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General Infroduction

General introduction

Gene therapy is a procedure in which exogenous genetic material is
introduced into the cells of a patient in order to correct an genetic error or
to provide the cells of the patient with a new functional property.
Correction can be achieved by gene targeting via homologous
recombination, at present achieved with very low efficiency (reviewed in
Yanez and Porter 1998), or by addition of a therapeutic gene
(augmentation). For gene therapy to succeed in clinical practice, the
therapeutic gene must be delivered efficiently into the appropriate cells
(tissue) and, once delivered, the gene must be expressed at a therapeutical
level.

In this chapter (section A) I will summarise some of the efforts currently
underway for the development of practical, efficient and safe methods for
gene transfer in man and the rationale underlying these approaches as well
as the limitations and the problems involved (Tables 1A and 1B). I will
also address the following issues: regulation of gene expression (section
B), possible targets for gene therapy (section C), creation of animal models
for human diseases and their relevance to somatic gene therapy (section D)
and ethical and social implications of gene therapy (section E).

A, Gene delivery systems

Highly efficient gene transfer is essential for any future gene therapy
protocols. It requires delivery of an intact therapeutic gene (piece of
genomic DNA, cDNA, oligonucleotides or RNA) through the plasma
membrane and cytoplasm into nucleus (except for RNAs), where it should
be maintained as a stable plasmid or chromosomal integrant. The available
techniques are based either on viral or non-viral gene delivery methods.

1. Viral gene delivery methods
Retroviruses
Retroviral vectors are widely used as gene transfer vehicles, both in

research and recently in clinical gene therapy trials. They are largely based
on Moloney murine leukaemia virus (MoMLV) which is an enveloped
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Chapter 1

single stranded RNA virus whose genome is composed of three regions.
The long terminal repeats (LTRs) contain the viral promoter and enhancer
region required for initiation and termination of transcription. The LTRs,
which flank the viral genome also, contain sequences required for
integration into the target genome. The second region encodes the psi
sequence necessary for efficient packaging into viral particles. The third
region contains the viral genes gag, pol and env, which respectively encode
the viral structural proteins, the enzyme reverse transcriptase and the
envelope proteins. In retroviral vectors, viral genes (gag, pol and env) are
deleted and replaced by exogenous gene(s). The substitution capacity of the
vector is limited to ~ 10 kb. Since they lack the genes required for the
formation of a virion, retroviral vectors can not be packaged autonomously.
To incorporate vector RNA into virions, "packaging cell lines" have been
developed (Cone and Mulligan 1984; reviewed in Miller 1992}, containing
the viral genome but lacking the psi sequence required for incorporation of
the viral mRNA into virions. Alternatively, all the structural viral genes are
incorporated into the packaging cell line under separate promoters (Danos
and Mulligan {988). Vector DNA introduced into the packaging cell line
results in a producer line. Since the vector contains the encapsidation
sequence () the vector genome is preferentially packaged into retroviral
vector particles. Retrovirus entry into cells is dependent on the existence of
the appropriate viral receptor on the actively dividing target cells. After
reverse transcription, the proviral sequences are stably integrated into the
genome of a target celi. This occurs in generally random fashion but there
is some preference for integration into transcriptionally active regions
(Rohdewohld ef al. 1987). This feature of retroviral integration presenis a
potential risk of insertional mutagenesis, Although, the risk is estimated to
be low, concerns still remain. Compared to wild type retroviral titers,
recombinant retroviral titers are often low (10*-10° particles/ml).
Furthermore recombinant retroviruses are difficult to purify without loss of
infectivity, partly due to loss of the env product (reviewed in Mulligan
1993). For several reasons it is difficult to introduce retroviral vector-
producing cells in vivo for human gene therapy. As stated already,
recombinant retroviral titers are low, targeted cells may not express the
membrane protein to which the retroviral envelope binds and there may be
an immunological reaction to the cells by human complement. There are
reports that the CDS59 gene, one of the regulators of complement activation,
can be used for rapid selection of transduced cells (Takizawa et al. 1992).
Due to the transduction of the CD59 molecule, xenogeneic cells are
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General Introduction

resistant to human complement attack (Lubin and Coyne 1991; White et al.
1992). To insert the CDS59 gene as well as other therapeutic genes into
vector-producing cells, a novel complement-resistant retroviral vector,
which possesses the CD59 gene as a selection gene, was designed (Hayashi
et al. 1998).

Recent studies have opened the possibility for gene delivery into non-
dividing cells by using lentiviruses, namely pseudotyped high-titer
replication defective human immunodeficiency virus type | (HIV-1)
vectors (Reiser ef al. 1996; Mochizuki ef al. 1998; Uchida et al. 1998;
Douglas et al. 1999). HIV based vectors are able to efficiently transduce
freshly isolated, non-prestimulated CD34" cells, terminally differentiated
neurons, contact-inhibited primary human skin fibroblasts and cardiac
myocytes, while Moloney murine leukaemia virus-based vectors under the
same conditions fail to transduce.

Adenoviral vectors

Adenoviral vectors may be particularly attractive if considering transfer
into post-mitotic (non-dividing) cells. They are non-integrating vectors
with a large cloning capacity (at least 8 and possibly up to 35 kb). They can
be purified to high titers (10 viral particles/ml). Adenoviruses used for
gene therapy are deleted in the E1 and E3 regions, which code for proteins
involved in the transcription of the early regions (El, E2ZA, E2B, E3 and
E4) and the proteins involved in "hiding" the infected cell from the
immune system, However, there are well-documented cytotoxic T
lymphocyte responses to the expression of virally encoded proteins after
adenoviral vector administration (Kass-Eisler er al. 1994; Dai ef al. 19935;
Yang ef al. 1996; Barr ef al. 1995; Yang et al. 1995; DeMatteo ef al. 1996;
Reichel ef al. 1998). Currently, this continues to be a major obstacle for
adenovirus-mediated gene therapy, although completely “empty “ viruses
are under development. Taking the viral gene removal to extremes, helper
virus dependent vectors have been produced with 25kb Cre-lox mediated
deletion, containing only terminal adenovirus sequences required for
replication (Schiedner ef al. 1998; Searle and Mautner 1998).

Adeno-Associated viruses (AAV)

Considerable interest in AAV as a potential vector in human gene
therapy came from the specific properties of this virus. It is a non-
pathogenic human virus that integrates into the genome of the infected cell.
Integration can occur in non-dividing cells (Podsakoff er al. 1994; Russell
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et al. 1994) albeit at a lower frequency than in dividing cells, and occurs at
a specific site in the human genome {the q arm of chromosome {9) (Kotin
et al. 1990). It seems that site specific integration is related to the presence
of the rep coding region, which is absent in vectors derived from the native
form of AAV (Linden ef al. 1996). The critical sequence for site-specific
integration has been determined to reside in a 33 base pair fragment,
containing (wo signal sequences that play essential roles in AAV DNA
replication. These are a binding site for the AAV Rep protein and an
appropriately positioned site that is specifically nicked by the Rep protein
(Im and Muzyczka 1990). The substitution capacity of the vector is limited
to ~ 5kb and production requires co-infection with a helper adeno or herpes
virus (McLaughlin ef al. 1988). Lately, there have been reports that AAV
vectors can be efficiently produced without helper virus (Matsushita er al.
1998). The adenovirus regions that mediate AAV vector replication were
identified and assembled into a helper plasmid. These included the VA,
E2A and E4 regions. When this helper plasmid was cotransfected along
with plasmid encoding the AAV vector, AAV vector was produced as
efficiently as when using adenovirus infection as a source of help.

Other viral vectors

A number of other viral gene delivery systems are under development.
Vaccinia virus is a large DNA virus that can be engineered to deliver genes
into mammalian cells (Whitman er al. 1994). Also Herpes virus is a large
DNA virus that infects and persists in cells of the nervous system. It is
therefore possible that Herpes virus based vectors may provide long-term
gene expression in cells of the central nervous system (Anderson ef al.
1992). Several recent publications demonstrate that gene transfer and
expression in mammalian cells can be mediated by recombinant
baculoviruses (Boyce and Bucher 1996; Sandig et al. 1996; Barsoum ef al.
1997; Condreay ef al. 1999),

Replicating plasmid vectors have been derived from Bovine papilloma
virus (BPV) and Epstein-Barr virus (EBV). BPV vectors are not reliably
maintained as episomes (Mecsas and Sugden 1987) and all too often
undergo integration, deletion, recombination and rearrangement. For this
reason many researchers have turned to EBV vectors.

The Alphavirus vectors, based on Semliki Forest and Sindbis virus also
have several features which make them well suited as expression vectors.
Naked genomic RNA is able to start an infection when introduced into the
cytoplasm of nearly all animal cell types. There is no evidence of
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General Introduction

chromosome integration, The infecting RNA is self-replicating by its
ability to code for its own replicase (Liljestrdm and Garoff 1991),

2. Non-viral gene delivery methods

One practical advantage of the non-viral vectors is that theoretically
there is no limitation on the size of the expression cassette to be
transferred. Such vectors do not require “live” packaging systems, are in
principle much easier to purify and pose no risk of recombination during
the production process. Unlike the vigorous host responses to some viral
vectors, most non-viral vectors have a limited number of antigenic epitopes
for the immune system to recognize, resulting in little or no host response
to the administration of the vector. However the disadvantages of non-viral
vectors are the low efficiency of gene transfer and transient expression,
particularly in vivo,

Many physicochemical methods have been developed for the
introduction of DNA into mammalian cells. These include calcium
phosphate precipitation (Graham and van der Eb 1973), DEAE-dextran
(Lake and Owen 1991), polybrene-DMSO (Morgan et al. 1980; Chaney et
al. 1986), protamines (Wienhues er al. 1987), liposomes either alone
(Fraley et al. 1980; Schaefer-Ridder et al. 1982) or in combination with
reconstituted viral envelopes (Lapidot and Loyter 1990; Nussbaum er al.
1992), cationic liposomes (Felgner er al. 1987), electroporation (Chu et al.
1987), direct injection of DNA (Wolff er al. 1990}, patticle-bombardment
technology (gene gun) (Johnston and Tang 1994; Qui er al. 1996) and a
rapidly developing technique, which exploits the natural process of
receptor mediated endocytosis (RME} and promises to combine both
efficiency and specificity of cell targeting (reviewed in Guy er al. 1995).
‘The aim of this approach is to combine the efficiency of viral vectors and
the safety of non-viral vectors. DNA-polylysine-ligand conjugates are
being investigated as such tissue-specific delivery vectors. These
conjugates seck to exploit the physiological pathways by which cells
internalise macromolecules such as nutrients. Ligands are recognised and
bound by cell surface receptors and endocytosed via clathrin-coated pits.
Most of the research on DNA delivery by this approach has been
performed by targeting the liver-specific asialoglycoprotein receptor
(ASGPr) (Wu and Wu 1987; Wu and Wu [988; Wu ef al. 1991, Wilson et
al. 1992; Plank et al. 1992) and the relatively ubiquitous transfeirin
receptor (Zenke et al. 1990; Wagner et al. 1990; Wagner et al. 1992; Curiel
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ef al. 1991; Curiel ef al. 1992; Cotten ef al. 1992). DNA delivery to
hepatocytes has also been achieved using insulin-polylysine conjugates
(Rosenkranz et al. 1992) and to antigen-bearing cells using monoclonal
antibodies (Trubetskoy et al. 1992). More complex conjugates of
adenovirus-ligand-DNA combine the efficiency of targeting conferred by a
specific ligand with the endosome disrupting ability of adenovirus (Curiel
et al. 1991). The movement of the DNA-containing complex from the
cytoplasm to the nucleus may be one of the most important limitations to
successful gene transfer (Zabner ef al. 1995; Wilke ef al, 1996). The gene
transfer is most effective in rapidly dividing cells where, in addition to
DNA replication, the inner and outer nuclear membranes break down at
mitosis. Approaches to efficient gene delivery, particularly in the absence
of cell division, must therefore employ strategies that overcome the barrier
of the nuclear envelope, either by incorporating elements of the cellular
nuclear-cytoplasmatic trafficking machinery or by deploying components
of viral nuclear entry mechanism.

Non-viral carriers are used to shuttle DNA, RNA and oligonucleotides
into cells. At the moment, there is a particular interest in chimeraplasty
{delivery of DNA/RNA hybrid motlecules). Using this method, the site-
specific cotrection of different genetic defects by mechanism of mismatch
repair has been reported (Cole-Strauss ef al. 1996; Yoon ef al. 1996; Kren
ef al. 1998:).

Non-viral delivery methods in theory have no size limitation. The
development of a mammalian artificial chromosome (MAC) would allow
the delivery of any gene of interest with its controlling sequences and the
ability to replicate at each cell division (Huxley 1994). This could be
combined with stem cell targeting. The problem with MACs is not a lack
of enthusiasm for the development of such vectors, but a deficiency in the
understanding of the basic biology concerned with defining the three
functional elements of a mammalian chromosome-telomeres, origins of
replication and centromeres, The real problem lies in identifying the cis-
acting chromosomal locus responsible for the segregating of chromosomes
in mitosis and meiosis (the centromere). Mammalian centromeres are
always associated with large amounts of species- and often chromosome-
specific repefitive DNA. In humans the most abundant sequence is o
satellite which can cover anywhere between 250-5000 kb of DNA. Various
functional studies involving the introduction of smail (less than 100 kb)
regions of alphoid repeats have shown that this DNA is involved in at least
some, but not all aspects of centromere function (Davies 1995). One
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possible reason why this DNA does not form a genuine centromere is that a
minimum threshold of alphoid repeats may be necessary to nucleate
kinetochore formation. Introduction of yeast artificial chromosome (YAC)
clones containing larger regions of alphoid DNA into mammalian cells
would provide a useful assay system for identification of the region
required. Recently, a human artificial chromosome (HAC) vector was
constructed from a 1 Mb YAC. This YAC, which also included non-alpha
satellite DNA, was modified to contain human telomeric DNA and a
putative origin of replication from the human B-globin locus. When
transfected into human cells by lipid-mediated DNA transfection, HACs
were mitotically stable in the absence of selection for at least 100
generations, Fluorescence in situ hybridization (FISH) analysis revealed
that the HACs were not derived by telomeric fragmentation of the
endogenous chromosomes (Henning et af. 1999). YAC-based approaches
such as this should broaden our understanding of how to attain human
centromere function. However, there will be technically demanding steps
such as the intact isolation and transfection of large DNA molecules. The
maximum size delivered intact in vitro by the use of cationic lipids is at
least 600 kb, although the majority of clones contained broken DNA.
Shearing and degradation of such large molecules will be an even greater
problem in vivo.

Most of the currently used delivery methods, their advantages and
disadvantages are summarised in Tables 1A and [B.
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Table 1A. Viral delivery methods: advantages and disadvantages

Delivery system Advantages Disadvantages
Viral vectors {in general} - High efficiency of - Size limitation
transduction - Generally low titers
- Possibility of the

generation of replication-
competent viruses

Refroviruses - High efficiency, especially - Dividing cells only (exept
ex vivo lentivirus based)

- Risk of insertional
mutagenesis

- Risk of oncogene
activation

- Fast inactivation by
complement system i vive

Adenoviruses - Dividing and non-dividing - Strong host immune
cells response
- High titers - Presence of neutralising
antibodies
AAV - High frequency of - Helper vizus requirement
transduction in a variety of - Small insert size (4.7 kb)
cells - Lack of stable packaging
- Dividing and non-dividing cell lines
cells - Random integration in
- Non-pathogenic absence of the viral

replicase (rep) function

HSYV - Stably maintained as -Pathogenic?
episomes in non-dividing
cells (neurones)
- Packaging capacity (~35kb)
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Table 1B. Non-viral delivery methods: advantages and disadvantages

Delivery system Advantages Disadvantages
Non-viral methods (in - No size limitation - Low efficiency of transfer
general} - Usually no host immune
response
RME - Potential targeting via
specific receptor-ligand
systems
Direct injection of naked - Plasmid based vaccination
DNA
Liposomes - Easy to prepare from a -Transient gene expresssion
pharmaceutical standpoint - Low efficiency of transfer

- Not significantly antigenic

- Possibility of repeated
treatment

- Amenable to chemical
modification aimed at
improved cell specificity

Gene gun - Selective bombardment - Requires surgical
intervention to reach
tissues other than skin

Choice of gene-transfer strategies

Gene therapy could be applied ex vive or in vivo. In the ex vivo
approach, cells are removed from the body, cultured in virro, genetically
modified and subsequently returned to the body. Critical issues are the in
vifro culturing of cells and their ability to be transplanted. The advantages
of the ex vivo approach are a generally high efficiency of gene transfer and
the possibility to enrich genetically modified cells if the vector has a
sclectable marker. Gene transfer into haematopoietic stem cells (HSC) is
perhaps the best example. The pluripotent HSC, which constitutes 0.01-
0.1% of human bone marrow cells, but could also be enriched from other
sources such as umbilical cord and peripheral blood (Lu ef al. 1996; Kalle
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ef al. 1998), is an ideal target cell because of its pluripotency and self-
renewal qualities.

The in vivo approach involves the direct transfer of genes into cells as
they reside naturally in the body, The main problems with this strategy are
low efficiency of gene transfer, necessity for repeated treatment and
increased potential for problems with host immune response. On the other
hand, observations in the early 1990s that plasmid DNA could directly
transfect animal cells in vivo led to exploration of its use in induction of
immune responses. The effectiveness of DNA vaccines against viruses,
parasites, bacteria and cancer cells has been demonstrated in numerous
animal meodels (reviewed in Donnelly er al. 1997). This new approach
comes as an aid for the prevention of diseases for which the conventional
vaccines have failed. DNA vaccines employ genes encoding proteins of
pathogens or tumours rather than using the proteins themselves, a live
replicating vector, or an attenuated version of the pathogen itself, Purified
plasmid DNA containing antigen coding sequences and the necessary
regulatory elements to express them is introduced into the tissue by
intramuscular injection or particle bombardment (Johnston and Tang
1994). Once the DNA reaches the tissue, the antigen should be expressed
in sufficient quantities to induce potent and specific humoral and cellular
immune responses and to confer protection against possible infection or
cancer development. There is a body of evidence showing that dendritic
cells are the essential antigen-presenting cell types involved in immune
responses to intramuscularly administered DNA vaccines (Manickan ef al.
1997). Protective immune responses have been reported in a number of
preclinical models after challenges with relevant pathogens or tumour cells.
Epitope-based plasmid DNA vaccinations were carried out against
influenza virus, bovine herpes virus, human herpes simplex virus, rabies
virus, hepatitis B virus, human immunodeficiency virus (HIV),
Mycobacterium tuberculosis, Salmonella typhi, Leishmania major,
Plasmodium yoelii, human carcinoembryogenic antigen (CEA) bearing
tumours, polymorphic epithelial mucin (PEM) expressing tumour cells and
against many other infectious agents, epitopes of which were coded by the
plasmid DNA used for vaccinations (reviewed in Donnelly ef al. 1997)
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B. Regulating expression of introduced genes

Achieving reproducible and controlled expression of delivered genes is
an important issue, if a treatment is to be used on human patients. Through
the use of mouse transgenic models a very large body of information is
now available concerning the mechanisms of mammalian gene regulation
particularly with respect to high level tissue specific expression in vive. It
should be possible to use this information (promoters, enhancers and locus
confrol regions in gene transcription) to approach the problem of
optimising expression in a systematic manner.

Pronioters

Promoters lie in the first 200 bp upstream of the transcriptional statt site
of protein-coding genes (transcribed by RNA polymerase II). They contain
short sequences to which transcription factors bind with the purpose of
stabilising and positioning the transcriptional apparatus (Benoist and
Chambon 1981, Serfiing et al. 1985; McKnight and Tjian 1986). The
TATA box and the initiator, separated by 25-30 base pairs (Smale and
Baltimore 1989) are the core promoter elements, essential for gene
activation. The TATA binding protein (TBP) specifically binds the TATA
element and forms the TFIID complex that contains several TBP associated
factors. In this way the TATA box positions the basal transcription
machinery and determines the precise site of transcription initiation. The
TATA box and the initiator can drive transcription in cell free systems,
upon addition of extracts containing the general components of
transcription machinery, but not in vive in a chromatin environment
(Imbalzano 1994). Additional promoter proximal elements are needed such
as CCAAT and CACC boxes that bind ubiquitous as well as specific trans-
acting factors and contribute to constitutive or more tissue and stage
specific gene expression. Although the promoter’s role is to potentiate
transcription and mediate cell-type and developmental specificity, a
promoter alone is usually not sufficient to give significant levels of
transcription of a gene that is integrated into chromatin.

Enhancers

Enhancers are DNA elements (between 50 bp and 1.5 kb), located
upstream or downstream from the promoter sequences, which can
potentiate transcription independently of their orientation. Transcriptional
enhancement occurs even when the enhancer is located at varying distances

21



Chapter 1

from the site of transcriptional initiation {Banerji ef af. 1981; Moreau et al.
1981, Serfling et al. 1985; Weber and Schaffner 1985). Like promoter
proximal elements, enhancers provide additional specificity to the gene that
they activate by binding developmental, cell type specific factors.
However, the level of expression achieved for a particular enhancer usually
shows a wide variation, depending on the position of integration into the
host chromatin (Wilson ef al. 1990). This feature of enhancer function has
important implications for gene therapy since it makes it very difficult to
obtain reproducible expression. While an enhancer may occasionally give
rise fo therapeutically useful levels of expression when integrated into a
favourable position, many integration evenis may fail to give adequate
levels of expression.

Locus control regions (LCRs)

An LCR is defined as an element that gives rise to gene expression in a
transgenic assay that is insensitive to the position of integration and
dependent on the number of copies of the transgene. LCRs therefore seem
to be able to override the suppressive position effects of surrounding closed
chromatin. The human B globin LCR, which provides erythroid specific
expression, was the first of these elements to be identified (Grosveld ef al.
1987). Indications for the existence of such a region (that controls the
activity of the entire B-globin gene cluster) came from the study of a human
vB-thalassaemia, namely a patient with a 100 kb deletion which eliminated
the entire upstream region, but left the B-globin gene intact (Kioussis ef al.
1983; Taramelli et al. 1986). A 21 kb DNA region containing DNase 1
hypersensitive sites (from the deleted region in patient) is capable of
driving expression of the human [-globin genes in transgenic mice
(Grosveld et al. 1987)

Subsequently, many more LCRs have been identified and described for
a number of vertebrate genes expressed in a tissue specific manner. These
include LCRs for the human CD2 gene (Greaves er al. 1989), the chicken
lysozyme gene (Bonifer et al. 1990), the murine MHC class 1I Ea gene
(Carson and Wiles 1993), the o/ T-cell receptor locus (Diaz ef al. 1994),
the mouse tyrosinase gene (Montoliu ef al. 1996), the human growth
hormone gene (Jones et al, 1995), the human S100B gene (Friend et al.
1992), the human IgH Ca gene (Madisen and Groudine 1994), the human
red and green visual pigment gene (Wang er al 1992), the human
adenosine deaminase gene (Aronow ef al. 1992), the rat LAP gene (Talbot
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et al. 1994), the human class T HLA-B7 gene (Kushida et al. 1997), the
murine zona pellucida 3 gene (Lira et ¢l. 1990) and others,

Such regions of regulatory interest have been shown to correlate with
the presence of DNase I hypersensitivity sites (HS)(Tuan 1985;Grosveld
1987, Forrester 1987). These sites represent nucleosome-free regions in
chromatin, which are accessible to trans-acting proteins. In the case of the
B-globin LCR, they are mapped to the 200-300 bp core fragments of HS 1-
4 (Talbot et al. 1990; Talbot and Grosveld 1991; Philipsen ef al. 1990;
Pruzina et al. 1991). Different HS sites might provide an LCR with distinct
functions (such as enhancer activity or chromatin opening activity), but
only the presence of a complete set of regulatory elements will result in a
proper LCR function, as concluded from deletion studies (Bonifer ef al.
1994 Carson and Wiles 1993; Milot ef al. 1996; Festenstein ef al. 1996).

The murine class I MHC Ea gene LCR

The major histocompatibility complex (MHC) cell surface
glycoproteins, class T and I are members of the immunoglobulin supergene
family and function as key markers in the recognition of self versus non-
self by the immune system. The MHC proteins have been extensively
studied in the mouse and human systems and share both structural and
functional homology within classes, as well as between species, Class 1
MHC antigens are expressed on most somatic cells and represent the
classically defined major transplantation antigens. The class I MHC
antigens have two modes of expression-constitutive and inducible. MHC I
genes are expressed constitutively in only a very restricted number of cell
types specialised in antigen presentation, such as dendritic cells and B
lymphocytes. Within these lineages, MHC TI expression is also subjected to
strict developmental control. For example, in the murine B-lymphocyte
compartment, early pro-B cells are MHC 1I negative. Expression starts
from the pre-B cell stage, where it is also inducible by interleukin-4 (IL-4).
Mature B-cells show constitutive MHC TI expression, while terminal
differentiation into plasma cells is accompanied by the extinction of
expression (Glimcher and Kara 1992). MHC 1 expression can also be
induced in a large variety of other cell types, in particular by y-interferon
(IFN-).

