the procedure must be repeated at intervals. This problem
has been tackled by using blood stem cells, which divide to provide the precursors o all

types of blood cells and also give rise to more stem cells.
These are found in bone marrow but only in very small
numbers. However, umbilical cord blood has a much
higher proportion of stem cells. So in 1993, blood stem

. cells were obtained from the umbilical blood of several

newbomn babies who were known to carry homozygous
defects in Ada. The Ada gene was introduced into the
stem cells on a retroviral vector, which has resulted in a
long-term supply of healthy T cells.

In all the cases just discussed, the patients have been
receiving injections of purified ADA enzyme as well
as gene therapy. It is therefore unclear how much of
their improvement is due to the gene therapy, even
though these patients now have functional T cells

in their blood. However, a clear-cut result has been
obtained more recently with another variant of SCID.
This variant is due 10 defects in the receptor for
several interleukins, including 11-7, a protein that
promotes development of T cells from stern cells.
Because B cells need helper T cells in order to

 function, both B and T cells are inactive. In this

case, the gene for the missing subunit of the IL-7
feceptor was inserted into cultured stem cells
using a retroviral vector. '

Because purified protein is nop used in treating this type of
SCID, the patients had to depend on gene therapy alone. _
The patients did develop normai numbers of

T cells and were successfully vaccinated against several
infectious diseases, indicating a Proper immune response.
Co-nsequenll}’ they were able (o |eave their bubbles and
enjoy normal lives, Although most of the dozen pmilﬁlls
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treated so far are still doing well, one developed leukemia, presumably due o o
Insertion into other genes. Thus the use of retrovirus for gene tierapy needs Turthier saloeiareds,
helore itean be used more routinely,

Soma ig,;pal ol sovers combined iImmunodeficiencias have baan pucceuatully trasted Ly eene e oy o,
a retrovirug veclor,

NONVIRAL DELIVERY IN GENE THERAPY

lowever sophisticated a viral delivery system may be, nonviral vectors are inherently

saler, Nonetheless, they have been relatively neglecied because viruses were more «flicient.
However, several unfortunate incidents have occurred with viral vectors, especially
retroviruses, including the occasional appearance of leukemia-like disease, This hay resulted
in renewed interest in nonviral delivery systems,

About 75% of gene therapy trials have used viral vectors. A variety of allernative approaches
have also been investigaed, though lew have been effeciive or widely used so far, “These
include;

{a) Usec of naked nucleic acid [ DNA or less often RNA). Many animal cells can be
transformed direcily with purified DNA. The therapeutic gene may be inseried into a
plasmid and the plasmid DNA used directly. Some 10% 1o 20% of gene therapy trials
have used unprotected nucleic acid.

(b) Particle bombardment. DNA is fired through the cell walls and membranes on
metal particles. This method was originally developed to get DNA into plants and is
therefore discussed in Chapter 14, 1However, it has also been used to make transgenic
animals and is occasionally used for humans.

(<) Receptor-mediated uptake. DNA is attached 10 a protein that is recognized by a cell
surface receptor. When the protein enters the cell, the DNA is taken in with it.

(d) Polymer-complexed DNA, Binding 10 a positively charged polymer, such as
polyethylencimine, protects the negatively charged DNA. Such complexes are
often taken up by cells in culture and may in principle be used for ex vivo gene
therapy.

(e) Encapsulated cells. Whole cells enginecred to express and secrete a needed profein
may be encapsulated in a porous polymeric coat and injected locally, Foreign cells
excreting nerve growth factor have been injected into the brains of aging rats. The
rats showed some improvement in cognitive ability, suggesting that this approach
may be of value in treating conditions such as Alzheimer's discase.

(N Liposomes are spherical vesicles composed of phospholipid. They have been used in
around 10% of gene therapy trials (see later discussion).

. Avaristy of appreachss, other than viruses, can be used (o get forsign DNA Into target cells. Thess include -
" using naked DNA, DNA bound o arlificial polymers or prolgins, particle bombardment, and liposomes,

LIPOSOMES AND LIPOFECTION IN GENETHERAPY

About 10% of gene therapy rials have used liposomes. These are hollow microscapic
spheres of phosphuolipid, and can be filled with DNA or other molecules during assembly.
Ihe liposomies will merge with the membranes streounding most animal cells and the
comtents of the liposome end up inside the cell (Fig. 17.9), a process known as lipefectlon.
Altheugh lipofection works reastnalily well, it is rather nonspecilic, because liposomes tend
10 merge with the membranes ol any cell.
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