The mouse class II MHC locus is a model system for studying the
regulation of multigene family, during B-cell differentiation. The locus
consist of six genes (Ob, Ab, Aa, Ebl, Eb2, Ea) encoding two expressed
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class II MHC antigens, A (A alpha , A beta heterodimer) and E (E alpha, E
beta heterodimer)(Figure 1). Using a panel of well-characterised mouse
lines specific for different stages of B cell development, as well as non-B
cell lines, DNase I hypersensitive sites were mapped adjacent to the mouse
MHC class II Ea gene only in those cell lines which are either
developmentally programmed to express class I MHC or which actuaily do
express class II MHC at the cell surface (Carson 1991). The upstream
region 5° of the Ea gene contains five defined groups of DNase I
hypersensitive sites, HS1 (-50 bp from the cap site) and HS2 (-1.2 Kb)
reflect regions of chromatin which are open for the binding of regulatory
proteins important for the expression of class I MHC Ea. These sites are
clearly present upon IFN-y induction. They map closely to the promoter (X,
Y boxes) and enhancer (W box) regions defined for Ea (Dorn et al. 1987,
Dorn ef al. 1988). Other groups mapped further upstream are: HS3 (-3.4
kb), HS4 (-5.4 kb) and HSS5 (-8.4). There are no additional hypersensitive
sites other than HS1-5 within a total of 20 kb 5’ of Ea gene (Figure 1), The
proposed LCR was tested in a transgenic assay, driving the expression of
Ea’ gene in a mouse strain that does not express an endogenous Ea gene
(Carson and Wiles 1993). Only a construct containing all 5 HS sites
showed position independent, copy number-dependent expression of the
Ea” gene. The region delineated by Ea HS1 and HS2 is necessary but not
sufficient as an LCR because it is subject to position-dependent effects.
These results identified an immunologically important, putative LCR
which can be used to target gene expression to cells of the B-lymphocyte
lineage, as well as to other class I MHC expressing cells (such as dendritic
cells and macrophages) (Chapter 3 and 4 of this thesis).
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Figure 1: Mouse H-2 I Region on chromosome 17.

A.Complete H-2 I region. MHC class Il region is between 300-500 kb, K is a class I gene,
Arrows show direction of transcription. White boxes represent pseudogenes, shaded boxes
genes without known translation product, and black boxes are expressed genes.

B. Map of the class IT Ea gene locus.

Filled boxes indicate exons, The letters X, Y and W refer 1o conirol eleinents present in
the upstream region of the Ea gene. The arrows refer to the locations of the DNase 1
hypersensitivity sites (DHS). The farge arrows refer to the central location of HS and the
smaller arrows refer to minor HS (Carson and Wiles 1993},

The lnunan CD2 gene LCR

CD2 (LFA-2) is one of the earliest markers to appear on the surface of
developing thymocytes and in man is present only on thymocytes and
circulating T-cells. In mice, however, it is present on both T and B-cells
(Altevogt ef al. 1989). Tt is involved in adhesion to LFA-3 molecules
(reviewed in Springer 1990) present on the swface of a variety of other
cells as well as in the T cell activation pathway (Meuer ef al. 1984; Shaw et
al. 1986; Hunig ef al. 1987). Sequences responsible for the T cell specific,
position independent, copy number dependent expression of the human
CD?2 gene in transgenic mice were found within the 3’ flanking region of
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the gene (Figure 2). The LCR is located within a 5.5 kb DNA fragment
which is also hypersensitive to DNase I digestion (Greaves ef al. 1989).
Within the human CD2 locus, one hypersensitive site is positioned
immediately 5 of the first exon within the promoter of the gene. Two
further sites are found approximately 0.5 kb and 1.0 to 1.5 kb of the
polyadenylation signal of the gene. The 3° CD2 element can direct
expression of heterologous genes, such as B-globin, in T cells, utilising the
B-globin promoter in a copy-related and position-independent manner. In
addition, the CD2 LCR is capable of exerting this effect, regardless of its
orientation with respect to the promoter of the gene (Greaves et al. 1989).
Deletion analysis of the human CD2 gene LCR, performed with the aim of
establishing a minimum sequence necessary for copy-dependent transgene
expression, revealed that 1.5 kb of flanking sequences immediately 3’ to
the polyadenylation signal of the gene are sufficient for the LCR effect
(Lang ef al. 1991). Clusters of possible binding sites for TCFlo and GATA
transcription factors were found in regions where hypersensitive sites have
been mapped. Recently, three clusters of sites were identified within 2 kb
of the 3’ flanking region (HS 1-3) (Festenstein ef al. 1996). The upstream
cluster (HS1) of strong hypersensitive sites coincides with the region that
functions as a classical enhancer, whereas the weak HS2 and HS3 have no
enhancer activity in transient transfection assay (Lake ef al. 1990) but their
exclusion or partial deletion from the constructs will cause a mosaic
expression pattern when the transgene integrates into a heterochromatic
centromeric region (Festenstein er al. 1996). This position effect
variegation (PEV) has also been described for the human [-globin LCR
(Milot et al. 1996).

A human CD2 minigene cassette was designed with the aim of directing
expression of the gene of interest to all T cells and thymocytes of
transgenic mice (Zhumabekov et al. 1995). This expression cassette
includes 5 kb 5 and 5.5 kb 3’ flanking sequences containing respectively
the promoter and LCR of the human CD2 gene, The cassette also provides
the transcription initiation site, the first intron of human CD2 gene and the
two polyadenylation signals found in the 3’ untranslated region of the
human CD?2 gene.

In chapter 2 of this thesis, the CD2 LCR was used to drive expression of
a bacterial suicidal gene in the thymus of fransgenic mice to test the killing
specificity of the new NTR/CB 1954 prodrug system.
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Figure 2. Human CD2 locus.
The 2-kb Hind III fragment with full LCR function is indicated. Arrows
refer to DNase [ hypersensitive sites arranged in three regions.

Since LCR-like elements seem to be a general phenomenon, a
substantial amount of current research focuses on the isolation of the .CR
elements associated with particular genes. The first step is to achieve
regulated, position-insensitive expression of the gene of interest in
transgenic mice using the largest piece of DNA available (usually by
injection of yeast artificial chromosomes (YACs)). The second step would
be to test a number of smaller constructs to locate the sequence(s) that
mediate this expression. It is essential that the properties of any construct
are tested in a transgenic assay, since transformed cells in culture can give
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misieading results. The final aim would be to bring these sequences
together in a construct that is small enough to fit into the chosen delivery
vector. The control sequences for a given gene may prove to be
incompatible with the particular vector, For example, efforts by several
groups (o incorporate LCR subfragments into (-globin retroviral vectors,
have resulted in vector rearrangements, poor titers, or very low expression
of the P-globin gene (Novak er al. 1990; Chang ef al. 1992; Plavec et al.
1993; Sadelain et al. 1995). A similar problem was reported with a 2.1 kb
CD2 LCR fragment incorporated into a retroviral vector with the human
adenosine deaminase (ADA) cDNA driven by the retroviral (I.TR)
promoter (Kaptein ef al. 1998). However, the idea behind the search for
LCRs is that the gene will be expressed under its own control sequences. In
the following chapters it will be shown that this does not have to be the
case if control elements from another gene can give adequate levels of
expression in the appropriate tissues. A cDNA or genomic DNA fragment
can be placed under the control of a promoter and LCR elements from a
heterologous gene,

C. Targets for gene therapy

!. Inherited diseases

One of the earliest disease-related genes to be cloned and characterised
was the gene for human beta globin (Maniatis et al. 1976), an obvious
target for gene transfer and gene therapy studies because of its relevance to
human diseases (B-thalassaemias and sickle cell anaemia). In 1980, Cline
and colleagues at UCLA reported that they could introduce the human
globin gene into murine bone marrow (BM) cells by calcium phosphate
transfection and, at least partially, repopulate the marrow of irradiated
recipient mice with genetically modified BM cells (Cline et al. 1980,
Marcola et al. 1980). The known inefficiency of the transfection procedure,
absence of the regulatory sequences from the construct used, and the rarity
of BM stem cells made these results rather surprising. Nevertheless, Cline
and his colleagues proceeded with a, scientifically and in many other
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aspects, premature gene therapy experiment in humans, which was
predestined to be a failure.

Very soon it became clear that diseases of haemoglobin synthesis were
in fact going to be particularly difficult to correct by gene therapy.
Haemoglobin is composed of four polypeptide chains (2¢; and 2P encoded
by genes located on two different chromosomes) that have (o be present in
the majority of the red blood cells in the appropriate ammounts for gene
therapy to succeed.

Genetic diseases caused by single gene defects that are completely
corrected by bone marrow (ransplantation are the leading initial candidates
for bone marrow gene therapy. If transplantation with allogeneic bone
marrow is able to correct all of the manifestations of a disease, then
correcting the genetic defect in the patient’s own bone marrow by gene
transfer ought to cure the disorder as well. For gene therapy, it seemed
wiser to focus initially on a genetic disease in which corrected cells might
have a selective growth advantage in patient (Anderson 1984). Therefore,
adenosine deaminase (ADA) deficiency as a cause of severe combined
immunodeficiency (SCID) was a good candidate. ADA is a single protein
chain enzyme in the purine metabolic salvage pathway that catalyses the
conversion of adenosine to inosine and deoxyadenosine to deoxyinosine.
Toxic metabolites that accumulate particularly affect T cells. Following
extensive regulatory review of the proposed protocol to use cultured gene—
modified cells to treat ADA-deficiency, the first authorised gene therapy in
man began on Sepfember 14", 1990, when a 4 year old girl with ADA
deficiency began receiving transfusions of ADA gene-corrected autologous
T cells. The number of clinical trials has grown at an increasing rate since
then.

Ideally, preclinical studies of any potential therapy should involve both
the development of suitable protocols for carrying out the key technical
steps and a assessment of the therapeutic efficacy and safety in an
appropriate model of the disease.

The first gene therapy models, based on genetic augmentation through
grafting of ex vive modified cells, have been developed for singie gene
disorders such as ADA deficiency (Hoogerbrugge ef al. 1992), familial
hypercholesterolaemia (Grossman et al. 1994), ol-antitrypsin deficiency
(Ledley and Woo 1989; Rosenfeld et al. 1991; Kay et al. 1992),
coagulation disorders caused by deficiencies of clotting factors IX and VIII
(Axelrod er al. 1990, Roman et al. 1993 Yao et al. 1991), Gaucher disease
{(Nimgaonkar et al. 1994} and others.
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Chapters 3 and 4 of this thesis will focus on mouse models for X-linked
agammaglobulinaemia and Gaucher disease respectively and the potential
use of the locus control region (LCR) of the class I MHC Ea gene in
therapeutic constructs which could be used for these two disorders.

The early approaches to what might be called "classical” gene therapy
were aimed at inborn enzyme defects associated with metabolic diseases.
Very soon, the possibilities for gene therapy application to acquired
diseases were also investigated.

2. Acquired diseases

A critical issue in considering any acquired disease as a candidate for
gene therapy is the choice of the gene to be transferred. Nevertheless, there
are many diseases for which gene therapy strategies are developing. These
includes infectious diseases such as AIDS, cardiovascular diseases
(atherosclerosis, myocardial infarct, vascular restenosis and ischaemia),
neurodegenerative diseases (Alzhenner's disease, Parkinson's disease), joint
disorders such as rheumatoid arthritis and various approaches to cancer
therapy.

Gene therapy for HIV infection is receiving particularly intensive study.
Approaches that are in development include both immunotherapy (e.g.
therapeutic vaccines and adoptive transfer of CD8 * T-cell clones) and
direct antiviral therapy (intracellular immunisation) (reviewed in Yu et al.
1995). The later strategies include transdominant modification of HIV
proteins, RNA decoys, antisense RNA, ribozymes and soluble CD4. These
strategies would work by transdominant inhibition of REV or TAT proteins
by “molecular traps” that bind and inactivate the REV or TAT proteins or
by competitive inhibition of the binding of those proteins to their
recognition elements (Sullenger et al. 1991; Yu er al. 1994; Lori et al.
1994; Frasier ef al. 1998). Several of these strategies are now entering
clinical trials.

Cardiovascular diseases, the prime cause of death in industrialised
countries, are also target diseases for gene therapy. Strategies include:
transfer of the gene encoding the low density lipoprotein (LDL) receptor to
lower blood-cholesterol levels and thus decrease the likelihood of plague
formation in blood vessels, delivery of the tissue plasminogen activator to
prevent blood-clot formation on cardiac stents, catheter-based delivery
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systems for jntroducing gene sequences to blood vessel walls and others
(reviewed in Dzau et al. 1993).

Despite many difficulties, a number of neurological disorders have
emerged as promising gene therapy models (reviewed in Zlokovic et al.,
1997). This advance has been due, in part, to the realisation that gene
therapy for certain disorders may not require the use of brain cells, Instead,
“surrogate cells” such as autologous fibroblasts, may be useful for
delivering therapeutic gene products after genetic manipulation and
transplantation to the brain (Gage ef al. 1987). Studies using animal models
for Parkinson’s disease have demonstrated that intrastrial grafting of
fibroblasts genetically modified to produce L-dopa may reverse the disease
phenotype (Wolf er al. 1989). More recently, L-dopa-producing primary
astrocytes were generated by retroviral transduction (Lundberg er al. 1996).
Neurotrophic factors that improve the survival of specific neuronal types
during development and after exposure to various neuronal insuits have
aiso potential for treatment of neurodegenerative diseases. In particular,
brain-derived neurotrophic factor (BDNF) has been shown to exert trophic
and protective effects on dopaminergic neurons (Yoshimoto et al. 1995).

Cencer

Nearly half of all cancers remain non-responsive to current therapeutic
regimens. The progression of disease is often a result of growth of tumour
cells that are resistant to any combination of surgery, radiation therapy and
chemotherapy (Goldstein et al. 1991; Goldstein et al. 1992). Cytogenetic
and molecular techniques have allowed the identification of genetic
alterations that undetline progression into malignancy. Attempts have been
made to exploit this knowledge to develop new therapeutic strategies for
the treatment of cancer patients. These include genetic marking, inhibition
of oncogene expression, restoration of tumour suppressor genecs, cancer
vaccination, suppression of tumour angiogenesis and the use of suicide
genes.

The identification and sequencing of oncogenes has led to the
development of antisense strategies. The aim is to suppress the expression
of specific oncogenes. Antisense strategies utilise short sequences of RNA,
complementary to oncogene transcripts, that will bind to oncogene mRNA
and thereby inhibit mRNA translation. In several in vitro models, this has
resulted in the inhibition of proliferation and reversal of the malignant
phenotype (Trojan et al. 1992; Zhang ef al. 1993).
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Mutation of tumour suppressor genes also confributes to the
development of malignancy. Mutation of the p53 tumour suppressor gene
is the most common alteration in human malignancies (Hollstein et al.
1991; Greenblatt ef al. 1994). In vitro, the transduction of wild-type p53
has been shown fo arrest the growth of the colorectal carcinoma cell line
(Baker et al. 1990} and in vivo to prevent the growth of established
tumours leading to their regression (Shaw ef ¢l. 1992). However, there are
a number of problems associated with these therapies. The most obvious is
that it is necessary to modify each individual malignant cell within the
tumour to achieve a therapeutic effect. This is unrealistic given the low
efficiency of current methods of gene delivery.

An alternative approach involves strategics designed to enhance an
antitumour immune response. Although cytotoxic lymphocytes that have
the capability for the recognition and killing of tumour cells can be
detected in the peripheral blood of cancer patients, these cells are not
sufficiently active to control the growth of the tumour cells. This state of
immunoparalysis in cancer patients has been attributed to defects in the
presentation of tumour antigens by the tumour cells and hence therapy is
directed towards the in vitro introduction and expression of cytokine genes
(IL2, L4, IL7, IL12, IEN, TNF) (Hock ef al. 1993; Belldegrun ef al.1993;
Golumbek et al. 1991; Gansbacher er al. 1990; Hock ef al. 1991; Chong et
al. 1998), class I HLA genes (Nabel ef gl. 1993; Nabel ef al. 1994) or
costimulatory antigens e.g. HLA-B7 (Townsend and Allison 1993; Chong
et al. 1998) into the immune cells of the host or into the tumour cells.

In the knowledge that solid tumours cannot progress without the
generation of new blood vessels, recent efforts have also been focused on
understanding the biology of angiogenesis, the identification of mediators
of angiogenesis and the evaluation of strategies that employ
antiangiogenesis agents to inhibit the growth of tumours (Kong and Crystal
1998). An ideal antiangiogenesis strategy should be targeted only to the
organs that contain tumour(s) and should not interfere with normal
angiogenesis.

The remaining approaches to cancer therapy involve the insertion of
genes conferring either drug resistance or drug sensitivity, Conventional
chemotherapeutic regimes are often limited by systemic toxicity and
myelosuppression. The production of cytotoxic-drug resistant stem cells
may be a mechanism by which normal cells could be protected from
treatment-related toxicity, allowing much higher doses to be used. The
proposed transgenes can render stem cells resistant to some specific drugs
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(e.g. methotrexate, by use of dihidrofoiate reductase (DHFR) (Corey ef al.
1990)) or make them multidiug resistant (MDR) by the expression of the
MDRI gene (Gottesman ef al. 1994; Devereux ef al. 1998).

Suicide gene therapy in cancer and the role of the bystander effect

Tumour cells can be modified in such a way that they become sensitive
to an agent that is otherwise non-toxic. This is achieved by insertion of a
gene coding for an enzyme that converts a non-toxic prodrug into a lethal
compound. Administration of the prodrug results in the death of the
recipient cell. This approach is known as suicide gene therapy. It is an
attractive form of therapy against solid tumours, since administration of the
prodrug results not only in the death of recipient cells (that express the
suicide gene) but also in the death of surrounding cells. This phenomenon
of the death of neighbouring untransfected cells is known as the "bystander
effect". A number of theories have been proposed to explain how bystander
killing occurs. Cell-cell contact appears to be required in vitro (Colombo ef
al. 1995; Bi et al. 1993). Metabolic co-operation and the release of
apoptotic vesicles are both implicated in the mediation of the bystander
effect. The relative contribution of these two processes is probably
dependent on whether or not the cells possess gap junctions. However,
there is increasing evidence to suggest that the immune system plays an
important role in vivo. A foreign gene product can inhibit tumour formation
even in the absence of selection (Tapscott ef al. 1994). It seems that an
intact immune system is required for an in vivo bystander effect to be seen
(Ramesh et al. 1996). Nude mice and sub-lethally irradiated mice failed to
show the regression of subcutaneous tumours when the tumours were
composed of 50 % HSV-1 TK positive cells. In contrast,
anmunocompetent mice showed tumour rejection upon receiving the same
number and proportion of HSV-1 TK positive cells. It appears that the
death of positive cells following prodrug administration is associated with
the generation of an immunostimulatory intratumoral cytokine cascade
(TNFao, IL1, IL6) and inflammatory cell recruitment (Ramesh ef al. 1996).

A number of prodrug or suicide genes are under investigation to confer
drug sensitivity to cancer cells. Some of these are listed below (Table 2).
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Table 2. Suicide Genes

Gene Toxic metabelism  Tumourocidal ~ Bystander References
HSV-TK GCV-»GCV-TP yes yes 21,43,49, 68,79
CD 5-FC—5FU yes yes 108, 166
XGPRT (gpt) 6-TX—6-TX-TP yes ? 18
VZV-TK AraM— AraM-MP yes ? 108
DecD MeP-dr—6-MeP yes yes 163
B-glucosidase Amygdalin-cyanide ? 7 58
B-lactamase Vinca-ceph. ? ? 58

— vinca alk.
NTR CBI1954 yes yes 28

— hydroxylamino

forms

The most well known example of gene directed enzyme prodrug therapy
(GDEPT) is the Herpes Simplex virus type | thymidine kinase gene
(HSV1-TK)ganciclovir (GCV) system (Culver et al. 1992). The viral
enzyme converts GCV, which is not toxic to unmoditied cells because of
the low specificity of human thymidine kinase for GCV, to a number of
toxic metabolites of which GCV ftriphosphate is thought to be the most
potent. GCV triphosphate inhibits DNA polymerase; thus GCV is only
toxic to cells in S-phase (Furman er «l. 1980; Elion 1983). Retroviral
vectors have been used to deliver TK to intracranial and leptomeningeal
tumours in the first human GDEPT trials (reviewed in Hanania ef al. 1995).
Another system, also based on the production of a toxic nucleotide
analogue, involves delivery of the cytosine deaminase gene that converts 5-
fluorocytosine to the toxic 5-fluorouracil (Mullen et al. 1992; Huber ef al.
1993).

Recently, a novel enzyme prodrug activating system has been described
(Bridgewater et al. 1995), which involves the use of the F.coli
nitroreductase (NTR) gene. CB1954, a weak monofunctional alkylating
agent, is a relatively non-toxic prodrug which is activated by the
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nitroreductase enzyme to form a highly toxic bifunctional alkylating agent.
In contrast to the HSVI-TK/GCV suicide gene system, activated CB1954
will kill both dividing and non-dividing cells. This may be advantageous
when considering the treatment of human tamours where only a relatively
small proportion of cells may be actively dividing at any particular time.
Chapter 2 of this thesis will focus on specific killing of cells expressing
nitroreductase, both in vitro and in vivo. The expression of the bacterial
enzyme was limited to specific cellular targets by placing the gene under
the control of tissue-specific elements. Use of the human CD2 locus
control region restricted nitroreductase expression to T cells. Upon
CB1954 treatment, the targeted destruction of particular cell types allows
ablation of selected tissues. Thus the CB1954 /NTR GDEPT system offers
a potent means of killing targeted cell types. Given the different modes of
action of CB1954/NTR and HSVTK/GCV treatments, it could be that a
combination of these two approaches offers a means of obtaining additive,
and potentially synergistic effects.

D. Animal models for human diseases and their relevance fo somatic
gene therapy

It has become obvious that in vitro studies, however important and
useful in the beginning, have a restricted role, since diseases for which a
cure is sought usually affect not only an isolated tissue or organ but very
often, due to a complex cascade of events involved in pathogenesis, affect
the whole organism. Many important questions can only be addressed in
vivo and therefore animal models are needed. However, question remains
whether an animal model can adequately mimic the disease in humans and
provide a valid test for somatic gene therapy. Patient trials will always be
the only true test of therapeutic efficacy while relevant animal models will
serve to speed up safe and effective progress towards this goal.

Although naturally occurring mutations observed in several species
(mice, rats, dogs, etc.) have resulted in animal models for different
inherited human diseases, many more have been recently generated in
laboratories by gene targeting technology (Hogan et al. 1994). In these
cases mouse models play a particilarly important role since they are
inexpensive to maintain, quick to breed and easy to handle. Comparative
genetic mapping reveals a striking degree of gene and linkage group
conservation between human and mouse. Provided the gene suspected as
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responsible for disease has been identified and cloned, mouse models can
be generated by gene targeting in embryonic stem (ES) and /or classical
transgenesis. ES cells, derived from the inner cell mass of 3.5 day pre-
implantation embryos, have the remarkable capacity to be propagated,
manipulated and mutated in culture, while still retaining the ability to
contribute to all of the somatic and, critically, the germ line tissues after re-
implantation into a host blastocyst.

Most technigues that permanently introduce a DNA fragment into cells
result in integration of multiple copies of the transgenes at one or a few
random chromosomal locations (reviewed in Bishop 1996). Comparisons
between such cell culture transfectants or transgenic mouse lines are
difficult because the level of expression of the transgene depends on the
number of integrated copies and the locus of integration (when appropriate
LCR elements are not used). The ultimate goal for any gene therapy is
integration of a single copy of a transgene, possibly at a predetermined
chromosomal locus.

Site-specific recombinases and their role in creating genome alterations

Site-specific recombinases are being developed as tools for genetic
engineering because of their simplicity and precise activity in a variety of
organisms (reviewed in Kilby ef al. 1993). Two well studied recombinases
are Cre, from bacteriophage Pl, and Flp, {from Saccharomyces cerevisiae.
Both of them have been shown to catalyse excision, integration, inversion
or translocation of DNA between their distinct recognition target sites
without requiring cofactors. The target sites, loxP (for Cre) and Flp
recombinase target (Frt), both have a characteristic structure. They consist
of a 34 bp sequence containing 13 bp inverted repeats separated by an 8 bp
spacer region. Cre is optimally efficient at 37°C, while Flp has an optimum
near 30°C (Buchholz et al. 1996) and has been generally reported to be less
efficient than Cre in mammalian cells {reviewed in Rossant and McMahon
1999), A mutant, thermostable form of Flp, Elp-e, promises to overcome
this problem and to enhance utility of the Flp system (Buchholz ef «l.
1998).

In the case of intramolecular recombination, DNA flanked by two
directly orientated sites is efficiently excised leaving a single target site in
the genome. If targets are in opposite orientation the segment is inverted.
Recombinase activity also has the potential for insertion of DNA into target
sites in the genome. When Cre catalyses the recombination between a
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single loxP site in the genome and another site in an introduced circular
plasmid, it promotes insertion of the plasmid into the chromosome, both in
yeast and in cultured mouse cells (Sauer and Henderson 1990). However,
this event is inefficient because the newly inserted sequence is now
surrounded by target sites and subject to excision again. Recently, a novel
strategy termed Recombinase-Mediated Cassette Exchange (RMCE) has
been developed. The method takes advantage of loxP or Fit sites mutated
in their spacer regions. Such mutated target sites can only recombine with
themselves and not with the wild type sites or sites bearing different
mutations (Bouhassira et al. 1997; Schlake and Bode 1994; Seibler and
Bode 1997). Site-directed DNA integration has also been achieved when
nucleotide changes were introduced into the 13 bp elements in plants
(Albert ef al, 1995) and in mouse ES cells (Araki ef al. 1997).

To test gene therapy constructs which would be present in the host
genome as a single copy, it is necessary to compare the expression level
between single copy transgenic mice or single copy clones in tissue culture
experiments (Ellis et al. 1997; Bouhassira et al. 1997). Tt has become
common practice to introduce a lox P site into DNA constructs that are
microinjected to obtain transgenic mice. Multiple copy transgenic lines
could be reduced in their copy number by using the Cre recombinase
system in a number of ways. The expression of Cre could be either
transiently achieved in fertilised eggs of the multiple copy lines, or stably
expressed in a different transgenic line (in a germ line cells). In the latter
case, crossing of the two lines is needed for the recombination event to take
place.

The transient expression of Cre in fertilised eggs was achieved by
pronuclear injection of a Cre expression vector in a circular form to avoid
genomic integration (Araki er al. 1995). The recombination of the
transgene was detected by galactosidase expression after excision of a
chloramphenicol acetyltransferase (CAT) gene. Recombination was
completed before the morula stage. Although no mosaicism, no incomplete
recombination and no integration of the Cre sequence were observed in {8
mice born with this modified transgene (Araki er al. 1995), we have not
been able to achieve the reported 100% efficiency using the very same
system. As there is still a possibility that plasmid sequences may integrate
into the mouse genome and of mosaicism if the recombination event does
not take place as soon as possible, we have tested the injection of Cre RNA
as an alternative (Chapter 5 of this thesis).

37



Chapter |

Different transgenic lines expressing Cre have been generated with the
aim of efficient /n vivo manipulation of mouse genomic sequences at the
zygote stage. Among these transgenic lines are Cre (deleter), where Cre is
under the control of CMV minimal promoter (Schwenk ef al. 1995), E I a-
Cre , where Cre is under the control of adenovirus E II a promoter (Lakso
et al. 1996), CAG-Cre, where Cre is under control of the cytomegalovirus
immediate early enhancer-chicken B-actin hybrid (CAG) promoter (Sakai
and Miyazaki 1997), Zp3 Cre, where Cre is under the control of murine
zona pellucida 3 gene promoter and LCR (Lewandoski ef al. 1996) and
Syepl-Cre, where Cre is driven by promoter sequences derived from gene
encoding Synaptonemal Complex Protein 1 (Vidal er al. 1998). In the Zp3
Cre transgenic line, Cre is expressed specifically and exclusively in the
growing oocyfes prior the completion of the first meiotic division,
following the expression pattern of the ZP3 gene (Kinloch ef al. 1993). If a
ZP3-Cre positive female is mated with the target (loxP) bearing transgenic
male, in some cases sufficient Cre activity remains in mature oocytes to
mediate the recombination of the paternally contributed target gene.
However, in a target bearing ZP3-Cre female mouse, Cre-mediated
recombination of the target gene apparently occurs in 100% of oocytes.
When Cre*/target” females are mated to wild type males, all target-bearing
offspring, regardless of carrying the Zp3-Cre gene, undergo recombination
as a consequence of Cre presence in growing oocytes (Lewandoski et al.
1996). The weak point of this method is that it needs 2 generations for the
excision (recombination) to take place. The same applies to the Sycp 1-Cre
transgenic line, where Cre is expressed at an early stage of male meiosis
(leptotene to zygotene). Mice born after mating the double transgenic
males with a wild type females showed extensive deletions of the loxP
flanked sequences (Vidal ef «l. 1998). The situation with other Cre
expressing lines is similarly time consuming, because the resulting F1 mice
with the recombined allele of the target gene are inevitably transgenic also
for the Cre gene (Schwenk et al. 1995; Lakso et al. 1996). Thus, it would
be desirable to remove the Cre transgene during the subsequent crosses.
The only exception is the CAG-Cre line, where Cre mRNA and /or protein
are retained in mature oocytes irrespective of the transmission of the CAG-
Cre transgene, resulting in the efficient Cre-mediated recombination of
paternally derived target genes upon fertilisation (Sakai and Miyazaki
1997).

Interpretations of knock out phenotypes using current gene targeting
technology are often limited. The presence of a selection marker may
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influence the phenotype of the mutation (Fiering er al. 1995; Olson ef al.
1996). The inactivation of a gene may result in intra-utero lethality,
precluding analysis of the possible function(s) of the gene at later stages of
development and post-natally. A conditional gene targeting method based
on recombinase activity could overcome these limitations by allowing the
removal of the selection cassette and the tissue specific and timed
inactivation of target genes. Placing Cre under the control of either a celi-
specific (Gu et al. 1994; Tsien et al. 1996; Barlow ef al. 1997) or inducible
(Ktthn et al. 1995; Brocard ef al. 1997) promoter can lead, through the
excision of the floxed DNA segment, to spatiaily, temporally or spatio-
temporally controlled somatic mutation. The latter system would allow
generation of somatic mutation in a defined gene at a given time during the
life of the animal and in a specific cell type. The most commonly used
inducible system utilises the ligand-binding properties of the steroid
hormone receptors. A fusion protein between the ligand binding domain of
a steroid receptor and Cre recombinase is inactive except in the presence of
the ligand, most likely because the ligand-binding domain is complexed
with HSP90 proteins in the cytoplasm, preventing Cre from reaching its
nuclear targets. The ligand binding domains used in transgenic animals
have been engineered to bind synthetic ligands that do not activate the
normal steroid hormone responses. Cre fusion with an oestrogen receptor
mutant that binds tamoxifen (Ert) only (Feil er al. 1996; Brocard et al.
1997) and a progesterone receptor that binds RU486 only (Kellendonk er
al. 1996} have been developed and tested in mice. Successful inducible
excision with Cre-ERt fusion was reported in the epidermis cells within a
few days of tamoxifen treatment of mice transgenic for both Cre-ERt and a
target construct with floxed DNA (Brocard et al. 1997). There are other
inducible systems available, such as the interferon inducible system and the
tetracycline based system. The problems with these systems are often
mosaic induction, background leakiness (particularly with the reverse
transactivator tet system), no detectable expression of the transactivator,
inefficient processing of the bacterial tetR gene in mammalian cells and
others.

The Cre-loxP system can also be used to design a variety of
chromosomal translocations in mouse ES cells. Recombination between
lox P sites located on different chromosomes can occur, although as a rare
event, since the chance of synapsis between sites is reduced as a result of
their decreased proximity and because of possible physical constrains on
the interaction of DNA sequences from different chromosomes as a
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consequence of nuclear architecture. However, it was shown that using an
appropriate orientation of loxP sites integrated into different non-
homologous chromosomes, after transient expression of the recombinase,
cells which have undergone a balanced chromosomal translocation event
can be recovered by genetic selection, A programmed translocation
between c-myc and immunoglobulin heavy chain genes on chromosome 15
and 12 was created by this method (Smith er al. 1995). Genetic selection
was based on a reconstruction of a human minigene encoding hypoxanthine
phosphoribosyltransferase (HPRT) in a HPRT deficient ES cell line. This
technology should also allow the creation of mouse models for those
chromosome rearrangements associated with the human cancers and
developmental abnormalities.

In conclusion, the combined strategies of gene targeting and
transgenesis with the use of recombinase systems will greatly extend the
range of designed modifications that can be made to the mammalian
genome.

Level of expression requtired for successful gene therapy

For future correction of genetic disease by gene therapy, it is important
to have some idea about the minimum level of expression that will provide
significant therapeutic benefit. The ideal outcome would be to achieve the
expression levels that match those of the normal gene in question. In many
diseases involving metabolic enzymes, a lower level of expression will be
sufficient. For example, many individuals have been identified who have
only 10-20 % of the normal levels of adenosine deaminase (ADA) enzyme
and yet are immunologically normal (reviewed in Baese and Culver 1991),
It should be remembered that overexpression can also present a problem,
For example, higher levels (2-3 times) than normal of human 3 globin in
transgenic mice, caused by multiple copies of the transgene, result in
destruction of red blood celis and lethal anaemia (Grosveld er al. 1987).
Obtaining an accurate assessment of the levels of expression required is
likely to be a difficult exercise. Expression in some cases must be targeted
to the appropriate cell type and the level has to be related accurately to the
phenotype. Thus choices for regulation must be made not only at the level
of transcript but also translation, cellular localisation, developmental
timing, etc. The above mentioned mouse (knock out) models for human
genetic discases are likely to be of particular value in addressing these
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problems through so-called “rescue” experiments. Transgenic technology
can be used to reintroduce a normal gene into these animals and temporal,
spatial and quantitative level of expression can then be measured.
However, such quantification will need to be carried out with great care. 1
will now focus on two particular inherited disorders (X-linked
agammaglobulinemia and Gaucher disease) and related mouse models.
These examples will illustrate the complexity of the problems involved in
obtaining useful animal model and suggest that the phenotypes observed (at
least in these mouse models) do not necessarily provide an accurate picture
of phenotypes resulting from the same mutation in humans. Thus, animal
models must be carefully characterised and used with cautious
consideration in assessing human gene therapy strategies,

X-linked aganunaglobulinaemia (XLA) and related mouse models

X-linked agammaglobulinaemia (XI.A) is an inherited X chromosome-
linked hﬁumorai immunodeficiency disease (Bruton 1952) with an incidence
of 5:10 (reviewed in Sideras and Smith 1995). Affected males have a
severe deficiency of mature B cells and circulating immunoglobulins of all
isotypes and consequently suffer from recurrent infections. They are mainly
pyogenic bacterial infections of the respiratory and genito-urinary tracts
and skin, but also viral infections (caused by enteroviruses such as
Echoviruses) and protozoal infections, Due to treatment with antibiotics
and gammaglobulins patients can reach adulthood. The gene defective in
XLA encodes a cytoplasmatic protein tyrosine kinase (Vetrie ef al. 1993;
Tsukada et al. 1993), designated Btk (for Bruton's agammaglobulinaemia
tyrosine kinase). XLLA patients carry mutations in the Btk gene that include
deletions, insertions and point mutations, leading to amino acid
substitutions or premature stop codons in virtually all of the Btk domains.
There is a high degree of clinical heterogeneity among XLA patients. There
are more than 200 mutations involved in individual cases, but there appears
to be little (if any) correlation between the type of mutation present
(genotype) and the severity of the disease (phenotype)(Vihinen ef al. 1998).
However, most of the patients show the typical severe XLA phenotype
outlined above.

The mouse Btk sequence was found to be highly homologous to that of
humans (99.3% conservation at the amino acid level). The coding regions

41



Chapter |

are divided into 19 exons covering approximately 43.5 kb in the mouse,
and 37.5 kb in the human genome. With the exception of the exons
encoding for the 5'-UTR and 3'-UTR, all the other exons are identical in
length in both mouse and human genes (reviewed in Sideras and Smith
1995). Btk is expressed throughout B cell development (Figure 1), from the
earliest pro-B cell stage to mature B cells, except in terminally
differentiated plasma cells (de Weers ef al. 1993; Smith et al. 1994). It is
also expressed in myeloid and erythroid cells, but it is not required for their
differentiation and maturation (reviewed in Sideras and Smith 1995).

The murine xid (X-linked immunodeficiency) mutation in the mouse
strain. CBA/N served as a model for mild X-linked B-cell intrinsic
immunodeficiency for over 25 years (Amsbaugh et al. 1972; reviewed in
Scher 1982). It involves a single amino acid substitution of a highly
conserved residue (Arginine 28—Cysteine) in the pleckstrin homology
(PH) domain of the Btk gene (Thomas ef a£.1993; Rawlings ef al. 1993). In
the xid defect, the overall number of peripheral B cells is usually 50-60%
of normal, the mature B cell population in the spleen is severely reduced,
CDS* B cells are not detected, levels of serum IgM and IgG3 are low, and
responses to T independent type II (TI-II) antigens are impaired (reviewed
in Sideras and Smith 1995).

The milder phenotype of murine xid compared with human XLA cannot
be explained by the nature of the mutation involved. Mutation of the same
Arg 28 amino acid into histidine has been observed in patients with a
classic severe XLLA phenotype (de Weers ef al. 1994). Furthermore, Btk
knock out mice, generated by two different gene targeting strategies, both
showed a total absence of Btk protein, but resulted only in mild xid
phenotype (Khan et al. 1995; Hendriks ef al. 1996). In conclusion, the
elimination of Btk function in mice does not lead to the severe block in B
cell development which is characteristic for XLA in man (Table 3).
However, the Btk knock out mouse models have clearly identified the
precise stage(s) in B cell development at which deficiency in Btk results in
a selective disadvantage. From the analysis of in vive competition between
cells expressing wild type Btk and those expressing Btk~/LacZ allele in
heterozygous females, there are clear indications that development up to
the large pre-B cell (fraction D) is not affected by the Btk mutation and that
Btk is essential at two distinct steps, ie. at the transition from small pre B-
cells to immature B cells in the bone marrow, and during the antigen-
driven maturation of selected B cells in the periphery (Hendriks er al.
1996). Indeed, as will be described in chapter 3 of this thesis, Btk-
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phenotype can be corrected by transgenic expression of Btk (in this case
human) from the pre-B cell stage onwards, which might have an important
implications for the design of gene therapy strategies for XL A.

{ maturg ’ ¥ mature ’ f mature '
'I _> ‘ _>

Bone marrow
A B C D E F
i )= (e )+ () ~E)-6) &)
B220+ B220+ B220+ B220+ 8220+ B220+
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Figure 3. B cell differentiation in the mouse.
The classification of B cell lineage cells into bone marrow fractions A-F is
according to the expression of cell susrface molecules (Hardy et al. 1991)
and the status of the Ig loci (Ehlich er af. 1993). The three mature B cell
populations (FII, FH, Fl) are distinguished on the basis of their differential
expression of IgM and IgD. The dotted arrows indicate that fraction F in
the bone marrow reflects recirculating cells that have been selected in the

periphery.

Couriesy of R. Hendriks {published in Hendriks ef al. 1996)
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Table 3. Parallels and differences between human XA and murine xid

Studied features XLA xid
Peripheral B Absent or low Reduced
lymphocytes

Ig response to Almost completely absent Present

proteins

Immunoglobulin
levels

Block in pre- to B
transition

Peripheral B
Iymphocyte
phenotype

Rearrangement of
Ig genes

Proportion of Ig AL
chain usage

Ig response (o T
cell dependent Ag
(e.g. 6174)

Stimulation with o
CD40

Phenotype of
heterozygous
female

All isotypes absent or low

Almost complete

Decreased

Only IgM and IgG4 low

Detectable

Induces proliferation and CD23 expression

References: Scher 1982; Hendriks ef al, 1996; Nonoyama ef al, 1998; Maas

1998.
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Garncher disease and related mouse models

Gaucher disease is the most prevalent lysosomal storage disorder in
humans with an incidence of I : 5 x 10 *in the general population. Tt resuits
from an autosomally inherited deficiency of the enzyme -
glucocerebrosidase  (GC), which is involved in  sphingolipid
glucocerebroside metabolism. As a consequence, the GC substrate,
glucosylceramide, accumulates in cells, mainly in macrophages of the
mononuclear phagocyte system. More than 50 different mutations have
been found throughout the gene encoding GC, including missense, splice
site, frame shift and deletion mutations (reviewed in Beutler 1993,
Horowitz and Zimran 1994). Although there are cases of genotype-
phenotype correlations (Zimran et al 1989; Beutler and Grabowski 1995), it
is difficult to predict clinical presentation and course of disease from the
genotype due to phenotypic variability that exists among patients with the
same genotype and vice versa. The phenotype is heterogeneous, ranging
from asymptomatic or mildly affected individuals (mainly adults), to those
(mainly children) who die after a severe clinical course. The disease has
been classified into three clinical types. Patients without a neurclogical
involvement are classified as type 1, whereas patients with a neurological
involvement are classified as type 2 (acute) or type 3 (subacute). Clinical
manifestations involve anaemia, hepatosplenomegaly, bone lesions,
seizures, trismus, strabismus, hyperreflexia, supranuclear ophtalmoplegia
and others (reviewed in Frenkel 1993).

The gene for glucocerebrosidase (GC) is located on chromosome 1q21
(Ginns et al. 1985) and is comprised of 11 exons (Horowitz ef al. 1989). A
highly homologous pseudogene is located nearby (Choudry et al. 1985) and
has contributed significantly to the origin of mutations in the GC gene
(Tsuji et al. 1987). There is a high level of homology between the human
and mouse GC genes. In the protein coding region of the murine cDNA,
the nucleotide sequence and the corresponding deduced amino acid
sequences were 82% and 86% identical to the respective human sequences
(O’Neill et al. 1989). As attempts to mimic the disease in mice by
inhibiting the enzyme were inadequate (Kanfer et al. 1982), and technology
to generate mouse models by gene targeting became available, a mouse
model was generated (Tybulewicz et al. 1992).

To disrupt the murine glucocerebrosidase gene, a neo cassette was
inserted replacing exons 9 and 10, which encode part of the active site of
the enzyme. Mice homozygous for this mutation have less than 4% of
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normal glucocerebrosidase activity, They have weak irregular respiration,
do not feed, and die within twenty four hours of birth. Glucocerebroside is
stored in lysosomes of cells of the mononuclear phagocyte system,
microglia and in brainstem and spinal cord neurones (Tybulewicz et al.
1992; Willemsen et al. 1995). Surprisingly, the cellular pathology of
tissues from the Gaucher mice was very mild, and the early death could not
be explained by substrate accumulation, suggesting that a toxic metabolite
may be responsible for their rapid deterioration. In addition, examination of
the skin showed severe disruption of the lamellar bilayer structure of the
outer stratum of corneum (Holleran et al. 1994). The absence of
glucocerebrosidase may affect functional skin integrity, since sphingolipids
play an important role in skin permeability barrier homeostasis (Holleran ef
al. 1991},

Similar to the homozygous mutan{ mice, a group of neonates with
Gaucher disease with particularly devastating clinical course was described
(Sidranski ef al. 1992). These infants present at, or shortly after birth. They
have rapidly progressing fulminant disease, and many have associated
ichthyotic skin and /or hydrops fetalis. In conclusion, specific clinical
manifestations of the mouse, particularly its ischthyotic skin and early
demise, have aided recognition of a distinct human phenotype of Gaucher 2
disease.

Neonatal death, however, obviously restricts the utility of the null
mutant mouse in testing novel therapeutic strategies and studying
pathogenesis causing different clinical variants of Gaucher disease. To
overcome this problem, another targeted mutation (A—G in exon 9) was
introduced into the GC gene by homologous recombination in embryonic
stem cells, with the aim of establishing a mouse model for a mild form of
Gaucher disease. Unexpectedly the mice homozygous for this mutation die
carly in gestation. Further careful analysis led to the discovery of the
Metaxin gene. Metaxin separates GC from the thrombospondin 3 gene and
is transcribed convergently. The gene targeting cassette happened to be
inserted into the terminal exon of the Metaxin gene, disrupting its
expression, which appears to be essential for embryonic development in
mice (Bornstein ef al. 1995). This discovery prompted a closer analysis of
the sequence of the entire region surrounding the human GC gene, resulting
in the identification of human metaxin and of the three additional genes
contiguous to the GC locus (Winfield ef al. 1997).

Using a single insertion mutagenesis procedure (SIMP), mice were
generated either carrying the very severe Rec Ncil mutation that can cause
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type 2 disease or the mutation L444P, associated with type 3 disease (Liu Y
et al. 1998). Although, there are clear differences between the two
homozygous mutant mice regarding the GC enzyme activity and sites of
glucosylceramide accumulation, which correlated with either Gaucher 2 or
Gaucher 3 type in the human situation, both point mutation mice died
within 48 hours of birth, apparently of a compromised epidermal
permeability barrier caused by defective glucosylceramide metabolism in
epidermis, In conclusion, not only does the contiguous gene organisation at
the GC locus limit targeting strategies for the production of murine models
of Gaucher disease, but the results show that the differences in skin biology
between mice and humans must be taken into account in any strategy to
produce a model of late onset disease. Possible approaches include
preservation of epidermal GC activity by a transgene in the context of an
enzyme-deficient animal or a conditional gene disruption after the
formation of the epidermal permeability barrier.

In the meantime, different therapeutic constructs and delivery methods
are being tested on healthy mice. Several groups have reported protein
expression in macrophages differentiated from mouse hematopoietic stem
cells using retroviral vectors containing human glucocerebrosidase cDNA
(Weinthal er al. 1991; Ohashi ef al. 1992; Correll ef al. 1994; Krall et al.
1994), In chapter 4 of this thesis, a construct driving expression of the GC
gene specifically in macrophages is discribed and tested in transgenic mice.

E. Ethical and social implications

There is now a general consensus that somatic cell gene therapy for the
purpose of treating a serious disease is an ethical therapeutic option.
However, there are related risks. The recombination between vector and
host virus could produce replication competent virus leading to lethal
infection, environmental spread and possible germ line integration. There is
also a risk of insertional oncogenesis and concern that partial correction of
an early lethal mutation could lead to years of morbidity.

A serious controversy exists as to whether the clinical use ofgermline
gene therapy would be ethical. The medical concern is that genetic
manipulation could produce damage in future generations. Altering the
genetic information in a patient’s cells may result in long- term side effects
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that are unpredictable at present. Until it becomes possible to correct the
defective gene itself by homologous recombination (rather than inserting a
normal copy of the gene elsewhere in the genome), the danger of producing
a germline mutagenic event exists. Besides the medical arguments, there
are a number of philosophical, ethical and theological concerns (Anderson
1992; McGleenan 1995; Karpati and Lochmiiller 1997). For instance: do
infants have the right to inherit an unmanipulated genome; does the
coneept of informed consent have any validity for patients who do not yet
exist; where do we cross the line into “playing God”? There is also
concern about using gene transfer to insert genes into humans for the
purposes of enhancement or “improvement” of desired characteristics. The
therapeutical potential for medically related problems is obviously huge,
but the potential for misuse is also great. Thus society must ensure that
gene therapy research is supervised by an expertt body, that it maintains
ethical standards of practice and protects subjects of research from harm
while simultaneously preserving their rights and liberties (Clothier Report
HMSO 1992).
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Aim of the thesis

Many believe the potential for human gene therapy is tremendous,
eventually having applications in virtually every subspecialty of medicine
(see Chapter 1). While this may be true, the reality is that at present gene
therapy is in its very preliminary stages.

If we define the ideal gene therapy protocol, it would be an in vive
administration of a therapeutic gene via a targetable delivery system. The
introduced transcriptional unit should possess all the necessary information
for fully regulated expression. In the case of genetically inherited disorders,
the therapeutic DNA should homologously recombine at the site of the
defective gene. The cells that are corrected should include a self renewing
stem cell population. In conclusion, gene therapy needs to be, as far as
possible a pharmaceutical approach for it to have a wide applicability. This
ideal is far from the current status of gene therapy. The available methods
of delivery are generally inefficient. They lack specificity. Most of them
cannot be given systemically and in most cases only ex vivo procedures are
possible. The introduced transcriptional unit is poorly expressed. As
homologous recombination is too inefficient, only gene addition is feasible.
Stem cells are still difficult to target. It is obvious that improvements
through further research are needed in areas of gene delivery and gene
expression.

There is a substantial amount of work directed towards the development
of new viral vectors other than retroviruses and non-viral delivery systems
particularly receptor-mediated delivery. There is also a necessity for
fundamental research into the dynamics of DNA uptake into the nucleus
and its subsequent fate, in extrachromosomal maintenance of introduced
DNA and in development of mammalian artificial chromosomes, There is a
huge interest in methods that would improve efficiency of homologous
recombination and infroduce genes into specific sites in the genome.

With regard to gene expression, it is necessary to identify minimal
sequences required for efficient expression of various genes. The focus of
the work presented in this thesis is on the application of locus control
regions (LCRs). Using different animal models we have been able to show
that expression of a potential therapeutic gene can be limited to specific
cellular targets by placing the gene under the control of these tissue-
specific elements.

Chapter 2 describes the use of the human CD2 locus control region. The
expression of the nitroreductase suicide gene is restricted to T cells of
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transgenic mice. This allows selective ablation of expressing cells upon
administration of the prodrug (CB1954).

In chapter 3, the class I MHC Ea gene I.CR was used to target Bruton
tyrosine kinase (BTK) gene expression to B cells of transgenic mice from
the pre-B cell stage onwards. This resulted in correction of the BTK™
phenotype when these transgenics were crossed to null mice.

In chapter 4, the same LCR was used to drive expression of the [3-
glucocerebrosidase gene in transgenic mice. The possible implications for
gene therapy of Gaucher disease are discussed.

Chapter 5 of this thesis describes a new method for producing single
copy transgenic animals by using the Cre-recombinase system. This
approach will allow testing and comparison of gene therapy constructs
which would be present in the host genome as a single copy.

Taken together, the results of these experiments clearly demonstrate the
importance of LCRs for tissue specific and developmentally controlled
expression of potential therapeutic genes. They represent some positive
achievements in our understanding of the problems involved and point out
possibilities for the improvement of gene therapy strategies.

Industry will clearly play an important role in the late stage development
and distribution of gene therapy products. Thus, academic medical centres
should provide critical and objective leadership in the formative stages
(through innovative basic research and proof of concepts in animal studies
which will lead to human clinical trials), while at the same time
establishing links with industry for later stages of development. Work
described in this thesis is a product of such an academic link with the gene
therapy company Therexsys Ltd. UK.
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fransgenic mice results in specific cell killing by the

prodrug CB1954

D Drabek!, ] Guyl, R Craig? and F Grosveld!

'Department of Cell Biology and Genetics, Institule of Cell Biolagy, Rofterdam, The Netherlands; aud *Therexsys, The Science Park,

University of Keele, UK

Introduction

Predrugs are substances which are not toxic, but can be
activated to preduce cytotoxic derivatives. For the pur-
poses of anficancer therapy, this activation should be
specifically associated with tumour cells. The monofunc-
tional alkylating agent CBI954 (5-aziridin-1-yl)-24
dinitrobenzamide) was synthesised in the fate 1960s' and
was found to be highly potent and selective against the
Walker 256 rat tumour line? DNA cross-link formation
in affected cells was a result of the bicactivation of the
drug by the enzyme DT diaphorase (NAD(P)H dehydro-
genase {(quinene)) in the Walker cells which reduces the
4-nitro group of CB1954. The product of this reaction is
a difunctional alkylating agent, 5-aziridin-i-yl-4-
hydroxylamino-2-nitrobenzamide. This molecule can not
cross-link DNA itself, but is further activated by a nonen-
zymatic reaction with thioesters (such as coenzyme A)>
However, except for a few rat hepatoma and hepatocyte
cell lines, other rat cells are not knowe fo be sensitive fo
CB1954, in agreement with their tow levels of DT diapho-
rase, and human cells, even those expressing significant
levels of the human DT diaphorase, are not sensitive due
to differences in the kinetics of CB1954 reduction by these
two forms of the enzyme.!

Apart from Walker cells, sensitivity to CB1954 has also
been reported in bacteria.® The toxicity and mutagenicity
of CB1954 was greatly reduced in a nitroreductase-
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Institute of Cell Biology, PO Box 1738, 3000DR Rotterdant, The Neller-
lands
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deficient strain of E. coli,® suggesting that CB1954 can also
be activated by nitroreduction in E. coli in an analagous
manner to its bivactivation in Walker cells. A nitroreduc-
tase enzyme (NTR) has been isolated from E. cofi B.7 The
enzyme is an FMN-containing flavoprotein with molecu-
lar mass of 24 kDa and requires either NADH or NADPH
as a cofactor. Indeed, it was found that E. coli nitrereduc-
tase is capable of reducing CB1934, that it is a more active
enzyme (k_,, = 360/ min for CB1954 versts k., = 4/min for
Walker cell DT diaphorase} and alse has a lower K., for
NADH (6 versus 75 uu).® Thus E. coli nitroreductase is
potentially a suitable candidate for cancer chemotherapy
programmes such as antibody-directed enzyme prodrug
therapy (ADEPT), where a lumour-selective monaclonal
antibody is conjugated to an enzyme that is capable of
bioactivating a prodrug.® Isclation of the gene encoding
nitroreductase, #fB (NTR)® also raises the possibility of
gene-directed enzyme prodrug therapy (GDEPT), where
a gene is introduced into cells, and if expressed can acti-
vate a prodrug. Expression can be directed fo the tissue(s)
of interest by using an appropriate locus control region
(LCR), such as described for the human $-globin gene
Iocus,' human CD2.? dhicken lysozyme” human
51603 and mouse MHC class IL'®

Here, we describe the expression of NTR in eukaryotic
cells. Initially, the enzyme was expressed in a mouse
fibroblast cell line, Expressing cells could be killed by the
application of the prodrug to the cujture. To show that
the prodrug system works in vivo and exclusively on tar-
geted tissues, we generated fransgenic mice expressing
nitroreductase It T cells but not in other tissues. Upon
prodrug treatment there is a dramatic depletion of cells
in the thymus and spleen of transgenic animals, whereas
nonlymphoid lissues are normal and comparable with
untreated transgenic or wild-type mice.
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Results

Transfection of mouse L cells with pCMV/NTR resulls in
expression of nilroreductase in fewer than 10% of cells
in culture

The nitroreductase gene (1fuB) was isolated from E. coli B
as a PCR fragment of approximately 750 bp by N Minton
(PHLS, Porton Down, UK). After improving the ribosome
binding site and removing an upstream ATG we cloned
this fragment into mammalian expression casseftes (see
Materials and methods).

Injtial tests were done on stably transfected mouse L
cetls with the construct pCMV/NTR (Figure Ta). After
selection for 7 days at 800 ug /ml G418, 10 independent
clones were picked and kept further at 400 pg/ml G418.

The clones were analysed for expression at the RNA
level. An SI nuclease protection assay using a 37 end
probe showed a protected fragment of the expecied size
{213 bp) in all clones (see Figure 2a). Knowing that there
is a stable message, we performed indirect immunoflue-
rescence using a rabbit polyclonal antinitroreductase
antibody. By counting NTR positive cells in randomly
chosen fields, it was estimated that none of the clones
expressed nitroreductase in mare than 16% of cells. Most
of the clones showed fewer than 5% of cells expressing
at one time. This phenomenon is often observed when
genes are Integrated in the DNA of cultured cells and has
been discussed but not complelely explained. It may be
that in the absence of a sufficiently strong enhancer, het-
erachromatin can spread from flanking areas into the
integrated construct leading to exteasive silencing of
the gene®

CB1954 causes gross changes in morphology and
avenfual cell death in ceils expressing nitroreductase
The fact that only a small percentage of cells were
expressing NTR made quantitative analysis of the effect
of CB1954 impossible, so we used a qualitative approach.
pCMV/NTR transfected L cells were exposed ta the pro-
drug for various times, and predrug concentrations
between 10 pa and 500 pm. Untransfected cells were nat
affected by CB1954 below a concentration of 500 pa,
whereas cells expressing nitroreductase started to show
signs of toxicity at [0 pas and were all affected at 20 .
Effects of the prodrug on cells expressing nitroreductase
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Figure 1 Nitroreductase expression constructs. {u) pCMVINTR. The
Teentan cytemegalovirns (CMV) inimediate—early gene promoterfenhancer
was Hsed ta drive expression of nitroreductase. Te enhunce the stability
of the niRNA, the §.73-kb NTR gene was linked to a 2.8-%b fragmen! fram
the 3" end of the fannan B globin gene, providing the final intron, 3'UITR
and polyadenylation signals. thi pCDZINTR. Te drive expression of nitro-
reductase specifically i T cells, the NTR gene was conpled to a 2.1-kb
Hindlll fragment containing the humin CD2 locus control region and a
B globin prometer fragment of approximately 500 bp.
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Figire 2 Expression of NTR in miurine cells. (a) S1 wucloase prolection
atialysis of NTR mRNA in transfected L cells and transgenic mouse tyn-
ocyles. The human 3B globin FeoRI-PsH probe gives a profected fragment
of 213 by after digestion of hybridised RNA with 51 nuclease, due to the
presence of 3' B globin sequences in the constriccts. For each sample 10 5
of total cellular RNA was hybridiced to approximately 15 ng of P-lab-
elled probe. Lawes T and 2 pCMVINTR transfected L cells, clones 9 and
10; Tawe 3, nmtransfected L cells; lanes 4 and 5, Hhymocyles from
CD2{NTR 14 transgenic wice; lanes 6 and 7, Wiymocyles from nou-trans-
gende mice; M, marker pUCTS cut with Mspl and end-abelled with 1P,

are gross changes in morphology, including 10- to 20-fold
endargement of the cells, enlargement of nuclei, multiple
nuclei and ultimately nuclear disintegration {Figure 3).
After 7 days of exposure to the prodrug, these cells disap-
pear from the culture. All cells expressing nitroreductase
were affected in this way, whereas nonexpressing cells in
the same culture appeared to be normal.

The effect of the prodrug on the cells was irreversible
after 2 days of treatment, since retumning these cells to
normal culture conditions did not lead to their recovery.

CDZ/NTR transgenic mice express pitroreductase
specifically in T celis and thymocyles

Five founder mice carrying the CD2Z/NTR construct
(Figure 1b) were obtained, and lines of each were estab-
tished. Different tissues were tested for expression of the
transgene by Sl nuclease protection analysis {(data not
shown). The transgene expression, when detected (two
out of five lines) was confined to the expected cell types:
T cells and thymocytes (see Figure 2a).

Further experiments were done on line 14 which has
three copies of the transgene and the highest level of
nitroreductase enzyme as determined by Western blot-
ting (data not shown). FACS analysis on singte cell sus-
pensions from thymus showed that all CD?2-positive cells
express NTR, but that there are two populations of cells:
high and low expressors (Figure 2b), The level of NTR
expression correlates with that of CD2. In the spleen,
NTR is expressed only in T cells. Although CD2 positive
in the mouse, B cells do not express the transgene due to
the use of the human CD2 LCR. Transgene expression
was detected only in B2207, IgM-, CD2* and CD3* celis.
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Figure 2 (B) EACS aunalysis of NTR expression in fransgenic mouse thymus, (6 Single-staining with anti-nitrorediectase polyclonal antibody o tato-
cyles from: COZINTR frausgenic mouse, sccondary antibody only (delted line); non-transgenic mouse, primary and secondary antibodics {dashed line);
CD2NTR trausgenic mouse, primary and secondary antibodies {solid line). (i) Double staining of CDINTR fransgenic mowse fhypmocyles with

antinitreduclase (FITC) and anli-CO? (phycocrythrin, PE) antibodics,

CO2NTHR transgenic mice show dapletion of T cells
upon CBTF54 freafment

In a pilot experiment, noniransgenic mice (FVB) were
injected ip. with 10, 20 and 50 mg/kg/day CB1954
(dissolved in 20% DMSO in PBS) for 5 consecutive days.
These doses were chosen after considering the toxicology
and pharntacokinetic data determined for BALB/c¢ and
C3H/He mice.””'? All animals receiving the highest dose
were very sick with multiple organs affected. In parti-
catfar the intestine {(containing NTR-positive bacteria) was
severely affected. The lowest dose had absolutely no
effect, whereas the middie dose caused a stight reduction
in weight compared to nontreated animals but no other
visible problems. Hence we chose this dose of
20 mg/kg/day to test the transgenic animals.

Three-week-old transgenic and wild-type mice were
injected ip. with CB1954, solvent only (10% DMSO in
PBS), or not injected at all. Two nontreated groups con-
sisted of seven mice each, iwo solvent-treated groups
consisted of nine mice each and two CB1954-treated
groups consisted of 13 mice each. Animals received
20 mg/kg of CB1934 per day for 5 consecutive days.
Three hours affer the last injection mice were kilfed, dif-
ferent organs macroscopicaily examined and red and
white blood cell counts determined.

Visually, there was an obvious difference in the size of
two organs: thymus and spleen. Thymuses and spleens
from CB1954-treated transgenics were much smaller than
in all other controls, Single cell suspensions were made
from these two organs and the total number of cells coun-
ted. CB1954-treated transgenic thymuses and spleens had
14-16% of the cell numbers present in controls
(Figure da).

An assay for apoptosis was performed on single cell
suspensions from the thymus using the Inr Sifu Cell Death
Detection kit, Flucrescein (Boehringer Mannheim,
Mannheim, Germany). A significantly higher percentage
of apoptotic cells was seen in CB1954-treated transgenic
cells as compared to control groups: 15% versus 0.5-4%
(Figure 4b). FACS analysis on thymocytes showed that
there is no change in the normal ratio between CD4CD8
double positive, CD4CD8 double negative and single
CD4 and CD8 posilive cells in treated transgenic mice

{data not shown). Surprisingly, in the spleen the B to T
cell ratio is not significantly changed, implying that B
cells are also killed.

The red blood cell count was normal and comparable
to controls. The white blood cell count was slightly
decreased, as expected.

In another experiment, animais were killed 5 days after
the last prodrug or solvent treatment instead of 3 h later.
It was seen that thymuses and spleens returned fo their
normal size during this prodrug-free period (data not
shown). We therefore conclude that the progenitor cells
which do not express CD2 (or the fransgene} have not
been affected and are able io repopulate the spleen and
thymus.

Discussion

CB1954 is converted by nitroreduction from a monofunc-
tional to a difunctional agent. Induced DNA interstrand
cross-links are formed with very high frequency, and can
contribute up to 70% of total lesions® Interstrand or
intrastrand cross-link formations are generally accepted
as the most toxic lesions, inhibiting DNA function and
eventually resulting in cell death.

Our results showed that eukaryotic cells are able lo
express the E, coli nitroreductase gene and judging by the
end result (celf death), are capable of reducing the sub-
strate {CB19534), inducing DNA interstrand crosslink for-
mation leading to cell death. Changes in morphology of
the cells expressing the enzyme upon CB1954 exposure
can be explained by a block in DNA synthesis coinciding
with a cessation of cell division, although RNA and pro-
tein synthesis continue, as evidenced by a continued
increase in cetl mass. A similar phenemenon was
observed in E. coli B, ;.°

Qur data show that some L cells expressing nitroreduc-
tase were able to survive exposure fo 10 pa but not
20 pa CB1954, suggesting that at a certain concentration
they were no longer capable of repairing the DNA
adducts formed as a result of the bioactivation of the pro-
drug. Cells failed to replicate their DNA and proceed
through successive cycles of cell division.

It has been shown that CB1954 forms DNA interstrand
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Figure 3 Treatment of NTR transfected matse L eells with CB1954. L celis stably transfected with pCMVINTR and untransfected L cells wyre freated
with CBY54 for various periods of tinee and at vavious concentrations, After 5 days, celis weee romoned frone e culticees and aalysed for expeession
of NTR. Cells were staiied, wonnted and photographed using a »63 objective leus, {a, ¢, ¢, @) Indircet immunofluorescence vsing a rabbit polyclonal
artibody against nitroraductase, with FITC-conjugated goof-anti rabbit Iy as secondary antibody. (b, d, f, by Nuclear staining of the same ficlds of cclls
with 4°-§-diunidine-2-phenylindote (DAPIL. (o, B L colls transfected with pCMVINTR and grown in the absence of CBI954. (¢, d) Unbransfected L
colls qroten T tee preseitee of 56 pam CB1954 for 5 days. (o, f) pPCMVINTR transfecfod L cells grown in presenice of 50 ps CB1954 for 5 drly’\ fg. It
PCMVINTR tritsfected L oells growm i the prosence of 50 psa CBII5 for 2 days and thew 0 prodrug-froe madinm for a firther 3 days,

cross-links in Watker cells but not in the insensitive Chi-
nese hamster V79 cells. Co-culturing V79 cells with
Walker cells in the presence of CB1954 results in sensitis-
ation of the V79 cells towards CB1954.2' The toxic metab-
olife was shown to be soluble and diffusible by its ability
to be cytotoxic, and to cross-link DNA in V79 cells, We
were expecting to see a similar effect in cell culture exper-
iments. The effect of the prodrug on NTR nonexpressing
cells due to the presence of NTR expressing cells in the
very same culture was not seen. This could be explained
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by the very small percentage of cells expressing the
enzyme {5-10%), in agreement with the results of Bridge-
water et o/ who found that 30-50% of NTR positive cells
are required for 90% overall cell killing, using transduced
INTH 373 cells. The relatively short half-jife of the active
metabolite, a lack of intimate cellular contact between
expressing and nonexpressing cells or L cells being intrin-
sically more resistant to CB1954 than V79 cells are
other possibilities.

In order lo assess the propesed therapy system in vivo
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bers. Thymises and splecns froms transgenic and nontransgenic mice uvre
made ivte single-cell suspensions aind connted on a Conlter cell counter.
(6] Apaptosis. Cells from tie thyminses of treated and wntreated mice were
assayed for apoptesis using Hie In Sitw Cell Deatlt Detection Kit
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with FITC. The percentage of positively Tabelled cells was defermined
using Cell Quest version 2.0 {Graphpad Software, Sar Diego, CA, USA).
NTR, CO2INTR frausgenic mice; WT, nontransgenie wice; (= no freat-
ment; (s) freatmend with solvent only (10% DMSO i PBS); (+) troal-
meut with CBI954 at 20 mglkgliay. The confideirce Niwits were determ-
ined usivig o foo-failed Stedeat ¢ test, with P=0.05.

an animal model was tested. The aim was to direct the
expression of NTR to a specific tissue and to achieve kill-
ing of the chosen target. We directed NTR expression to T
cells by the use of human CD2 LCR elements, previously
shown to be sufficient for T cell-specific, copy number-
dependent, integration site-independent expression in
transgenic mice.?* The transgenic mice which were gener-
ated express the nitroreductase in T cells, as predicted.
However, it was not expressed in all of the transgenic
lines, which may indicate that the 2.1 kb 3’ LCR fragment
of the CD2 gene is not sufficient for integratton-inde-
pendent expression of the transgene. Recently, an
impraved version of a human CD2 mini-gene-based vee-
tor has been made for T cell-specific expression in trans-
genic mice which in addition to the 3" LCR includes 5
sequences and the first intron of the CD2 gene.® CD2 is
one of the earliest markers to appear on the surface of
developing thymocytes and in man it is present enly on
thymocytes and circulating T cells. In the mouse, how-
ever, it is present on both T and B cells. As we have used
human CD2 locus contro} elements, expression of the
transgene is detected only in T cells.

Toxicity studies on CB1954 were carried out to estab-
lish acceptable doses for single and mualtiple adminis-
tration in BALB/c and C3H/He mouse strains.®® Our
pilot experimenis indicated that the FVB mouse strain
used in this study is somewhere between BALB/c and
C3H/He in its sensitivity towards CB1954. We used two-
thirds of the LD, for a multiple-dose regimen which was
established in BALB/c mice (31 mg/kg/day). Weight
foss due to enteritis would be the first sign of foxicity, as
previously described in rats? and in mice.’”® More than
half of our experimental animals started to lose weight
on day 4 of the experiment, and when killed on day 5
these showed a loss of 5 to 15%, suggesting, that the thres-
hold of toxicity was reached. The toxic effect is seen in
the spleen of wild-type mice treated with the prodrug
where, although the appearance is normal, there is a
slight reduction in cell numbers when compared with
untreated mice. Since the prodrug was administered
intraperitoneally, the spleen was accesstble almost
immediately after the injection and will have experienced
a much higher local concentration of prodrug than the
thymus. Nevertheless, our results clearly demonstrate
selective killing in lymphoid organs of CD2/NTR trans-
genic mice. As mentioned before, in fibroblast fransfec-
tion studies it has been shown that 30-50% expressing
cells are enough to kill 90% of all cells.? In the spleen, T
cells contribute about 40% of the total number of cells,
and we speculate that the reduction in B cell numbers is
due {o a similar (bystander) effect in vivo.

1t was previousty shown that several different chemo-
therapeutic agents can trigger the apoptotic process.®
Apoptosis, by morphological criteria, involves chromatin
condensation and margination, cell shrinkage, membrane
blebbing and formation of nuclear fragments or apoptotic
bodies. To see whether CB1954 induces apoptosis in the
thymus of transgenic CD2/NTR mice, a TUNEL assay
was performed. The resulis show that only the activated
predrug induces apoptosis in thymocytes.

By using transgenic mice we have shown that only
cells expressing the NTR enzyme are able to convert the
noatoxic predrug CB1954 to a cytotoxic drug, resulting
in highly specific killing of T cells and thymocytes, while
other tissues are unaffected. The apparent killing of NTR
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negative B cells in the spleen may result from the high
proportion of expressing cells and the proximity of
expressing and nonexpressing cells in this organ. The
specific killing by nitroreductase/CBI1954 is in contrast
with cytotoxic agents used in chemotherapy, which in
addition to killing tumour cells also affect normal tissues.
Nitroreductase is therefore an excellent candidate for
gene therapy against tumours. GDEPT has a number of
advantages over ADEPT (where the enzyme itself is
delivered to cells). The enzyme requires a cofaclor
(NADH or NADPH) which is present only inside the cell,
being rapidly oxidixed and degraded by serum
enzymes.® Therefore the enzyme needs to be present
inside the cell before it can activate the prodrug. Also,
specificity can be introduced both by targeted delivery of
the gene to the required tissue, and by using tissue-spe-
cific elements (LCRs) 1o drive expression of the enzyme
only in the target cells.

Materials and methods

Plasmids {consiructs})

The plasmid pJG-1 was constructed by ligation of 2 6.1 kb
Notl-Seal fragment from PEV-3 (Clare Gooding, Biotech-
nology Dept, Zeneca, Macclesfield, UK) and a 14kb
Notl-Scal fragment from pRe/CMV (Invitrogen BV, Leek,
The Netherlands). The resulting plasmid carries a CMV
promoter upstream of a multiple cloning site, an intron
with RNA splicing sites and a polyadenylation signat
from the human p globin gene, 8 [actamase, and the neo-
mycin resistance gene driven by a HSV-TK promoter. The
plasmid pJG-1/NTRANo!I was constructed by inserting a
0.8 kb HindIll fragment carrying the nitroreductase gene
from pPM 26 {kindly provided by N Minton) imto the
Hindlli site of pJG-1, followed by deletion of a 140 bp
Nof! polylinker fragment between the NTR gene and the
splice/polyA site. The final pCMV-NTR construct
(Figure 1a) used in tissue culture experiments was cre-
ated by the removal of a HindlII-EcoRV fragment from
pIG/NTRANoI and  replacement by an oligo
(angcligeggocgegecgecagocatgpatatc), thereby (1) remov-
ing an extra upstream ATG; (2) inserting a consensus
ribosome binding sife; and (3} introducing a new Netl
site. A 0.8-kb Na!l fragment from pCMV/NTR containing
the nitrareductase gene was subcloned into the No!l site
of PEV-3 and a 7.3kb Clal-Scal fragment from the
resulting plasmid was ligated to a 3.4-kb Clal-5cal frag-
ment from GSE 1502b {a 2.1-kb Hindll fragment of the
human CD2 LCR in pBluescript KS*) giving the final
pCD2/NTR construct (Figure 1b} used to generate the
transgenic mice.

Ceil culture, lransfection

Mouse L cells were seeded in 10 cm dishes at 1.5 x 10°
cells per dish in DMENM/10% FCS5. The next day, 3 mi of
OPTIMEM-1 (GibcoBRL Life Technologies, Paisley, UK),
containing 50 pg of the plasmid pCMV/NTR linearised
with Scal was mixed with 3 ml of OPTIMEM-1 centaining
106 pl of Lipofectin (GibcoBRL) and added te the cells.
Five hours fater, 3 md of DMEM/20% FCS was added to
each dish. The next day, the medium was removed and
replaced with DMEM/10% FCS containing G418 at a con-
centration of 800 pg/ml. After 7 days of selection several
independent clones were picked and analysed for
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expression at the RNA and protein level. For further
growih the G418 concentration was redued to 400 pg/ml.

CB1954 assay

Cells were seeded at 1 x 10° cells per dish in 1) cm dishes
containing sterile glass coverslips, in triplicate. CB1954
was dissolved in DMSO (100 nin stock) and added to the
cells at a final concentration of 8, 10, 20, 50, 100, 250 and
500 pm in DMEM medium, Cells were observed for a
period of 7 days. As a control untransfected L cells were
used under the same conditions, After 2 days a medium
change was performed and half the cultures received the
original concentration of the prodrug and the other half
were grown in predrug-free medium. Coverslips with
cells attached were removed from the culture at day 5
and immunocytochemistry was performed.

Immunofivorescence

The rabbit polyelonal anti-nitroreduciase ankibody was
kindly provided by R Melton and N Michael, Porton
Down, UK. Goat anti-rabbit Ig-FITC was purchased from
Sigma (Sigma-Aldrich Chemie BV, Zwijadrecht, The
Netherlands).

in situ staining: Cells were fixed in 3.7% paraformal-
dehyde (PFA) in CSK buffer (100 muy NaCl, 300 mm
sucrose, 10 mat PIPES pH 6.0, 3 mu MgCl,, 1 myt EGTA)
for 10 min, washed twice and permeabilised for 15 min
in 0.5% Triton X-100 in CSK buffer. After two washes in
PBS/TWEEN 0.02%, cells were incubated with the anti-
nitroreductase antibody (1:200} for 30 min, washed in
PBS/TWEEN 0.02% again and incubated with the goat
anti-rabbit Ig-FITC antibody (1:100) for 30 min. The
cells were washed, the coverslips mounted in
DAPI/DABCO/glycerol and analysed under the fluor-
escence microscope {Leifz).

FACS protocol: A single cell suspension was made in ice
cold phosphate-buffered saline pH 7.4 (PBS), Cells were
washed in PBS/1%B5A and aliquoted at 10° cells per well
in a 96-well plate. Celis were first stained with a PE-con-
jugated anti-CD2 monoclonal antibody (PharMingen, San
Diego CA, USA) diluted 1:60 in 50 ul for 10 min at room
temperature (RT). They were then washed and fixed in
100 pul 2% PFA for 30 min at RT. Cells were washed in
PBS/1%BSA and permeabilised in 01% Triton X-
100/0.1% sodium citrate for 2 min on ice. After a
PBS/1%BSA wash, the cells were incubaked with the anti-
NTR antibody at 1:100 dilution in PB5/1%BSA for 15 min
at RT (107 cells per 50 pl in 96-well plate). Cells were
washed again and incubated with the goat anti-rabbit Ig-
FITC antibody at 1:100 difution for 15 min at RT {10° cells
per 50 ul). Cells were washed in PBS/1%BSA, resus-
pended in 200 pl of PBS/1%BSA/0.02% NaAzide and
analysed on a FACS analyser (Becton Dickinson, Sunny-
vale, CA, USA). For detection of cell surface markers the
following monoclonal antibodies were used on unfixed
cells: anti CD2-PE (PharMingen), anti-CD3-FITC
{PharMingen), anti-CD4-PE {Becton Dickinson, anti-CD8-
biotin,¥ anti-B220-cychrome (PharMingen), anti-Igh-
biotin {PharMingen). Cells were incubated for 30 min on
ice, washed and incubated where appropriate for 30 min
with secondary antibodies {tricalor or PE conjugated
streptavidin; Caltag Laborataries, Burlingame, CA, USA).
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RNA exiraction and S1 profection analysis

Total cellular RNA was extracted as described.? Specific
hybrid message was delected by S nuclease protection
analysis using a "I end-labelled DNA probe (700 bp
EcoRI-Pstl fragment from the human B globin gene) pro-
tecting 213 nuclecotides. Each hybridisation consisted of
10 pg total RNA and 10-20 ng of probe in a reaction vol-
ume of 20 pl. After denaturation at 90°C for 5 min,
hybridisation was performed at 53°C for at least 16 h.
Subsequent digestion with 100 U 51 nuclease (Boehringer
Mannheim) was for 2h at 25°C in a final volume of
270 pl.

Generation of CDZ/NTR fransgenic mice

A 6kb Xbal fragment was purified from plasmid
sequences by gel electrophoresis, prepared for injection
as previously described” and injected into fertilised
oocytes (FVBxFVB) at a concentration of 4ng/pl
[njected eggs were transferred info pseudopregnant mice
and transgenic offspring identified by Southern blot
analysis of tail DNA®

In vive CB1954 protocol

Three-week-old mice (heterozygous for the transgene,
and nontransgenic FVB) were injected ip. with CBI954
for 5 consecutive days at 20 mg /kg/day. CB1954 was dis-
solved in 10% DMSO in PBS. Control animals from both
groups were injected with solvent enly, or not injected at
all, Mice were killed 34 h after the last injection. Single
cell suspensions were made from thymuses and spleens
in PBS as described . The total number of cells per organ
was determined using a Coulter cell counter.

Detection of apoptotic cells

1-2 % 10° cells were washed twice in PBS/1% BSA in a
V-bottomed 96-well plate. Cells were fixed in 2% parafor-
maldehyde in PBS, permeabilised with (.1% Triton X-
100/0.1% sodium citrate and labeiled by a terminal
deoxynucleotidyl transferase (FdT)-mediated dUTP nick
end labelling (TUNEL) reaction using the I Siti Cell
Death Detection Kit, Flaorescein (Boehringer Mannheim).
Apoptatic cells were detected by flow cytometry (FACS
analyser, Becton Dickinson).
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ABSTRACT Bruton tyrosine kinase (Btk) is essential for
the development of pre.-B cells {0 mature B cell stages.
Brk-deficient mice manifest an X-linked immunodeficiency
{xid} defect characterized by a reduction of peripheral Ighth~
IgDbiet B cells, a lack of peritoneal CD5* B cells, low serum
tevels of IgM and IgG3, and impaired responses to T cell
independent {ype II (TL.I{) anligens. We have generated
transgenic mice in which expression of the human Brk gene is
driven by the murine ¢lass II major histocompatibllity com-
ptex Ea gene [ocus control region, which provides gene
expression from the pre-B cell slage onwards. When these
transgenic mice were mated onto a Bik~ background, correc-
tion of the xid B celt defects was observed: B celis differenti-
ated to mature IgM'*TgDUe" stages, peritoneal CD5* B cells
were present, and serum Ig tevels and in vive responses {o TE.IT
antigens were in the normal ranges. A comparable rescue by
transgenic Bik expression was also observed in heterozygous
Bik*/~ female mice in those B.lineage cells that were Bik-
deficlent as a result of X chromosome inactivation. These
findings indicate that the Brk~ phenotype in the mouse can be
corrected by expression of human Brk from the pre-B cell stage
onwards.

Bruton tyrosine kinase (Btk) is a cytoplasmic protein tyrosine
kinase that is essentiat for B cell development. The Btk gene
eacodes a 659-amino acid protein that contains a single
catalytic domain, the src homology domains SH2 and SH3, and
a unique N-terminal region with a pleckstrin homology do-
main and proline-rich sequences (1, 2}, Btk belongs to the Tec
subfamily of tyrosine kinases, together with the homologous
Tec, ftk, and Brw genes (3).

Mutations in the Btk gene (4) lead to X-linked agamma-
globulinemia {(XLA}) in humans, which is characterized by an
almost complete failure of pre-B cells to differentiate into
mature B cells (5-8). In the mouse, Btk defects result in a mild
B cell disorder, X-linked immunodeficiency (xid}), both in
CBA/N mice carrying an Arg-28 pleckstrin homology domain
mutation, and in mice with targeted disruptions of Bik in their
germ line (9-13). These mice have ~50% fewer peripheral B
cells than normal, with a specific deficiency of mature sucface
IghPe* gDt cells (14, 15}, In the peritoneum CD5S* B cells
are absent. Serum levels of Ighf and 1gG3 are low; responses
to T ¢ell independent type II (T1.1I) antigens are severely
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impaired. w7d B cells show an aberrant response to B celf
receplor cross-linking, interleukin 5 (IL-5), IL-16, CD38, or
CDH0 (5-8). Tt has been shown that Btk activity and tyrosine
phosphorylation increase upon stimulation of the B cell re-
ceptor, and the receptors for IL-5 and IL-6 (16-20).

The defect in XEA ard xid is intrnsic to the B cell, as
heterozygous females manifest a unilateral X chromoseme
inagtivation in the mature B cell populations (13, 21-23), due
to a selective disadvantage of cells that have the defective Brk
gene on the active X chromosome, Bik is expressed throughout
B cell differentiation, except in plasma cells (8, 13, 24).
Although Btk is already present in pro-B cells, the first
selective disadvantage of Btk-deficieat cells only becomes
apparent at the transition from smali pre-B cells to immature
B ceils in the bone marrow {13). Furthermore, Bik is critical
duzing the antigen-driven maturation of selected B cells in the
periphery (9, 12, 13).

We generated transgenic mice in which Bik expression is
driven by the ¢lass 11 major histocompatibility complex {MHC)
Ea gene locus control region (LCR) {25}, and mated them onto
a Bk~ background. We show that the Bt~ phenotype can be
corrected by transgenic expression of human Btk from the
pre-B cell stage onwards.

MATERIALS AND METHODS

Generation of Transgenic Mice. Using a human Btk (hftk)
¢DNA clone phBr£2.55, which was isolated from a pro-B cell
¢DNA library (24), the 5" end of the cDNA up to the EcoR1
site at ¢cDNA position 1453 (i} was subcloned by FcoR1
digestion and religation {phBrk1.45). A 670-bp EcoRI-blunted
Hindlll fragment {positions 1453-2123) from phBk2.55 was
cloned into EcoR1T and EcoRV digested phBrk1.45, From the
resulting plasmid a 2.1-kb blunted NorI-Safl fragment, con-
1aining the hBrk cDNA with 16 bp of 3' untranslated region,
was ligated to a 6-kb blunted Aarll-Seli fragment from pEV3
{Clare Gooding, IC1 Pharmaceuticals), containing 2.8 kb of 3’
hB-globin sequences. Subsequently, a Pvul linker was intro-
duced at a unique Miul site in the polylinker just 3" of

Abbreviaticns: Bik, Bruton tyrosine kinase; b, human; KEH, keyhole
limpet hemocyaning LCR, locus contrel region; MHC, major histo-
compatibility complex; MLN, mesenteric lymph node; TD. T ¢2ll
dependent; TI-II, T cell independeat type 11: TNP, trinitrophenal;
N, X-linked agammaglobulinemia: xid. X-linked jmmunodsfi-
ciency; HPRT, hypoxanthine phosphoribosyliransferase; PE, phyco-
evthan; DNP, 2,4-dinitrophencl.
$Towhom reprint requesis should be addressed at: Department of Cell
Biology and Genetics, Faculty of Medicine, Dr Molewaterplein 50,
Erasmus University Rotterdam, P.O. Box 1738, 3000 DR Rotterdam,
The Netherlands.
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hB-globin. Using a unique Pvud site at position +33 in hBtk, a
4.9-kb Pwl fragment containing hBtk-hB-globin was cloned
into a unique Pyud site at position +14 in the MHC class 1f Ea
gene on cosmid 32,1 (25). This cosmid (BALB/c H-2? haplo-
type) contained 23 kb of 5 Fa sequence, with the 5 DNase [
hypersensitive sites of the Ea LCR. A 29-kb MiuI fragment {see
Fig. 14) was injected into pronuclei of FVB X FVB fertilized
oocyles at a concentration of 2 ng/pl.

Protein Analyses and Reverse Traoscripfion-PCR (RT-
PCR). For RT-PCR analysis, RNA was isolated from sorted
cell populations using the Uliraspec RNA isolation system
{Biotecx Laboratories, Houston) and ¢DNA was synthesized
using reverse transcriptase (Super RT; HT Bictechnelogy,
Cambridge, U.K.) and an oligo(dT) primer. PCRs were per-
formed in 50 p! PCR buffer {Life Technelogies, Paisley, UK.}
with 1.5 mM MgCly, 108 ng of each primer, and 5 pCi (1 Ci =
37 GBq) of [a-*P]|dATP. Amplification was for 27 cycles with
denaturation at 94°C for 30 s, annealing at 55°C (Btk trans-
gene) ar 60°C (hypoxanthine phosphoribosyitransferase;
HPRT) for 30 s, and extension at 72°C for 45 5. PCR products
were visualized by clectrophoresis through an 6% polyacryl-
amide/0.5%x TBE gel and autoradiography. Quantifications
were performed using IMAGEQUANT {Molecular Dynamics).
Primers specific for the hBik-transgene were in Brk exon 19
(5"-ATGGA TGAAG AATCC TGAGC-3') and p-globin
exon 3 (3-TGGAC AGCAA GAAAG CGAG-3'), HPRT-
specific primers were 5'-CACAG GACTA GAACA
CCTGC-3' and 5-GCTGG TGAAA AGGAC CTCT-3'.

Western blotting analysis was performed as described (13).

Flow Cytomeiric Apalyses and Ceil Sorting. Preparation of
single-cell suspensions, loading cells with fluorescein di-g-p-
galactopyranoside, three-color flow cytometric analysis, and
mAbs have heen described {13). For anaiysis of Ki-67 expres-
sion, cells were lysed in hysis buffer (Becton Dickinson} after
staining with surface markers. For cell-sorting experiments,
HF bone marrow cells were incubated with phycoeythrin
(PE)-conjugated anti-CD43, fluorescein isothiocyanate-
labeled anti-B22{), bictin-conjugated IgM (PharMingen) and
streptavidin-TriColor (Caltag. South San Francisco, CA) as a
second step. Cell sorts were performed on a FACS Vantage
ceil sorter {Becton Dickinson): the purity of the obtained celk
populations was =95%%. as determined using CELLOUEST (Bag-
ton Dickinson} software.

Immunizations, Ig ELISA, and in Vifro Stimulations. To
measure TI-11 responses, 4- to 6-month-old mice were injected
inteaperitoneally with 50 pg 2, 4-dinitrophenol {DNP)-Ficoll in
PBS and trinitrophenol (TNP)-specific [gG3 was analyzed at
day 7by ELISA. To measure T cell-dependent (TD) responses,
mice were immunized with 100 ug TNP keyhole limpe:
fiemocyanin (TNP-KLH) precipitated with alum (26), and
TNP-specific IgM was analyzed at day 7. A booster dose of 100
g TNP-KLH was given at day I4, and TNP-specific IgG1 and
lg2a was analyzed at day 21. In the TNP-specific sandwich
ELISA assays, plates were coated with isotype-specific anti-
bodies and serum dilutions were incubated for 3 h. Subsequent
steps were peroxidase labeled TNP-KLH and azino-bis-
ethylbenz-thiazoline-sulfonic acid. Serum Ig subclasses were
determined by isotype-specific ELISA (13, 26).

For in vitro stimulations, total spleen cell populations were
cultured with 2 ug/mil goat-anti-mouse lgM (Southern Bio-
technology Associates) or bacterial lipopolysaccharide (5 ug/
mi) for 3 days, and analyzed for expression of Ki-§7 by flow
cytometry.

RESULTS

MHCIHI-hBtk Transgenic Mice, A transgenic construct {Fig.
14) was generated in which the hBrk gene is put under the
control of the murine class Il MHC Ea gene LCR—ie.,a23-kb
genomic DNA fragment that contained the promoter proximal
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Fig. 1. Structure and expression of the MHCH-hBrk transgens. (A)
Map of the transgene construct, showing the locations of five DNase 1
hypersensitive sites present in the 23-kb MIuI-Puul mouse MHC class 11
upstream Ea gene fragment, the 2.1-kb AwI-Hindill hBrk cDNA frag.
ment {hatched box}, as welf as a 2.8-kb h-globin fragment containing pan
of exon 2, exon 3, and 3" untranslated region, (B) RT-PCR analyses of
MHCTI-hBrk transgene expression during B cell development, ¢DNA
samples weze prepared from sorted bone marrow populations of MHCH-
bRk transgenic Bk~ /Y mice and yields were normalized using =230 bp
HPRT RY-PCR products. The MHCH-hBtk transgene primers generated
single ~230-bp bands, with the following densities (relative to fraction E):
lane ABC, B220*CD43~1gM~ pro-B cells (28} 1.8%; lane D,
B220-CDA3 - 1gM~ pre-B cells: 25¢2: fane E, B220*1gM* immature B
cells: 1007%: and lane F, B220¥&"igh~ mature B cells: 35¢%. Data are
shown as a representative of three mice examined. {€) Western blot
analysis of Btk expression in total cell lysates from spleen of 3-month-old
male wifd-type mice (Btk™/Y) or Btk-deficient mice (Btk™/Y). either
nontransgenic or MHCE-hBrk transgenic, The position of the 77-ka Bik
band is indicated

and B cell control regions {27), as well as more upsiream
DNase 1 hypersensitive sites required for position-indepen-
dent, copy number-dependent expression (25). The hBik ¥’
untranslated region was replaced by a 3’ hB-globin genomic
fragment. The transgeaic construct was injected into fertilized
oocytes and six founder mice were obtained, as identified by
genomic Southern blotting analyses using probes specific for 3
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hf-globin and for hik. Five of these showed germ-line
transmission of the transgene and in two lines expression of the
rransgene was observed by S1 analyses. No differences were
found between these two lines in any of the performed
analyses. The offspring did not exhibit developmental defects
or any inceeased susceptibility o infectious diseases or malig-
nancies, for over 1 year of age.

Consistent with the expression of MHC class H molecules in
B lymphocytes and thymic epithelium (27), the highest expres-
sion levels of the transgene construct were found inspleen and
thymus by S1 protection assays {data not shown}. The trans-
gene was also found to be expressed at a low level in brain.
fiver, and kidney, To confirm that the MHCII-hB1k transgene
is tramscribed in the B cell lincage only from the pre-B cell
stage onwards, RT-PCR experiments were performed on
sorted bone marrow ceil populations. Transgene transeripts
were readily detected in pre-B cells. immature and mature B
cells (Fig. 13). In contrast, expression in the sorted pro-B cells
[B220* /IgM~/CD43* celis, fraction ABC {28)] was very low,
with densities of the amplified signals that were <25 of those
in fraction E {immature B220"1gh* B cells (28)]. These faint
Bik signals may well originate from contaminating cells that
were present {up to 555) in the pre-B cell preparations.

Maie mice with one allele of the MHCII-hBtk transgene
were mated to female Bk~ mice—i.e., mice in which on one
allele the Brk gene is inactivated through a targeted in-frame
insertion of alacZ reporter in exon § (13}, In the offspting the
four possible genotypes among males, wild-type (Bik*/Y) and
knack-out (815~ /Y), either nontransgenic or carrying the
MHCIE-h8rk wransgene, were found in the expected ratio of
1:1:1:1. Protein expression of the MHCIH-hBtk transgene
construct was analyzed by Western blot experiments on spleen
total cell lysates (Fig, 1C). Using a polyclonal rabbit antiserum
specific for Btk amino acids 69—88 which are 100%% conserved
between human and mouse, a 77-kDa protein was detected in
the spleen of normal male mice {Btk™ /Y ), but not in the mice
with the targeted distuption (Bt~ /Y). In the Btk ~ /Y MHCII-
hBtk transgenic mice. Bik protein expression in the spleen was
restore d, apparently to levels similar to those found in normal
mice. When sorted bone marrow cell suspensions were ana-
lyzed in these mice, Btk protein was not detected in pro-B cells.
but was found ta be expressed from the pre-B cell stage
{fraction D} onwards (dasa not shown).

Transgenic MHCIE-hBrk Expression Corrects B Cell Num-
bers and Surface Ig Profiles in Bk~ Mice. The four groups of
male littermates described above were investigated to assess

lymphocyte surface phenotypes and numbers in spleen, mes-
enteric lymph node (MLN), bone marraw, thymus, and peri-
toneal cavity by flow cytometey (Table 1 and Fig. 2). No
significant differences were found in the T ¢ell compartment
nor in the myeloid lineage (Table 1 and data net shown).

In the B celf lineage no significant differences were detected
between normal and MHCII-hBk transgenic mice, As previ-
gusiy described (13) the Bk~ /Y mice had fewer B220* B cells
and. more particularly, a decrease in mature IgM>+/1gD¥sR B
cells in spleen, MLN, and bone marrow. In the peritoneum, the
numbers of conventional B cells were reduced (~=40-50% of
normal) and CD5* B cells were virtually absent. However,
cotrection of this B cell deficiency was observed in the Brk~/Y
mice that expressed the MHCII-hAk transgene. In the spleen
and MLN the B el numbers reached close to normai values
and mature IgM'e*/IgD®sh B cells were present in normal
numbers in the spleen, MEN, and bone marrow (Fable 1 and
Fig. 2). In the peritoneum the numbers of CD3* and coaven-
tional B cells were in the normal ranges. The percentages of the
pro-B, pre-B, and immature B cell subsets in the bone marrow
were not significantly different between the four groups (data
not shown).

Correction of Btk-Delicient Cells in Btk*/~ Heterozygous
Females. As the expression of the disrupted Brk allele could be
identified by lacZ activity, in Bik '~ females the competition
between B cells that express wild-type Bk and those expressing
Bik™ HacZ—-due to the phenomenon of X chromosome inac-
tivation—was assessed. Cell samples from spleen and MLN
were evaluated for laeZ activity using fluorescein di-g-p-
asalactopyranoside as a substrate in conjunction with surface
expression of 1gM and IgD by flow cytometry.

In the absence of any selective disadvantage, JecZ-
expressing cells from Brk*/~ females would be expected to
represent 505 of any B celt developmental population. Haw-
ever, because of the proliferative disabilities of Btk-delicient
cells, the fraction of lacZ-expressing cells in the heterozygous
females decreased during B cell maturation in the periphery
from ~359 in IghbihigD'™ (fraction HI) to 10% in Ightish
IgD%s" (fraction 1} and to almost undetectable levels in
Ight'*1gD®sh {fraction 1) B cell stages (ref. 13 and Fig, 34).
Also in Brk*~ females that express the MHCII-hBrk trans-
gene, a selective disadvantage of JacZ-expressing cells was
observed, although the development of these cells did not
appear to be compromised to such a large extent as in
nontransgenic Bk*~ females. Significant fractions (~10%) of

Table 1. Flow cytometric analysis of the B Iymphocyte compartment in MECH-hBk

transgenic mice

Bik* /Y Brk= /Y
Tissue Cell population Bik={Y MHCH-hBik Bik— /Y MHCH-RBrk
Spleen Nucleated celis, X10° 142 = 453 138 =43 96 = 30 113+ 34
B220- cells. % 59+3 54=4¢ 15 =6 529t
IeME» IgDhis cells. 7 30+4 %= 4 9=35° 200 71
CD4¥ cells, % 1812 2N=3 224 233
CDS§™ cells, ¢ 9=2 §=1 112 11+2
MLN B220- cells. §& /10 36 0+ 5t 31 = 14
IgMir kg DRiEh cells, $2 31x8 2x7 6=1" 20 = 107
CDA*T T cells, H=6 x99 48=7 40=8
CD8* Tcells. ¢ 19=4 0:6 8x4 R
Peritoneum CD5™ B eells. <% 4x2 64 0.3 % 03" g+ 27
CDS5™ Bcells, $& 1344 11=+35 53 14 = 5F
CEP3* T cells. & i3 1x2 7=3 74
Bone Marrow  B220* celis, ¢ 24=1 2% 191 2=+t
[gMiIgDaish celis, % 25+ 06 38=12  07x02r 302 L4

Mice were 4-6 months old. Numbers of mice analyzed are 10-14 (spleen). 3-6 (MLN), 7-10

(peritoneum). and 4 (bene marrow) for all groups.

*P < 0.05, compared with Bk~ /Y mice, in the Mann-Whitney {7 test.

*Not significantly different, compared with Bk~ /Y mice.
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Fi6. 2. The effect of the MHCIT-hBik transgene on peripheral B
Iymphocyies. Three-color flow cytometric analysis of spleen, MEN.
and peritencuem from $-month-old normal and fransgeaic Bek~ /Y
males, as well as nortransgenic and transgenic Bk~ /Y males. Spleen
and MLN cell suspensions werg stained with bigtinylated anti-IgM and
streptavidin-TriColor, anti-1gD-PE, aad ant-B220-fluorescein iso-
thiocyanate. (Top) Percentages of celis displayed that are B220*/
IgM~ are indicated. {Boitem) Percentages of gated B220* cells
displayed that arc IgMw*IgD®s (fraction E: refs. 14 and 15) are
indicated. Peritoneal cells were stained with anti-B220, anti-fgh{, and
either anti-CD5-PE or anti-IgD-PE; B220* ¢ells are displayed. The
percentages of total cells {including peritoneal macrophages) that are
CD3* {and IgD'™*) B celis or conventional (CD35~ and IgD™#) B eells
are given. Data are shown as 3¢ probabitity contour plots represen-
tative of the mice examined; dead cells were gated out, based on
forward and side scatter characteristics.

mature Ight'o~IgDh# fraction I cells in spleen and MEN-
manifested lacZ activity (Fig. 34).

‘When peritoneal cells from Bkt mice were investigated
for LacZ aciivity and surface expression of Igh and CDS. no
IacZ™ cells could be detected in the CD5™ B cells nor in the
conventional CP5~ B cell population (Fig. 34). However, 752
of CD5* B cells and 14% of CD5~ B cells expressed lacZ in
MHCII-hBrk transgenic Bk~ females.

Furthermore, we analyzed the surface IgM/IgD profile of
the lacZ™ and the lacZ™ cells in female spleen and MLN
{shown for spleen in Fig. 3B). In nontransgenic heterozygous
females, the gated lacZ™ mature B cells exhibited an IgM/IgD
surface profile that was identical to the profile of B cells in
normal mice, whereas the gated lacZ™ cells manifested an
1ghPish phenotype, reminiscent of the B cell population found
in Btk /Y mice {Fig. 38). In contrast, the gated lacZ* cells in
MHCH-hBk tramsgenic heterozygous females, showed an
1gM/TgD surface profile that was more similar to the profile
in normal mice.

Transgenic MHCII-hBrk Expression Corrects Serum Ig
Levels, TI-IE Responses, and B Cell Proliferation. The serum
concentrations of Igh, 1gGl, 1gG2a, and I1gG3 were deter-
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Fia.3. The effect of the MHCII-hBik transgene in Btk ™~ female
mice. Cell suspensions were stained for lacZ activity, anti-Ighf (bio-
tinylated)/strepravidin-TriColor and anti-IgD-FE (spleen and MLN)
oranti-CD3-PE (peritoneum). (4) The percentages of fac Z-expressing
cells as mean values and standard deviations in the three peripheral B
cell compartments {fraction 111 IgM¥sh[gDt*: fraction II, [gMMe®
EeD"sh; and fraction I, IgM™*1gD"sh; refs. 14 and 15). Values ate
corrected for individual variations in X chromosome inactivation
ratios. using JacZ expression values from peritoneal macrophages (13).
Drata for spleen and MLN are from 6-week-old mice, and for perito-
neum they are from 4-menth-old mice, (B) Surface expression of IgM
and IgD in gated /lacZ~ and fucZ ~ spleen cells from nontransgenic and
MHCH-hB1k transgenic Brk*+~ female mice, (Upper) For comparison
the profiles in (facZ7) Brk - males and in (facZ =) Btk ™ males are given.
The distribution of 1gM~1gD ~ celis over the compartments HI, IT, and
Tin pareentages is indicated. Data are shown as 5% probability contour
plots representative of the mice examined.

mined by ELISA. The knock-out mice {(Brk~/Y) had decreased
[evels of IgM and 1gG3, when compared with normal litter-
mates; this defect was corrected by transgenic Btk expression,
as the MHCH~hB#k mice manifested serum Ig levels that were
in the normat range (Fig. d41).

To analyze the in vive responsiveness to TD antigens, mice
were immunized with TNP-KLH, and primary IgM and sec-
ondary IgG1 and 1gG2a responses were measured by ELISA.
The primary TNP-specific response was low in Btk /Y mice,
consistent with previous findings in Btk-deficient mice (9, [2)
but comparable between normal and transgenic MHCII-hBrk
krock-out (Btk~/Y) mice (Fig. 4B). The secondary TNP
responses were not significantly different between the groups
of mice, Because xid mice are unresponsive to TI-I1 antigens
(9, 12), we also investigated the 1gG3 response to the TI-II
antigen DNP-Ficoll. The results showed that the Bk™/Y



Correction of the X-linked immunodeficiency

DN ool
1pGd

oy

TNPKIH
B Primary - IgM
] =

_i

FiG.4, Correction of serum Ig fevels and én vive antigen responses
by expression of the MHCII-hBtk transgene. () Serum concentsa-
sions of Ig subclasses in unimmunized 4-month-old mice. (B} Secum
concentrations of DNP/TNP-specific antibodies were determined
after primary and secondary immunizations with the TD antigen
TNP-KLH, and after immunization with the TE-H antigen DNP-Ficoll
in 4- to 6-month-old mice. In transgenic Bk /Y males TD responses
were not determined. ©, nontransgenic Brk~ /Y males; @ MHCI-
kBrk transgenic Brk= /Y males; T, noatransgenic Bk~ /Y males; m,
MHCH-hBtk transgenic Bk~ /Y males.

knock-out mice did not respond and that this defect was
completely corrected by MHCII-hBtk expression (Fig. 48).

To determine the proliferative capacity of B cells, totat
spleen cell suspensions were stimulated with anti-p and pro-
literation was quantified by flow cytometric analyses of the
nuclear Ki-67 antigen. which is expressed in all proliferating
cells during late G, S, M, and G phases of the celi cycle (29),
After 3 days of anti-p stimulation, Ki-67 was expressed in 68 =
865 of B220* cells from normal mice and in 35 = 17% of B220~
cells from Btk-deficient animals. In the MHCII-hBik trans-
genic Bik* /Y and Bik™/Y mice, the induction of Ki-67 ex-
pression was clearly in the normal range (62 = 11% and 67 =
8%, respectively, # = 3 for each group).

When ceils were cultured with 5 pg/ml lipopolysaccharide
for 3 days, the Ki-67 antigen was expressed in 70-80%% of
splenic B220* cells in alf four mice groups, However, the
fraction of lymphoblasts in the B220* cell fraction, as deter-
mined by forward scatter characteristics, was low in Brik=/Y
mice (32 £ 3%, and 45 = 7% in normal littermates). In the
MHCII-hBtk transgenic Brk* /Y and Bk~ /Y mice these val-
ves were 49 & 3% and 49 x 13%, respectively.

DISCUSSION

‘We have generated transgenic mice in which expression of the
hBtk gene is driven by the murine class 11 MHC Ea gene LCR,
which was shown to provide position-independent, copy num-
ber-dependent expression and could therefore be used to
target genes to B lineage cells {25). MHC class I1 antigens are
coastitutively expressed on B ¢ells and can be induced on a
varigty of other cell types, including macrophages and cells of
nonhaematopoietic lineage (27). During B cell development,
class [1 genes are first expressed on a major proportion of the
pre-B cells (30). Although mature B cells manifest consider-
able heterogeneity in expression ievels, the [evels are generally

higher than in pre-B cells {27, 30). In plasma cells the
expression is down-regulated. Our RT-PCR and Western blot
experiments show expression of the MHCII-hBr& transgene
from the pre-B cell stage oawazds.

When the transgenic mice were mated onto a Bk~ back-
ground, correction of the xid B cell defects was observed. In the
spleen and MLN of MHCII-hBk transgenic Bt~ /Y males, B
cell numbers and their surface Ighi/IgD phenotype were
normal: in the peritoneal cavity conventienal B cells and CD5*
B cells were present in normal numbers. In addition, expres-
sion of the transgene restored the serum IgM and 1gG3
concemrations, the responses to TI-1I antigen, and the prolif-
erative capacity of B celis to anti-u ard lipopolysaccharide.
These results directly show that the presence of Btk from the
pre-B cell stage onwards is sufficient for normal development
of the conventional and CD5* mature B cell populations. They
also agree with previous findings that in Bik-deficient B
lincage cells, defects only become apparent at the transition
from smak pre-B cells 1o immature B cells in the bene marrow
(13, 22, 31}. To date, it is unknown which of the signaling
functions of Bik are mainly responsible for the immunodefi-
cient phenotypes of XLA and xid. Nevertheless, the outcome
of our transgenic rescue experiments are compatible with a
role for Btk in sigraling both from the Ig-u H chain—surrogate
L chain complex in pre-B ceils and from the antigen receptor
complex in mature B cells. Such a role for Btk is further
supported by recent findings that the B cefl defects in Btk-
deficient mice resemble those in a mouse nmatant thai lacks
most of the cytoptasmic tail of the B cell receptor-associated
signaling molecule [g-a (32).

Rescue by transgenic MHCII-hBik expression was also
observed in heterozygous Bk~ female mice in those B-
lineage cells that were Brk-deficient as a result of X chromo-
some inaciivation. In MHCH-hBrk transgenic females the
mature B cells that expressed the Bik~/lacZ allele did not
manifest the aberrant surface IghMeh profile. typical for thexid
phenatype (Fig. 3B}). However, as the fractions of locZ-
expressing cells still did rot reach 506, it can be concluded that
mature B cells that only have teansgenic Btk still have a slight
selective disadvantage over those cells that have both the
endogenous murine and the transgenic human gene. This
phenomencn may originaie from (f) miror insufficiencies in
the expression of the transgene, {ii) dominant negative effects
of the expression product of the targeted Brk-lacZ allele, or
(éii) functional differences between the human and murine Btk
protein. Twelve out of 659-amino acid residues are different
between murine and hBik. most of which are conservative
substitutions thraughout the protein (1. 2}. However, three
amino acid changes are ciustered at positions 207-214 in the
proline-rich region, partly located in one of the two 10-amino
acids motifs implicated in the interaction of Btk with SH3
domains of Fyn, Lyn, and Hek (33). Hence it remains possible
that human and murine Btk show differences in affinity or
specificity for SH3 domatns. leading to slight selective disad-
vantages of murine B cells expressing hBtk. Yet. in MHCII-
hBtk transgenic Bik* heterozygous females the selection
against cefls expressing the Bk~ flacZ allele was rot as pro-
nounced as in the nontransgenic females (Fig. 34).

The finding that the xid phenotype ¢an be corrected in the
mouse by {ransgenic expression of Btk frem the pre-B cell
stage onwards has important implications for the design of
strategies for gene therapy of XLA. Our findings in the mouse
show that the Brk gene does not need to be introduced in the
very small populations of hematopuoietic stem cells or early
pro-B cells to restore B ¢gll development in XLA patients.
Instead, Brk gene transfer 1o any of the precursor B cell stages
up to the small pre-B cell would correct the XLA defect. Thus.
=10%% of total cells or =305 of the B-lineage cells (28) in the
bone marrowwould be suitable targets. In addition 1o this large
target cell population, XLA is also 2 good candidaie for gene
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therapy because Btk expression only needs to be transient [Btk
is not required in plasma cells (8, 24)].

The observed correction of the B cell defects by transgenic
expression of wild-type hBrk driven by the MHC class IT LCR
makes it atteactive to perform similar studies with mutated Brk
transgenes to jnvestigate the function of the various Bik
domains,
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Murine MHC class Il locus control region drives
expression of human B-glucocerebrosidase in antigen
presenting cells of transgenic mice

] Guy'?, R Willemsen', A Langeveld!, F Grosveld! and D Drabek!
Department of Cell Biolagy and Genetics, Faculty of Medicine, Medical Genetic Centre, Erasmus University Rotterdam, PO Box

1738, 3000 DR Rotterdam, The Netherlands

Gaucher disease Is the most prevalent lysosomal slorage
disorder in humans, resulling from an inherited deficlency
of the enzyme glucocerebrosidase. Although the enzyme
s ublguitously expressed, cells of the reticuloendothelial
system are particularly affected since they accumufate the
undigested glucosylceramide subsirate through their role
in scavenging and breaking dovm cell debris, Gaucher dis-
ease /s an afiraclive target for somatic gene therapy. To
test the ability to express the enzyme in tha affected coll
types we have generated lransgenic mice expressing
human glucocerebrosidase vnder the control of the murine
major histocompatibilily complex (MHC) class il Ea® focus
controf region (LCR). The four Iransgenic lines express he

human enzyme in a copy number-depentdent mamner,
indapendent of the integration site of the lransgense. Over-
axpression of the human enzyme In mice did not result in
any abnormal phenolype or pathology during the period of
observation (-2 years). The enzyme is expressed in B
cells, monocyles, dendritic cells, thymic epithelial cells, and
macrophages in various ftissues: the peritoneal cavity,
bone marrow, spleen, kidney, gastrointestinal lracl, Kupier
cells in the liver and alveclar macraphages in lungs.
Expression in the brain was limifed to perivascular macro-
phages and vas not ssent in microglial cells. Therefore, the
MHC ciass i LCR could potentially be of use in somatic
gena therapy for lype 1 Gaucher disease.

Keywords: glucocerebrosidase; focus controf region; transgene; macrophage

Introduction

Gaucher disease is the most common glycolipid storage
disorder, with an incidence of approximately 1:60 000 in
the general population and 1:800 in the Ashkenazi Jewish
population.’? It results from a deficiency in the activity
of B-glucocerebrosidase, which cleaves the B-glucosidic
linkage of glucosylceramide to produce ceramide and
glucose. This breakdown normatly occurs in the lysoso-
mal compartment of the ceil, In the absence of B-glucocer-
ebrosidase activity the uncleaved lipid substrate is stored
in lysosomes within cells of the macrophage lineage,
mostly affecting the spleen, liver, bones and bone mar-
row. The central nervous systern {CNS) may also be
involved and depending on the degree of ils involve-
ment, Gaucher disease can be divided into three types*
Type 1 is nonneuronopathic and the most prevalent form
of disease seen in adults. Type 2 is an acute neurono-
pathic form resulting in death in infancy, while type 3 is
a subacute neuronopathic form with a variably delayed
neuronopathic course that usually results in death
between the second and fourth decade of life. Different
point mutations, insertional mutations, deletions and
splicing mutations in the p-ghucocerebrosidase gene have
been described, which lead to the heterogeneity of clini-
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cal lesions.® There is a relationship between the type of
mutation and the clinical manifestation of the disease®”
but there is also some degree of variability among
patients with the same disease genotype.’

Current treatment for most Gaucher patients is still
supportive and symptomatical, dealing with clinical
manifestations (hepatosplenomegaly, anaemia, osseous
lesions, fibrosis, cirrhosis ete) rather than with the cause
of the disease. Other available options are enzyme
replacement therapy,®® allogenic bone marrow transplan-
tation'®" and, potentially, somatic gene therapy by gene
transfer into haemaltopoietic stem cells (H5Cs).”*™ 1t
seems that regardless of the approach used, therapy has
to start well before neurological symptoms and severe
neuronat damage develop and the most promising candi-
dates are type 1 and possibly type 3 Gaucher patients.

Enzyme replacement is based on administration of the
missing enzyme in a form that is enriched with terminal
mannose moieties to target the enzyme to the high affin-
ity mannose-6-phosphate receptors on macrophages.
Although therapeutically effective to some extent
(regression of organomegaly, increase in the haemo-
globin concentration),®® enzyme replacement is expens-
ive, gives only limited improvement in neuronopathic
disease due to the inaccessibility of the CNS'>'¢ and the
enzyme is not targeted to marrow macrophages.? Little
activity was found in bone marrow cells, even immedi-
ately after marrow infusion.*” The enzyme is also bound
by cells other than macrophages via the widely distrib-
uted, low affinity mannose receptor.
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Figure 1 fa) Human Bglucocerebrosidase expression construct. 25kb of
murine MHC class I Eo locus with its five DNase ] hypersensitive sites,
promoter and transcriplional start site wus used to drive expression of
human B-glucccerebrosidase gene cloned as 10.2 kb BanHI-LEcoRV frag-
wment (starting in first exon before Mhe Eranslational start site, including all
introns and polyadenilation signals). (b) Soulhern blot analysis shewing
integrity of the 35 kh transgene. Al DNA samples were BamHI digested
and probed with P randem-primer labelled MHC class It Bglue cosmid.
Lanes 5, 6, 11, 15 and 19 contain 15 pg of tail DNA from appropriate
transgenic founders, lane WT contains the same amount of DNA from a
nonfransgenic litler mate as a negalive control and lane Bglu cosmid con-
tains 10 g of injection fragment diluted in 15 pg of nontransgenic ONA.
To prevent cross-hybridisation, sonicaled nontransgenic mowse DNA was
used as a compebitor. Iy all five founders, all of the expected bands were
present. (¢) Southern blot performied for the copy number estimution. Tail
DNA from nontransgenic (W) mice, transgenic mice {heterozygous lines
5, 6 and 11 and komozygous line 15) and kuman DNA (nade from buffy
coat of an healthy individual) were BamHI digested. Various amounts of
mouse (W1) and hwman DNA were loaded for tilration purposes. The
filter was probed with @ human exon 10 probe and the signals quantificd
usitg Phosphor Imager, correcting for a background activity, the amounts
of DNA used, difference in size bebiween human and mice genonte and
the fact that transgenic line 15 used in this particular experiment s
homoxygous. The probe eress-hybridised with the kuman B-glucocerebra-
sidase pseudogene (lower band br human samples) and with the mouse
gene (band present i Wi lanes and at the same position in all of the lanes
with the transgenic mice samples).

Bone marrow transplantation (BMT) has been perfor-
med only in patients with severe disease. Il requires a
human lymphocyte antigen (HLA} identically matched
donor and ablation of the patient’s own marrow before
transplantation. The mortality risk for the procedure is
around 10% because of the patient’s severely compro-
mised condition. Marrow ablation produces a period of
pancytopenta and immunocompromise and there is also
the possibility of graft-versus-host disease. Genetic modi-
fication of the patient’s own HSCs by infroducing a cor-
recily expressed copy of the gene, followed by autolog-
ous bone marrow transplantation would overcome
problem of graft-versus-host disease and shortage of
donors.

Here, we describe a construct suitable for gene therapy
which utilises the murine MHC class H Ea® locus control
region (LCR)'® and drives expression of the transgene, in
this case human B-glucocerebrosidase, fo the cells that
constitutively express class [ molecules such as B cells,
monocytes, macrophages, dendritic cells, myeloid and
erythroid precursors and some epithelial cells. Use of the
full genomic sequence of the gene in conjunction with the
MHC class Il LCR, rather than the more commonly used
¢DNA, increases the likellhcod of the enzyme being
expressed at the significant levels that would be required
for effective gene therapy.

Resulls

Human B-glucocerebrosidase was expressed in trans-
genic mice using a construct consisting of a murine MHC
class If LCR linked to the human p-glucocerebrosidase
gene. Approximately 25 kb of the Balb/c MHC class H I-
Ea' locus was used, comprising all of the 5DNasel
hypersensitive sites, the promoter and transcriptional
start site. The human B-glucocerebrosidase gene was sup-
plied as a genomiic fragment starting in thefirst exon
before the translational start site and including all introns
and polyadenylation signals.

Five founder mice carrying the construct
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MHCclassll/Bglu were obtained (Figure 1a) and checked
for the integrity of the 35kb transgene (Figure 1b). All
five founders contained the intact locus. Four of the foun-
der mice transmitted the transgene to the F1 generation.
The copy mumbers of these lines were determined
{Figure 1¢) and found to be: lines 5 and 15-15 coples,
line 6 - seven copies and line 11 - two coples.

Expression studies were done using Fl heterozygous
mice, The level of expression of the enzyme was deter-
mined for all four lines by measuring the activity in the
spleen of 2-month-old mice (Figure2). A high level of
expression was expected due o the substantial pro-
portion of MHC class I-positive B cells in this organ. To
discriminate between endogencus (mouse} and trans-
genic (human) enzyme activity, the human enzyme was
specifically immunoprecipitated from total spleen
extracts using the monoclonal antibody 8E4.7*2 Immuno-
precipitated B-glucocerebrosidase activity was detected
using the artificial substrate 4-methylumbelliferyl-B-glu
{4-MUBglu). On enzymatic breakdewn of this substrate,
4-MU is released and its fuorescence can be measured.

No human activity was detected in the control non-
transgenic mice or in the mouse macrophage-like cell
line, RAW264. Activity was detected in all four trans-
genic lines and in the human cell line U937, Enzyme
activities for different mice from the same line were of a
similar level.

In ali cases the fevel of human 8-glucocerebrosidase
activity correlated with the number of copies of the trans-
gene. Thus, line 11 (two copies) had the lowest activity,
lire 6 (seven copies) an intermediate level, and lines 5
and 15 (15 copies each) an equal, high level of expression.
The low activity of line 11 compared with that of U937,
an immortalised human cell line is explained by the fact
that this is the activity in the total spleen (ie a mixture of
cells) rather than a homogeneously expressing popu-
lation as is the case for U937,

FISH analysis using the whole injection fragment on
bone marrow cells showed the integration sites of the
transgenes to be either telomeric (lines 5 and 6} or cen-
tromeric (lines 11 and 15) (Figure3). In centromeric
regions it is likely that the transgenes will be integrated
in transcriptionaliy silent heterochromatin. From this fact
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Figure 2 Expression of the human p-glucocerebrosidase in spleen of
transgenic mice. Human Brglucocerebrosidase aclivity was measured in
spleen extracis of trausgenic mouse lines (3, 6, 11 and 15) and nontrans-
genic mouse, using 8E4 MeAb for immunoprecipitation. Fxtract from
U937 human cell Tine was wsed o3 a4 positive and RAWVZ6L mouse Hine
a5 a negative confrol,

Figure 3 FISH analysis showing the integralion site of the transgene. The
enlire injection fragment (35 kb) was used as @ probe detected with FITC.
DNA was counterstahied with DAPL {a) Transgenic line 5; {b) transgenic
Tine 6; (c) transgenic tine 11; (d) transgenic line 15, In the tase of lrans-
geic line 13, 2 homozygous monse was used.

and the copy number-dependent expression of the linked
gene, it seems that the MHC class T I-Ea® fragment is
able to function fully as an LCR when attached to the
heterologous B-glucocerebrosidase gene. This makes it
particularly interesting for use in gene therapy protocols
where the integration site of the transgene into the host
genome still cannot be controlled. Without the use of an
LCR-like element integration of the gene into heterechro-
rnatin, which makes up a large part of the genome, would
result in position effects and tow levels of expression 222

Immunofluorescent staining of spleen single cell sus-
pensions with the rabbit polyclonal antibody R386
against human $-glucocerebrosidase showed that
approximately 60% of the cells from transgenic spleens
were positive for the human enzyme (Figure 4d) which
is the same as the percentage of B cells present in the
organ. From double staining with B and T cell markers
(data not shown), expressing cells are indeed B220 posi-
tive and therefore B but not T cells are responsible for
the activity in the spleen. The fact that all B cells were
positive shows that integration into the cenfromeric
region did not lead to position effect variegation
(PEV).“‘”

In witro cultured macrophages from transgenic and
nontransgenic mice were stained fn sif with the poly-
clonal antibody R386 and with the mature mouse macro-
phage markers F4/80 and MOMA-2, The F4/80 antigen
is found on the membranes of macrophages in most
tissues of the body, whereas MOMA-2 is primarily cyto-
Flasmic and is found mainly on macophages in a
ymphatic environment.?

Cells were taken from spleen, bone marrow and the
peritoneal cavity (after induction of a sterile inflamma-
tory response} and cultured in the presence of L cell-con-
ditioned medium on untreated glass coverslips. After 7
days of culture, most if not all, adherent cells expressed
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Figure £ Delection of human B-giucocerebrosidase in a single cell suspension from spleen, (b, d) Indirect impnunofivorescence using vabbit polyclonal
antibody R386 against human B-ghicocerebrosidase with FITC-conjugated goat-anti rabbil Ig as @ secondary antivody. (a, ¢) Nuclear sfaining of The
samie fields of cells with 46" diamidino-2-prenylinole (DAPI). {a, b} non-transgenic mouse; (c, d) fransgenic mouse,

the F4/80 antigen (Figure 5} demonstrating the purity of
the macrophage cultures. MOMA-2 positive cells were
also present in significant numbers {approximately 20%).

The cultured cells adopted a macrophage-like mor-
phology, extending long plasma membrane processes
and making contact with other cells. Splenic macro-
phages could be seen to have engulfed smaller cells,
probably dead lymphocytes also present in the culture.

Staining of the cultwred macrophages for human B-glu-
cocerebrosidase revealed that most but not all F4/80-
positive cells from transgenic animals contained the

90

human enzyme, whereas no staining was seen in
control cultures.

In order to determine whether other cells belonging to
mononuclear phagocyte system (eg Kupffer cells in the
liver) express the transgene, RT-PCR was performed,
using primers specific for human B-glucocerebrosidase,
on different tissues (spleen, liver, kidney, bone marzow,
thymus, brain, lungs, testis and ovary). The 581 bp frag-
ment corresponding to the human mRNA could be dis-
tinguished from amplification of contaminating DNA in
the samples due to the use of primers spanning an intron.
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Figure 5 In vitto cullured infraperitoneal, bone marrowe and spleen macrophages, double staiued with FAI80 macrophage marker {detected by Texes
Red) and R386 antibody against hurman B-glicocerebrosidase (detected by FITC). (2, b) Infraperitonesl macrophages; {c, d) spleen macrophages; (e, f)
bone marrow macrophages. (a, ¢, ¢) cultnres from a nontransgenic mouse; (b, d, e} cultures from a transgenic mouse line 5.

The correct fragment was cbserved in all tissues tested
(Figure &) from all transgenic lines, and not in nontrans-
genic controls, RT-PCR on tissues from the lowest copy
number line {line 11, two copies) showed that there was
low expression in the brain. Considering that the number
of microglial cells which are the resident macrophages of
the CNS is high (15%), it could be expected that the brain
would have a high level of expression if these cells were
positive. Thus the PCR resulf suggests that the MHC
class Il LCR does not drive high levels of expression in
microglial cells. Obviously, the PCR result does not
distinguish between cell types and the expression in a
number of tissues could be the result of the presence of
circulating B cells,

Thus the localisation of the human enzyme was ana-
lysed by immunchistochemistry on cryosections of the
same tissues which were used for RT-FCR, using the
polyclonal antibody R386 alene or in combination with
macrophage and dendritic cells markers (F4/80 and
N418%4), Indeed, the resident macrophages were found to
be positive for human B-glucocerebrosidase: Kupffer cells
in the liver (Figure 7b}, alveolar macrophages in the lung
(Figure 7¢), macrophages of the lamina propria through-
out the gastrointestinal tract (Figure 7d), kidney resident
macrophages in the renal medullary and cortical interstit-
tum and juxtaglomerular complex (Figure7e), spleen
resident macrophages in both red and white pulp, as well
as those in the marginal zone (Figure 7f). In the thymus,

|
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Thymus

Brain

Figure 6 Detection of the human B-glucocercbrosidase by RT-PCR in
Ihymus and brain. The murine hypoxantine phosphoribosyltransferase
(HPRT) was used as an infernal control. A PCR fragment of the correct
size {581 bp) was obtained in all of the transgenic mouse lines but not in
nontransgenic wild-fype mouse,

not enly macrophages and dendritic cells but also thymic
epithelial cells were strongly stained (Figure 7g). R386"
cells in brain sections appeared to be perivascular macro-
phages, based on their morphology and ebvicus associ-
ation with the wvasculature, and not the extensively
arborised parenchymal microglial cells (Figure 7h).

To estimate the activity of the human enzyme in the
brain of transgenic animals in comparison with that in
the spleen and liver, human-specific immunocprecipi-
tation was again performed using the monoclonal anti-
body 8E4. Considerably clder animals {approximately 2
years) of lines 5 {15 copies) and line é (seven copies) were
used. As expected from the immunchistochemical data
the level of enzyme activity in the brain was extremely
low in comparison with levels in the liver and spleen

(Figure 8).

Discussion

For effective treatment of Gaucher disease it is necessary
to achieve sustained expression of the glucocerebrosidase
gene in macrophages, as these are the important cells for
the pathogenesis of the disease. Therefore, we have used
a murine MHC class H LCR to drive the expression of
human B-glucocerebrosidase in the cell type of interest,
rather then using other LCRs to overproduce and to
secrete the missing enzyme from other cell types. The
B globin LCR, for example, was used to overexpress
protective protein/cathepsin A in erythroid precursor
cells to treat another lysosemal discrder, namely
galactosialidosis.”?

In transgenic mice LCRs confer high level expression
on linked genes independent of the position of the frans-
gene in the mouse genome. It is known that an incom-
plete LCR loses this property when integrated into a het-
erochromatic region'2 As two of the four transgenic
lines that we have generated had the transgene in the
centromeric region, and both were expressing human
enzyme according to their copy number, we conclude
that the fragment of murine MHC class I Ea? LCR used,
with its 5 DNase hypersensitive sites,' can fully act as an
LCR when linked to genomic sequences of a heterologous
gene. The same fragment was previously used linked to
the ¢<DNA encoding Bruton tyrosine kinase (BTK).? Only
two of five transgenic mice lines expressed BTK and res-
cued the BTK-/- phenotype, most likely due to the use
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of the cDNA rather than anything missing from the LCR
clement. Recently, the same LCR fragment has been used
linked to a part of the same cDNA followed by large
piece of genomic BTK sequence. All transgenic lines
obtained expressed.” Therefore, we would like to stress
the importance of the presence of intervening sequences
for any future gene therapy protocols. It seems that the
last intervening sequence of multiple intron containing
genes is a principal determinant of the efficiency of 3" end
formation and perhaps 2gost-t'mnscriptional regulatory
steps in gene expression,

1t is well known that class il antigens are expressed on
a limited subset of cells in the immune system, including
B cells, macrophages, dendritic cells, thymic epithelium
and activated T cells in most species, but not the mouse.?
The level of class II is not static in these cells but can
be up- or down-regulated by a large number of external
stimuli. However, there is a difference in basal level of
MHC class I expression among the cells of the macro-
phage lineage. Macrophages differ from other haemato-
poetic cells in that they form a resident population in
many tissues of the body.®® They are generated in the
bone marrow and circulate in the blood as monocytes
before reaching their target tissues. Once they have
entered the tissue, they are known as macrephages, or in
some tissues by more specialised names such as Kupffer
cells in the liver.

In all the organs of our transgenic mice, resideat
macrophages expressed human  B-glucocerebrosidase
{(with the exception of the brain). The obvious question
that arises is why the microghial cells do not express. The
origin and biological functions of microglia are skl
unclear and debatable. Resident microghia appear in the
CNS during late post-natal development.*® These cells
lack many of the surface features and functional proper-
ties typically associated with macrephages found in other
tissues.’?*? The brain has been thought of as an immuno-
logically privileged site, It lacks a lympheid system and
there is no evidence for a population of dendritic cells.
The expression of class It antigens on cells in the CNS,
which might then act as antigen-presenting cells, does
not occut in the normal redent* but is variable in studies
of the human CNS.** The expression of class II antigens
has been demonstrated on microglia in a variety of patho-
logical conditions, such as brain injury, Parkinson's dis-
ease, Alzheimer's disease and demyelinisation. Recently,
it has become possible to clone microglial precursors in
agar and expand them in liquid culhure. Some of the in
witro cultured microglial clones expressed class It MBC,
but expression was not suffictent for the processing and
presentation of complex protein antigens to T cells™
Other reporis show that i vifro cultured microglia can
be induced to express class Il MHC antigens upon IFNy
treatment and indicate the absence of expression on
unstimulated microglia®>® or the normal brain i vive.

In conclusion, most of the monocyte lineage, such as
Kupffer cells, Langerhans’ cells and the alveclar macro-
phage, express class II antigens and play a role in
initiation of regulation of local immunological evenis,
functioning as antigen-presenting cetls or accessory cells.
Macrophage-microglia have quite similar, if not the same
properties as the cells of monocyte lineage, but class 1
antigens are detectable on their surface only upon 1IFNy
treatment, at least in the case of isolated microglia. As
the transgene, in this case human fi-glucocerebrosidase is
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Figure 7 Immunohistockemical staining performed ot crypsections using rabbit polyclonal antitedy (R386) against human B-glucocerchrosidase, R386”
cells are brown, as DAB uwis used as a substrate for the HRPconjugaled secondary antibody. (a) Nontransgenic liver; (b) transgenic liver ~ noke posilive
Kupffer rells; {e) fransgenic hurgs — note positive alveolar macrophages; (d) transgenic intestine: (o) transgenic kiduey; (f) transgenic splesn; (g) transganic
thymus; (h) transgenic brain (arrows indicaling positive perivascular macrophages). (a-h) were countersteined with kematoxylin,
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Figure 8 Expression of htiman Fglucocerebrosidase in different tissues
of transgenic mice. Human B-glucocercbrosidase activity was measured
in brain, liver and spleen extracls of transgenic lines (5 and 6) and non-
transgenic mowse. Extract from U937 kuman cell line was used as a posi-
tive and extract from RAW2EL mouse coll line a5 o negatice control
(presented in open barsh, Immunoprecipitation was performed on all
samples with monoclonal antibody 8E4. Aclivity in brain is presented in
grey, activity in Niver in dark grey and activiby in splean in black bars.

under the control of MHC class [ LCR, its expression
follows the expression pattern of class I molecules, This
would explain the lack of human B-glucocerebrosidase
activity in parenchymal microglial cells of adult trans-
genic mice. However, using the retroviral vector G2, con-
taining the human glucocerebrosidase ¢DNA driven by
Maloney murine leukemia virus long terminal repeats
(LTR), Krall ef al'® reported that retrovirally transduced
murine BM cells can repopuiate up to 20% of the total
microglia, but the majority (approximately %0%) of cells
appear to be perivascular microglia and only 5-10% par-
enchymal microglia. This shows that significant numbers
of cells are capable of infiltrating the CNS after BMT, but
it does not reveal how much microgliai expression is
required to achieve a therapeutic effect in neuronopathic
types of disease.

For many genetic diserders such as sickle cell anaemia
and « and f thalassaemias, it is important to correct the
defect by providing a functional single copy of the dis-
eased gene. Introduction and expression of more than
one copy leads to pathology, for example, precipitation
of overexpressed unpaired @ or B globin chains, results
in red cell lysis and anaemda. It seems that overexpression
of human B-glucecerebrosidase (up to 15 copies in our
experiment) did nrot cause any pathology in transgenic
mice. There i$ no reason to suspect that the levels of enzy-
matic activity measured in pilro cannot be directly related
to the amount of active enzyme in vive. It is therefore
reasonable to assume that overexpression will not cause
any harmful effect in patients.

In type 1 Gaucher disease, accumuiation of glucocere-
broside is mainly restricted to bone marrow-derived
macrophages outside of the CNS, and therefore type 1
disease would be a good candidate for somatic gene ther-
apy using this construct. The observed beneficial
response after allogenic BMT in patients with type 1 and
type 3 Gaucher disease makes the transfer of the normal
glucocerebrosidase gene under the control of appropriate
LCR elements into HCSs followed by autologous BMT an
attractive approach to consider.
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Materials and methods

Construct

The gene for human B-glucocerebrosidase was isolated
from plasmid PCN 9RI {a genercus gift from E Ginns,
Bethesda, MD, USA) as a 9.7 kb BamHE-EcoRV fragment
using RecA-mediated single site cleavage® 1o cut
uniquely at the BamHI site in exon 1 of the gene, before
the ATG. The sequence of the oligo used to protect the
BamHI site was as follows: 5-CTCTCGAAGGATAGAG-
GATCCACTAAACAAAAACAAGGA-3  (BamHI  site
undertined). The fragment was subclened into BamHI~
EcoRV of pBS II SK* (Stratagene, La jolla, CA, USA}
resulting in plasmid pBSBglu. The mouse H2-[ Fa? gene
was deleted from cosmid 32.1'® by the removal of a 10 kb
Poul-Xhol fragment. The remaining 25 kb fragment con-
taining the 5 DNasel hypersensitive sites of the mouse
MHC ¢lass II Ea® LCR was blunted using Klenow and
ligated to the blunted 9.7 kb Notl-Clal human B-glucocer-
ebrosidase fragment from pBSBglu resuiting in the
cosmid MHCclassIl/iglu.

Generation of lransgenic mice

A 35kb Nrul fragment from cosmid MHCclassll/Bglu
was purified using a NaCl gradient.” The fragment was
microinjected into fertilised mouse oocytes (FVB x FVB}
at a concentration of 4 ng/pl. Injected eggs were trans-
ferred into pseudopregnant mice and transgenic off-
spring tdentified by Southern blot analysis of tail DNA.#
When using the whole cosmdd as a probe, the labelled
probe was prehybridised with sonicated genomic mouse
DNA to prevent cross-hybridisation with repetitive
sequences in the genome. For estimation of copy number,
equal amounts of BumHI-digested, transgenic mouse and
hurnan genomic DNA were Southern blotted and the blot
probed with a probe taken from exon 10 of the human
B-glucocerebrosidase gene (almost identical to the mouse
sequence). The probe was cloned as a 150 bp Asp718-
BsrFl fragment inko Asp718/Xmal of pBS H SK~ and cut
out as a 250 bp BssHII fragment. Quantification was car-
ried out using a Phosphor Imager (Molecular Dynamics,
Sunnyvale, CA USA), taking into account the relative
genome sizes of mouse and human and the fact that the
human and transgenic line 15 samples were homo-
ZYgOous.

In vitro cullure of murine macrephages

Two-month-old transgenic and nontransgenic mice were
injected intraperitoneally with 0.5 ml of 3% Thiogycolate
(Sigma, Zwijndrecht, The Netherlands) in phosphate-
bulffered saline {PBS). Mice were killed 4 days later. Per-
itoneal macrophages were collected by flushing the per-
itoneal cavity several times with PBS, using a Pasteur
pipetie. For bone marrow-derived macrophages, mouse
femurs were cleaned, cut open and the bone marrow
removed by injection of PBS through a needie. A single
cell suspension was made by pipetting the cells up and
down. For spleen-derived macrophages, a single cell sus-
pension was made in PBS by passing the tissue through
a 100 pm mesh. All the samples were centrifuged for 5
min at 95 g and the cells plated on coverslips in 3ecm
dishes in Iscove’s modified Dulbecco’s medium (Sigma)
with 10% FCS and 10% L-celi conditioned medium as a
source of M-CSF. L-cell medium was harvested when



Expression of f-glucocerebrosidase in APC

cells were almost confluent, the supernatant was centri-
fuged, filtered and added to macrophage cultures.

Immunccytochemistry

Different organs from nontransgenic and transgenic mice
were embedded in Tissue-Tek (Sakura Finetek Europe,
Zoecterwoude, The Netherlands) and frozen in liquid
nitrogen. Cryostat sections, 7 pm thick, were air dried
and fixed in 3% paraformaldehyde (PFA) in 0.1 M sodium
phosphate buffer pH 7.4 for 10 min. Cells were permea-
bilised and endogenous peroxidase activity blocked by
incubation in 0.3% H,O, in methanol for 20 min. Sub-
sequently, slides were washed in PBS™ (PB5/0.5%
BSA/0.02 m glycine). Slides were incubated at 4°C over-
night with rabbit polyclenal anti-human B-glucocerebro-
sidase antibody R386 (1:500 dilution), washed in PBS* sol-
ution for 10 min and incubated for 30 min at room
temperature with horseradish peroxidase {HRP)-conju-
gated swine anti-rabbit Ig (1:100) {DAKO, Glostrup,
Denmark}. Slides were washed in PBS* for 10 min and
exposed for 5-10 min to Peroxidase Substrate (3,3™Diami-
nobenzidine Tetrahydrochloride {DAB) tablets; Sigma).
After washing in PBS stides were counterstained with
hematoxylin, washed again and mounted in medified
Aquamount meuntant (BDH, Poole, UK).

For staining of cultured macrophages, coverslips with
adherent cells attached were taken from culture dishes
after 7 days of culture and washed once in PBS and once
in PBS* Cells were fixed in 3% PFA in 0.1 M Na phos-
phate buffer pH 7.4 for 10 min and directly transferred
into 100% methanol at room temperature for 20 min. The
coverslips were washed bwice in PBS* before incubating
with the antibodies for 45 min. R386 was used at 1:500
dilution. The rat monoclonal antibodies MOMA-2 and
F4/80 (a kind gift from Peter Leenen, Erasmus Univer-
sity, Rotterdam) were used as undiluted cultured super-
natants. The samples were washed three times in PBS*
and incubated for 30 min with goat anti-rabbit IgG-FITC
antibody (1:100} {Sigma} and /or denkey anti-rat IgG-cy3
(1:100). After washing in PBS, coverslips were mounted
in Vectashield mount (Vector Laboratories, Burlingame,
CA, USA) containing 0.75 ng/ml DAPI and analysed
under the fluorescence microscope {(Leitz, Wetzlar,
Germany).

B-glucacerebrosidase enzymalic aclivily assay

Enzyme activity was assayed in the spleen, liver and
brain of fransgenic and noniransgenic mice, Spleens were
made into single cell suspensions and liver and brain
were hormogenised. The spleen cells were washed three
times in phosphate-buffered saline {PBS) and the pellet
dissolved in 200 pl PBS. All samples were then sonicated
for 3s. Triton X-100 was added fo a final concentration
of 0.1%. Cell debris was removed by centrifugation for
10 min at 16 000 ¢ at 4°C. Supernatants were transferred
into new tubes and the protein concentration was meas-
ured using Coomassie Plus protein assay reagent {Pierce,
Reckford, IL USA). Immunoprecipitation was performed
using the monoclonal antibody 8E4 MoAb™** (diluted
1:2500. 100 ug of protein extract and 30 pl of Protein G
Sepharose (Pharmacia Biotech, Uppsala, Sweden) were
incubated with the antibody in PB5/0.5% BSA, in a total
volume of 500 pl at 4°C overnight on a rotating wheel.
The beads were washed six tirnes in PBS/BSA (10 s spin
at 16 000 g3, After the last wash the beads were carefuily

drained and resuspended in 40 ul of assay medium con-
taining 5 my 4-methylumbeltiferyl-B-o-glucopyranoside
(Sigma} in substrate buffer (0.2 M sodium phosphate-cit-
ric acid buffer pH 5.8, 0.15% Triton X-100, 0.3% synthetic
sodium taurocholate (Sigma)). The beads were incubated
at 37°C for 1 h. The reaction was terminated by adding
200 ul of sodium carbonate buffer pH 10.7. Samples were
centrifuged and 200 ul of supernatant was used for
measurement of 4-methylumbelliferone in a fluorimeter.
As a standard 750 pmol 4-methylumbelliferone (Sigma)
was used.

DNA FISH analysis

Extracted bone marrow was cultured for 24 h in RPMI
medium (GIBCC BRL, Breda, The Netherlands). Chromo-
some preparations were made according to standard pro-
cedures, FISH was carried out as described by Mulder ¢/
al*3 The entire 35 kb Nrd injection fragment was used
as & probe, The probe was labelled with dioxygenin and
immunechemically detected with FITC. The DNA was
counterstained with DAPIL.

RT-PCR

For RT-PCR analysis, RNA was isolated from different
tissues using the Ultraspec RNA isolation system (Bioteex
Laboratories, Houston, TX, USA). cDNA was synthesised
in a 50 pl reaction using reverse transcriptase {Super RT;
HT Biotechnology, Cambridge, UK} and an oligo{dT)
primer. PCR reactions were performed in 50 ul PCR
buffer (Life Technologies, Paisley, UK} with 1.5ma
MgCl,, 100 ng of each primer, 1 pl RT reaction, 0.2 mxt
each dNTPs and 2.5 U Tag DNA polymerase (Pharmacia).
Thirty cycles of amplification swere performed with dena-
turation at 94°C for 45 5, annealing at 60°C for 305 and
extension at 72°C for 45 5. PCR products were visualised
by electrophoresis on a 2% agarose gel. Primers specific
for the human B-glucocerebrosidase transgene were
used - forward primer: 5-GCCTTTGAGTAGGGTA
AGCA-3" and reverse primer: 5-AGGAGTGAAA
CGGGACGCCT-3", Primers specific for murine hypoxan-
thine phosphoribosyltransferase (HPRT) were §5'-
CACAGGACTAGAACACCTGC-3 and 5-GCTGGTGA
AAAGGACCTCT-3
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ABSTRACT

We have developed a strategy for praducing single
copy transgenic mouse lines using Cre-foxP site
specific recombination. The method is based on
translent expression of the recombinase after injection
of in vitro transcribed mBNA into the cyloplasm of
fertilised eggs containing multiple copies of the
transgene. The success rate of the recombination
event is 100% (15 out of 15},

The Cre-loxP recombination system of Bacteriophage Pl is a
powerful too! for targeting and excising DINA sequences from the
genome of higher eukaryotic organisms both in vitre (-3} and in
vive (4-6). Cre recombinase is a 38 kDa protein that mediates site
specific  intramolecular and  intermolecular  recombination
between 34 bp repeats termed loxP sites, in the absence of
additional cofactors. The process is reversible, but the integration
i5 less efficient due to ongoing excision. In the case of
intramolecular recombination, DNA flanked by two directly
orientated JoxP sites is efficiently excised leaving a single loxP
site in the genome. If the /oxP sites are in opposite orientation the
segment is inverted,

In transgenic mice, the expression level of the transgene
depends on the regulatory elements in the constuct, its
integration site in the genome and the number of integrated
transgenes, However, in many cases it is necessary to compare the
expression level between single copy transgenic mice (such as the
testing of gene therapy construcis which would be present in the
host genome as single copies) (7). Thus, it has become common
praciice to intreduce a /oxP site into the DNA construct that is
microinjected to obtain transgenic mice. Muktiple copy ransgenic
lines are usually reduced in copy number by injecting a plasmid
expressing Cre (8) into their fentilised eggs. The disadvantage of
this method is the possibility that the plasmid sequences may be
present for many generations and infegrate into the mouse
genome. In addition, and in contrast to published results, in our
hands it does not have a 100% efficiency. Finally, the
recombination event has to take place as soon as possible to avoid
mosaicism. We therefore tested the injection of Cre RNA as an
altemative.

IRES

Cre
AMP

Sl

Figure L. (A) Map of T7-IC used for the iz vitro transcription of IRES-Cre
RNA. The Cre ¢DNA was amplified via PCR and cloned in the vector pGEM-T
(Promega). The IRES was derived from IRES-B-ge0 {17) and inmoduced 5 of
the Cre gene. (B} Analysis of tanslation product of IRES conlaining mRNA.
RNA template was translated in a rabbit reticulocyte lysate and the translation
product was analysed on a [2 5% SDS-polyacrylamide gel. The migration of
protzins of known melgcular weight is indicated in kDa

It has been shown previously that picorna virus mRNAs have
a specialised 5”7 non-translated region called the internal
ribosomal entry site (IRES) that allows cap-independent
translation (9-12), In vitro studies have been done using the
picorna virus 3" NTR and heterologous protein-coding sequences
under the control of a bacteriophage T7 or T3 promoter (13,4).
The EMCV 5 NTR IRES was shown to function in mouse
embryos as well as inembryonic stem cells (15), Here, we present
a method for efficient removal of transgenic sequences from
fertilised mouse cocytes by site specific recombination cecuming
after cytoplasmatic microinjection of an ir vitro transcribed
IRES-Cre mRNA.

Cre ¢DNA was PCR amplified using pMC-Cre as a template
(16; gift from K. Rajewsky) and subcloned into pGEM-T vecior
(Promega, Madison, WI) resulting in the plasmid pGEM-T-Cre.
From the plasmid IRES-fgeo (17 gift from PMountford) the
IRES was cut out as a 600 bp NotI-blunted Neol fragment and
subcloned into Sphl-blunted Neol site of pGEM-T-Cre, resulting
in the plasmid T7-IRES-Cre (T7IC) (Fig. 1A).

T7IC DNA was Sall linearized and transeribed in vitre with T7
RNA polymerase as deseribed (18). The DNA template was

*Ta whom corespondence should be addressed. Tel: +31 10 408 7169: Fax: +31 10 436 0225 Email; grosveld@chl.fgg.cur.nl
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Figure 2, (4) CAG-CAT-Z construct (8) contining the chicken B-actin (CAG)
promoter separated from the facZ gene by the CAT gene, before and afier
recombination. EcoR1 (RI) and EcoRV (RV) sites are Indicated. Armmow heads
represent the foxP sites {B) H54-B-lox constuct shown as a 6.3 kb Clal-Prudl
fregment. condaining hypecsensitive site four of the human §-globin LCR and
the §i-globin gene with—800 promoter. Clal (C), BamHB1{B), HirdHI{H). EcoR1
(RI). Not] (N} and Pradl (P} sizes are indicated. {C) Thy-JoxP construct shown
as a 1.4 kb Apal fragment. containing parts of exon 4 and intron 4 of the mouse
Thy 1.2 gens. Apal {A) and BamHl (B} sites are indicated. (D) Southern blot
analysis of FeoRI digested 1zil DNA from raulti copy {mc) and singlz copy (s¢)
animals of line CAG-CAT-ZI6. Before recombination the 4.4 kb band
corresponds to an EcoRI fragment of the unrecornbined ransgene and after
racombination the 3.1 kb FreR) band indicates that the CAT gene was
recombined out. A 2.0 kb EcoRV-LroRI LacZ fragment was used as a probe.
The Southern blot was rehybridized with a Thy 1.2 probe as an intemal control
for loading (lower pancl), Flease note thag lane s¢ contains twics the amoum of
DNA as fane me. (E) Southern blot analysis ¢f EcoR] digestad tail DNA from
me and sc znimals of line HS4-B-foxP. After hybridisation with 2 900 bp
BamHI-EcoR] fragment of the human B-globin gene, 4 6.3 kb band that
represents the head-to-tail repeats of the wansgene {approximately two copies)
and rwo smatler fragments are seen. After recombination only the 6.3 kb band
is seen, with an inlensily compatible with a single copy. Lower panel shows
loading contre! as in (D). {F} Southem blot analysis of BamHI digested tail
DNA from me and s¢ animals of lineThy -foxP. Before recombination. a 1.4 kb
band is seen representing the head-o-ail amanged repeats of the transgena (~10
copies) after hybridisation with the complete transgene. After recombination
only the to end-fragments are left. Lower panel shows loading control as in Dr.

removed by treatment with 10 U RNase-free DNase for 15 min
at 37°C and the reaction was terminated by adding stop mix
(10mM EDTA and 04% SDS final concentration). The
manseript  was  purified by sequential  phenol/chloroform
extracticn and ethanol precipitated twice with NHsAc at a final
corcentration of 0.4 M. Ta confinm that the ranscription product
encoded a protein of the expected molecular mass, the RNA was
translated in a reticulocyte lysate system (Promega). A band of
~38 kDa was detected cormrelating with the correct size of the Cre
pratein (Fig. 1B).

Multiple copy transgenic lines were established by injecting
three different DNA constructs. A 7 kb Safl-Pstl fragment of
pCAG-CAT-Z (Fig. 2A) (8; gift from P.Vassalli) resulted in three
lines (#12, 16 and 18) having three, 1wo and three copies
respectively in a head to (ail armangement. One HS4-B-loxP
ransgenic mouse line (having two copies of the wransgene in a
head to fail arangement}, was generated using a 6.3 kb
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Figure 3. X-Gal staining of two- and four-cell stage embryos of CAG-CAT-
Z16, recombined or not recombined. Fertilised eggs were collectad from FYB
females mated with heterozygote CAG-CAT-Z16 males and IC mRNA was
injected into the cytoplasm at a concentration of § ng/ul. After incubation (3%
COn. 37°C) for 24 or 48 h, two- and four-cell stage embryos were stained.
{A} Injected ransgenic £ggs {12) were positive ard injected non-transgenic £pgs
{3)as well as{B} uninjected ransgenic ezas (%) were negative for X-gal staining.

Clal-Pvull fragment containing hypersensitive site 4 of the
human §-globin LCR, the B-globin gene with 800 promoter
followed by a loxP site downstream of the gene (Fig. 2B). One
Thy-foxP transgenic mouse line (having ~10 copies of the
transgene in a head to tail arrangement), was generated using a
1.4 kb Apal fragment containing parts of exon 4 and intron 4 of
the mouse Thy 1.2 gene with a JoxP site ¢loned in the Stul site
{Fig. 2C). All fragments were injected as described (7).

Non-transgenic FVB females, 3 weeks old, were superovulated
and mated with heterozygous mulli copy transgenic {CAG-CAT-
Z, HS4-B-loxP or Thy-loxP) males, Fertilised cocytes were
collected and [RES-Cre (IC) mRNA was microinjected into the
cytoplasm at a concentration of 5 ng/l, Puring microinjection
the RNA was kept on ice and the needle was changed every 25-30
eges. Injected and non-injected eggs from CAG-CAT-Z lines,
were incubated in M16 medium for 24 h {two-cell stage) or 48 h
(four-cell stage) at 37°C in 5% CO; (50% survival rate}).
Recombination results in rernoval of the CAT gene between the
foxP sites and [i-galactosidase expression (8) (Fig. 2A). From
seven independent injection experiments in the three different
CAG-CAT-Z wransgenic lines, 45% of the eggs injected with IC
mRNA developed to twe- or four-cell stage and stained for
B-galactosidase as expected from Mendelian distribution
(Fig. 3A). Non-transgenic eggs (Fig. 3A) or non-injected
transgenic eggs (Fig. 3B) were negative for B-galactosidase.
These results show that by injecting [C mRNA into murine
oocytes, Cre recombinase is expressed at a sufficient level to
perform site-specific recombination. In experiments with all three
lines, we have seen that not ali the cells of the dividing embryo
were f3-galactosidase positive, as previously reported (8). This
was seen in both two- and four-cell stage embryos. When
trensferred into pseudopregnant BCBA foster mothers and
stained for B-galactosidase at day 16 p.c. embryos showed a
ubiquitous staining pattern (data not shown). This suggests that
the recombination event is an easly process although not
instantaneous,

IC mRNA injected eggs were also transferred into the oviducts
of pseudopregnant female BCBA mice. Tail DNA was examined
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by Southern bloting, Complete recombination oceurred in all the
lines (15/15) and resulted in single copy transgenic mice, The IC
sequences were not integrated into the genomes of any of these
transgenic mouse lines.

We have found that injecting IC mRNA is more efficient than
injecting the plasmid pCAGGS-Cre as previously described (8).
Using the ‘plasmid methed’ and injecting DNA at a concentration
of 5 ng/ful we have seen complele recombination but also a
significant number of partial recombination events {3 out of 11}
using the same multicopy transgenic lines,

Using RNA (by injection or otherwise) to deliver genetic
material to cells, rather then DNA, would also be of great interest
for gene therapy protocols. In this way, the necessity of delivering
DNA to the nucleus, currently ene of the main obstacles in
nort-viral therapy protocols to achieve successful gene
expression, could be avoided.
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Concluding remarks and future prospects

The data described in Chapters 2-5 has already been discussed
separately. In this section I will give an overview of the work presented in
this thesis and point out conclusions and lines of research emerging from it.

The projects appear very different in nature but they are based on a
common theme, namely the improvement and exploitation of
transcriptional studies, in particular LCR based expression. Thus
investigating the potential of a new enzyme/prodrug system in vivo for
future anticancer therapies (see Chapter 2); testing possible gene therapy
constructs in transgenic mouse models for two different inherited genetic
disorders in men, namely XLA immunodeficiency (see Chapter 3} and
Gaucher lysosomal storage disease (see Chapter 4); and using a new
methodology for producing single copy transgenic mice for the purposes of
therapeutic constructs comparison (see Chapter 5) all have one common
goal, which is to test and eventually to use LCR clements in gene therapy.

In transgenic studies, LCRs provide position independent, copy number
dependent expression of the linked genes at levels equivalent to the
appropriate endogenous gene(s). Most of the functional data and research
into mechanisms of LCR action arise from studies of the [3-globin LCR and
the CD2 LCR (see Chapter 1), Extensive deletion analysis was performed
and transcription and expression monitored at the single cell level. It was
concluded that only a complete LCR is capable of opening the locus into a
fully active chromatin configuration in all of the targeted cells {(e.g. all
erythroid precusor cells when using B-globin LCR or CD2" cells when
using CD2 LCR). An incomplete LCR loses this property when integrated
info heterochromatic regions, resulting either in classical PEV and
expression in a clonal subpopulation of cells, or in a cell timing effect
where the gene is transcribed in all of the cells but not at all times
(Festenstein ef al. 1996; Milot et al. 1996). One of the future goals for
gene therapy is to have a therapeutic gene correctly expressed regatrdless of
the chromosomal integration site. As yet transgene integration cannot be
controlled. Therefore, with considerations for PEV and cell timing effects
on LCR mediated gene expression for gene therapy, it is necessary to
define what constitutes a complete LCR in each particular case. The MHC
class II Ea gene L.CR, described in the Intoduction and in this thesis
research, has not been extensively characterised for this effects (Carson and
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Wiles 1993). In the studies presented here thesis this LCR was tested in the
context of two different heterologous genes, expression of which was
followed in detail. As the appropriate elements are defined for each LCR, it
may even be desirable to target the transgenes into heterochromatic regions
in order to avoid possible problems with insertions into transcriptionally
active euchromatin. Until now, attempts to improve illegitimate
recombination, (ie non-homologous DNA integration) by using repetitive
DNA (namely mouse minor satellite) sequences added to both sides of
transgenic constructs have not given positive results (Drabek and de Wit,
uanpublished data).

In order to obtain efficient expression of an exogenous gene, it is not
only necessary that the gene is transcribed efficiently, but also that it
produces stable transcripts. If the compiete transcription unit of a gene is
used (see Chapter 5 where the B-glucocerebrosidase gene was used), this
will not be a problem. However, many genes have a very large transcription
unit and it will often be necessary to use a “minigene” constructed from a
cDNA (see Chapter 3 where the Btk cDNA was used) in such a way that it
produces a stable transcript. The question is what are the requirements for
the stability? It is known that the majority of eukaryotic mRNAs need the
addition of a poly—A tail at the 3’ end of the mRNA for transcript stability
and export from the nucleus (reviewed in Proudfoot 1991).

The other major processing event required for the conversion from
primary transcript to mRNA is the removal of introns. There is a
substantial amount of data supporting the role of introns in transcript
stability (Palmiter er al. 1991; Jonsson et al. 1992; Jonsson et al. 1994;
Nesic et al. 1993; Nesic and Maquat 1994; Antoniou et al. 1998).
Therefore it is advisable to include at least one intron in a gene that is to be
expressed in human tissues.

Which intron is best for gene constructs for therapeutic purposes?
Although heterologous introns can enhance expression of transgenes in
mice (Palmiter ef al. 1991), there is no ideal universal intron as such. The
best choice would be to use natural introns if possible. Even then, there
may be a requirement for specific introns. In contrast to reports that the
first intron of rat growth hormone is essential for high level growth
hormone expression (Palmiter ef al, 1991), the human B-globin gene, for
example, fails to produce stable transcripts in erythroid cells unless the
second intron from the very same gene is included in the transcriptional
unit {Collis er al. 1990). The requirement cannot be substituted by the first
intron or by introns from other genes, implying that the second (and last)
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intron of the B-globin gene possesses unique structural features (in the
terminal 60 nucleotides of BIVS 1II) which allow it to enhance the
efficiency of 3’-end formation (Antoniou et al. 1998). There are also other
examples that support the importance of the last intervening sequence of
multiple intron containing genes for efficiency of 3" end formation (ie. the
last intron of the 7 exon triosephosphate isomerase gene) (Nesic ef al.
1993; Nesic and Maquat 1994). It should also be taken into account that
some introns could improve expression of transgenes by other mechanisms.
They may contain enhancers or other cis-acting elements which bind
proteins that influence transcription (reviewed in Mitchell and Tjian 1989;
Jonsson et al. 1994) or contain the sequences that facilitate opening of
chromosomal domains, perhaps by affecting nucleosome composition,
position, or higher-order packaging (reviewed in Svaren and Chalkley
1990).

The choice of the expression cassette containing the heterologous BIVS-
I in combination with Btk cDNA (Chapter 3) was probably not ideal, since
not all of the transgenic mice expressed, although when expressed, Btk was
restricted to the appropriate cell type (B-cells, thymic epithelial cells,
macrophages). When the same LCR elements and promoter were linked to
genomic sequences of the B-glucocerebrosidase gene (Chapter 4) all
transgenic mice expressed the gene. These observations led to the
employment of a new strategy applied to transgenic constructs used for
further investigation of the E41K mutated form of Btk (Dingjan ef al.
1998). The new constructs contained the first three exons of human BTK
as cDNA sequence followed by a genomic DNA fragment encompassing
exons [3-19. In this way 16 out of 18 intron segments together with 3’UTR
were included, resulting in high level Btk expression. It seems likely that
the modified transgene contained endogenous regulatory elements of the
Btk gene, since Btk intron sequences contain multiple clusters of extensive
conservation between mouse and man, one of which (a 229 bp region in the
fifth intron), showed co-localisation with a Dnase I hypersensitive site
present in B but not T cells (Dingjan et al. 1998). In conclusion, the
importance of 5’and 3’ controlling sequences, intronic sequences and the
existence of distant locus-specific regions all favour the use of large DNA
constructs for the maintenance of normal control of gene expression.

In Chapter 2 a new enzyme/prodrag system is tested for a possible
“suicide gene” approach to cancer therapy. Since the NTR/CB1954 system
was reported to function in mammalian cells in vifro (Bridgewater ef al.
1995), our main goal was to test its specificity and a possible bystander
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effect in vivo. For this purpose we needed an animal model where
nitroreductase is expressed only in one specific tissue, the fate of which we
can easily monitor after the systemic application of CB1954. Most of the
data on the CD2 LCR (Greaves ef al. 1989, Lang et al. 1991; Festensein et
al. 1996; Kaptein et al. 1998) has come from studies on expression of
cukaryotic genes (CD2, 3-globin, ADA), thus a bacterial gene such as NTR
under its control was novel. After introducing the optimal sequence for
initiation by eukaryotic ribosomes (Kozak 1986), the bacterial gene was
placed in the CD2 L.CR expression cassette (for more details see Chapter
2). Transgene expression, when detected, was confined to the expected
cell types: T cells and thymocytes. Enzyme expression did not affect cells
in the absence of the prodrug. After its administration, cells expressing the
NTR enzyme were able to convert the non-toxic prodrug to a cytotoxic
drug, resulting in highly specific killing of T cells and thymocytes,
Although, in our cell culture experiments a bystander effect was not
observed (probably due to the very small percentage of cells expressing the
enzyme and lack of intimate cellular contact between expressing and non-
expressing cells), results from in vivo studies suggest its occurrence in
spleen, where not only T but also B cells were affected. NTR-mediated
ablation by CB1954 involves apoptosis.

Another selective cell ablation in transgenic mice expressing E. coli
nitroreductase was reported (Clark ef al. 1997). The gene was expressed in
luminal celils of the mammary gland of transgenic mice using the tissue
specific P-lactoglobulin promoter. Only one transgenic mouse line
expressed NTR at sufficient levels. The expression pattern was mosaic
(variegated), but killing of the targeted cell type was nonetheless achieved.
In cell-lincage ablation therapies the aim would be to minimise the
bystander effect whereas in therapies for tumour destruction the aim would
be to maximise the response. It is obvious that further research in this field
will be directed towards: investigating the requirements for a bystander
effect in vivo, development of tumour models where the efficacy of the
system can be evaluated (ie. McNeish er al. 1998), investigation of
aiternative and maybe more effective prodrugs for use with E coli
nitroreductase (Bailey ef al. 1996) and development of appropriate gene
delivery methods (both viral and non-viral) for solid tumours. At this time,
even anaerobic bacteria are being considered as a potential gene delivery
system {(Lemmon et al. 1997).

In Chapters 3 and 4, the role of gene therapy in correction of hereditary
diseases is studied. XL.A is one of the most frequently occuring inherited
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immunodeficiencies and Gaucher disease is the most frequently occuring
lysosomal storage disease in man. XLLA, caused by Btk deficiency, affects
only the B cell lineage (see Chapter ). The results of Hendriks et al. (that
the first selective disadvantage of Btk B cells in mice occurs at the
transition from pre-B to B cells) suggested that correction of the xid
phenotype might be possible by expression of Btk from the pre-B cell stage
onwards. Indeed, transgenic expression of human BTK corrected the xid
defects, as indicated by the appearance of normal proportions of mature
IgM"™ 1gD"" ciyculating B-cells, CD5* cells in the peritoneum, restored
serum IgM and IgG3 levels and B-cell responses to TI-II and TD antigens
in vivo or LPS in vitro. The fact that transgenic human Btk can compensate
for the absence of murine Btk indicates that the essential sites for Btk
interaction with other signal transduction components are conserved
between the two species. Due to the use of the murine MHC class II LCR,
expression of the transgene is confined to class II positive cells in a
developmentally regulated manner. BTK is expressed only from the pre-B
cell stage onwards. It is also expressed in the macrophage lineage. Our
results suggest that the BTK gene does not need to be introduced into the
very small population of haematopoietic stem cells (see Chapter 1) to
restore B cell development in XLA patients. If gene could be transferred to
any of the B lymphoid precursors up to the small pre-B cell stage, the
possible target cell population would increase approximately 1000 times.
There are other advantages that make XLA an attractive target for gene
therapy. Bone marrow cells are easily accessible for ex vivo manipulation
(Chapter 1) and there is an obvious selective advantage for B cells that
have been corrected. In addition Btk expression only needs to be transient,
since Btk is not required in plasma cells (De Weers et al. 1993).

In Chapter 4, the same murine MHC class I LCR was used to drive the
expression of human [-glucocerebrosidase in B-cells, dendritic cells,
thymic epithelial cells and macrophages in various tissues. In Gaucher
disease, macrophages are particularly affected. In the absence of
functionally active B-glucocerebrosidase they accumulate the undigested
glucosylceramide substrate. Gene therapy offers an alternative treatment in
which improvement of the disease symptoms will require at least the partial
replacement of the defective macrophages by gene corrected cells, in
conjunction with sustained expression of the gene. This approach is
promising for lysosomal storage diseases with slower onset but probably
not applicable to type 2 Gaucher disease (acute neuronopathic form) due to
the severity of neuronal impairment during fetal development. There is
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another problem to take into account and that is the repopulation capacity
of bone marrow derived macrophages after successful ex vivo genetic
manipulation. Retrovirally transduced murine BM cells can repopulate
macrophages and central nervous system microglia 3-4 months after bone
marrow transplantation (Krall er al. 1994). Although up to 20 % of the total
number of microglia are repopulated, the majority (approximately 90 %)
of cells are perivascular and only 5-10 % parenchymal microglia. The
question that remains (o be answered is how much microglial expression is
required to achieve a beneficial effect in neuronopathic types of disease.
The transgenic mice described in Chapter 4 do not express the human
enzyme in parenchymal microglia, but they do express it in perivascular
macrophages. Crossing of our transgenic mice with the murine -
glucocerebrosidase deficient mouse (Tybulewicz et al. 1992) does not
reveal fo what extent the Gaucher phenotype could be “rescued”
(unpublished data). Differences in skin biology between mice and humans
are the limiting factor (see Chapter 1). The mice still die soon after birth,
most probably as a consequence of a still compromised epidermal
permeability barrier, since our (ransgene is not designed (o rescue
epidermal GC activity.

In Chapter 5 we describe a new method of injecting Cre RNA into
mouse oocytes for the purposes of single copy transgenic line generation.
Possible applications of this method have already been discussed (see
Chapters 1 and 5). The same approach could be applied to the Flp
recombinase although the recombination process is less effective, probably
due to a specific temperature requirement when not using a termostable Flp
mutant {Drabek and de Wit, unpublished data). The results obtained with
different RNAs prompted investigation of the possible use of RNA in gene
therapy (in cases where transient expression of a gene would be sufficient).
However, there are many questions that remain to be answered (i.e. RNA
stability, how much protein is needed for a therapeutic effect to be seen,
what is the best way of introducing the RNA into cells elc),
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Summary

Summary

Gene therapy offers new opportunities to treat human diseases, either by
restoring gene functions that have been lost through mutations or by
introducing genes that can inhibit the replication of infectious agents,
render cells resistant to cytotoxic drugs, or cause the elimination of
aberrant cells, Although the concept may appear to be elegantly
straightforward and a direct application of recombinant DNA technology,
research has indicated that successful implementation of gene transfer in
the clinic will require the co-ordinated development of a variety of new
technologies and the establishment of unique interactions between
investigators from divergent medical and basic science discipiines.

In addition to problems related to the effectiveness and safety of gene
delivery, a new set of problems emerged when expression of integrated
DNA from various promoters was studied in transgenic animals or in
model gene therapy experiments using viral vectors in animals. Promoter-
enhancer combinations that worked well in transient expression or even in
stable transfection experiments in cultured cells, often work poorly or not
at all in whole—animal experiments. Individual mouse lines with multicopy
transgenes exhibit expression levels that have no relationship to the
number of integrated copies, indicating that the site of integration played
an important role. This implied negative effects imposed by most
chromosomal locations and/or insufficiency of cis-acting elements fto
activate transcription irrespective of integration site. The identification of
regulatory elements, termed locus control regions (LCRs) that were able to
overcome such position effects was a major discovery. LCRs can direct
high levels of tissue-specific and developmentally controlled expression of
a transgene irrespective of the chromosomal site of integration. The work
described in this thesis utilises these properties of LCRs to establish animal
models to test possible gene therapy constructs.

Transgenic mice expressing nitroreductase (see Chapter 2) express the
enzyme in a tissue specific manner only in T-cells due to the use of the
human CD2 LCR. In this way we generated a mouse model where the new
enzyme/prodrug system could be tested for the first time in vivo, and its
specificity, toxicity and possible bystander effect evalvated. Our results
showed that system works efficiently in vivo and that there is a potentially
useful bystander effect. They showed that more extensive toxicity studies
have to be performed to establish therapeutic window.
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Transgenic mice expressing human Btk (see Chapter 3) or human beta-
glucocerebrosidase (see Chapter 4) express the enzymes in a tissue specific
and developmentally controlled manner. Due to the use of a murine MHC
class TI LCR, transgenes are expressed in all of the MHC class II positive
cells (B-cells, macrophages, dendritic cell, thymic epithelial cells). Rescue
experiments showed that the Btk™ phenotype in the mouse is corrected by
expression of human Btk from the pre-B cell stage onwards. This finding
might have some implication for future gene therapy designs for X-linked
agammaglobulinaemia in humans. However, the murine class II LCR does
not result in expression in microglial cells, which could be a major obstacle
when considering therapy for a lysosomal storage disease that involves the
central nervous system ie. Gaucher type 2 disease. Taken together, both
animal models are valuable. They demonstrate that by using suitable
constructs, gene augmentation is feasible as a curative treatment,
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Samenvatting

Gentherapie biedt nieuwe mogelijkheden om ziektes te behandelen.
Een verloren gen functic als gevolg van DNA mutaties kan worden
hersteld, de vermenigvuldiging van pathogenen kan worden geremd of
cellen kunnen resistent gemaakt worden tegen cytostatica of schadelijke
cellen kunnen worden gedood. Alhoewel het principe een elegante en
eenvoudige directe toepassing lijkt van DNA recombinant technologie, is
uit onderzoek gebleken dat de succesvolle toepassing van gen overdracht
in de kliniek de gecodrdineerde ontwikkeling vereist van een aantal
technologieén en unieke interacties tussen onderzoekers met een
verschillende klinische en/of wetenschappelijke achtergrond.

Naast de problemen voor wat betreft de effectiviteit en veiligheid
van gen overdracht, zijn een aantal nieuwe problemen naar voren
gekomen toen de expressie van geintegreerd DNA werd bestudeerd in
transgene muizen of in model gentherapie experimenten met virale
vectoren in proefdieren. Combinaties van promotoren en enhancers, die
goed tot expressic komen in transiente of zelfs stabiele (transfectie
experimenten, fanctioneren vaak slecht of helemaal niet in dierproeven.
Muizen die meerdere kopiegn van een transgen bevatten, vertoonden
expressieniveans, die niet correleerden met het aantal geintegreerde
kopieén. Dit gaf aan dat de plaats van integratie in belangrijke mate het
expressienivean beinvloedt. Dit impliceerde tevens dat er negatieve
effecten worden veroorzaakt door de meeste chromosomale posities van
integratie en dat de gebruikte cis elementen niet in staat waren om deze
negatieve effecten te overwinnen.

De ontdekking van Locus Control Regions (LCR’s), die in staat
zijn om deze negatieve effecten wel te overwinnen, was in dit verband
belangrijk. Het gebruik van LCR’s resulteert in hoge expressieniveaus
tijdens het gewenste stadinm van de ontwikkeling onafhankelijk van de
plaats van integratie in het genoom van de gastheer. Het werk dat in dit
proefschrift beschreven is, gebruikt de eigenschappen van LCR’s om
diermodellen te genereren, die geschikt zijn voor het testen van
gentherapie constructen.

Eerst worden transgene muizen beschreven die een in vivo model
zijn voor de behandeling van tumoren door de toediening van een
“prodrug”, die door het ingebrachte nitroreductase gen omgezet wordt tot
een agens dat DNA alkyleert met de celdood tot gevolg. Het nitroreductase
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gen wordt door het gebruik van de LCR van het humane CD2 gen
specifiek tot expressie gebracht in T cellen. De resultaten laten zien dat het
systeem effectief werkt en dat er een potenticel nuttig “bystander” effect
aanwezig is in vivo. De resultaten toonden echter ook aan dat uitgebreider
onderzoek naar foxiciteit noodzakelijk is om het juiste therapeutische
effect te bereiken.

Dit proefschrift beschrijft verfoolgens ook muismodellen voor de
behandeling van twee erfelijke ziektes, namelijk X-gebonden
agammagiobulinemia en ziekte van Gaucher. Het humane btk gen en het
humane glucocerebrosidase gen respectievelijk zijn op weefsel specificke
wijze op de juiste tijd van de ontwikkeling tot expressie gebracht d.m.v.
het gebruik van de muizen MHC klasse Il LCR. De transgen constructen
komen in deze muizen in alle MHC klasse II positieve cellen (B cellen,
macrofagen, dendritische cellen, thymus epitheel cellen) tot expressie.
Kruisingen van de muizen met het humane btk gen met btk negatieve
muizen laten zien dat het defect in B cellen gecorrigeerd wordt vanaf het
pre B cel stadinm. Deze bevinding zou toegepast kunnen worden voor de
behandeling van agammaglobulinaemia patiénten waarin het btk gen
gemuteerd is. De correctie van de lysosomale stapelingsziekte van Gaucher
die veroorzaakt wordt door een defect in het glucocerebrosidase gen, is
echter met dit constuct waarschijnlijk moeilijker te verwezenlijken. Het
MHC klasse II construct komt namelijk niet tot expressie in microglia
cellen hetgeen een belangrijk obstakel zou kunnen vormen voor de
behandeling van patiénten met Gaucher type 2, waarbij het centrale
zenuwstelsel wordt aangetast. Deze experimenten tonen daarmee het
belang van diermodellen aan, omdat zij laten zien wanner een
therapeutische behandeling door het introduceren een bepaald gen
construct wel of niet mogelijk is.
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