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Summary/Zusammenfassung 1

1A. SUMMARY

Lentiviral vectors (LVs) are vectors of choice for many gene therapy applications
since they mediate long term gene expression and can transduce dividing and non-
dividing cells. Recently, efficient targeting of LVs pseudotyped with the measles virus
(MV) glycoproteins has been reported. However, MV antibodies in patients might limit
the clinical use of these vectors. Thus, aim of this study was the development of
targeted LVs pseudotyped with the glycoproteins of Tupaia paramyxovirus (TPMV).
Since this animal paramyxovirus does not infect humans, no TPMV antibodies in
patients are expected. For efficient incorporation in LVs, the TPMV glycoproteins, the
hemagglutinin (H) and fusion (F) protein, were modified by truncation of their
cytoplasmic tails. Targeting was achieved by displaying a single-chain antibody
against the B cell surface marker CD20 on the H protein. The modified proteins were
biochemically characterized and tested for their functionality. Unexpectedly, it was
observed that an additional proteolytic cleavage of the F protein occurs during
activation, resulting in the fragments F1a, F1b and F2. The newly identified fragment
F1a was detected in virions and in supernatant of transfected cells. The F1a/F1b
cleavage site was mapped and a cysteine protease was identified as likely activating
protease. The data indicate that F protein processing is more complex than
expected.

After characterization, the modified TPMV glycoproteins were screened in all
combinations for their ability to form functional pseudotyped LVs. Most efficient
pseudotype formation was achieved with CT truncations of 80 amino acids (aa) for H
(HA80aCD20) and 32 aa for F (FA32) (titers ~ 10° t.u./ml). The resulting vectors
selectively transduced CD20-positive cells in a mixed cell population. Furthermore,
they mediated efficient gene transfer into activated and quiescent primary human B
cells. Neutralization assays showed that TPMV-pseudotyped vectors were not
neutralized by human sera containing MV antibodies.

In conclusion, it was demonstrated that targeted LVs pseudotyped with TPMV
glycoproteins can be generated and escape neutralization by MV antibodies.
Remarkably, the vectors are able to efficiently transduce even quiescent B cells.
Hence, they might be a valuable vector choice when systemic application of targeted

lentiviral vectors in humans is required.
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1B. ZUSAMMENFASSUNG

Lentivirale Vektoren (LV) sind fur viele Anwendungen in der Gentherapie besonders
gut geeignet, da das eingebrachte Gen Uber einen langen Zeitraum exprimiert wird
und sie mitotisch aktive und inaktive Zellen transduzieren konnen. Kirzlich wurden
zielgerichtete LV entwickelt, welche mit Masernvirus (MV)-Glykoproteinen
pseudotypisiert sind. Allerdings wirden MV-Antikdrper in Patienten die klinische
Anwendung dieser Vektoren wahrscheinlich erschweren. Deshalb wurden in dieser
Arbeit LV entwickelt, welche mit den Glykoproteinen des Tupaia paramyxovirus
(TPMV) pseudotypisiert sind. Da es sich dabei um ein fir den Menschen nicht
infektidses Tier-Paramyxovirus handelt, werden keine Antikorper in Patienten gegen
dieses Virus erwartet. Fur einen effizienten Einbau der TPMV-Glykoproteine in LV,
namlich das Hamagglutintin (H) und Fusionsprotein (F), wurden die
zytoplasmatischen Domanen (ZD) der Proteine verkurzt. Zielgerichteter Zelleintritt
wurde ermdglicht, indem ein einkettiges Antikdrper-Fragment (single chain antibody,
scAb) gegen das B-Zell-Oberflachenmolekal CD20 an das H-Protein fusioniert
wurde. Die modifizierten Proteine wurden biochemisch charakterisiert und auf ihre
Funktionalitat gepruft. Dabei wurde ein neues Fragment des F-Proteins detektiert
(F1a), das aus einer unerwarteten zusatzlichen Spaltung des F-Proteins stammt und
sowohl in Virionen als auch im Uberstand transfizierter Zellen nachgewiesen wurde.
Die entsprechende Spaltstelle wurde lokalisiert und eine Cystein-Protease als
wahrscheinlich aktivierende Protease identifiziert. Die Daten deuten darauf hin, dass
die Aktivierung des F-Proteins komplexer ist als urspringlich gedacht.

Die modifizierten Glykoproteine wurden des Weiteren in allen Kombinationen darauf
getestet, funktionale pseudotypisierte LV zu bilden. Am effizientesten war eine
Verklrzung der ZD von 80 Aminosauren (AS) fur H (HA80aCD20) und 32 AS fur F
(FA32) (Titer ~ 106 t.u./ml). Die entsprechenden Vektoren transduzierten selektiv
CD20-positive Zellen in einer gemischten Zellpopulation und auf3erdem aktivierte und
ruhende primare humane B-Zellen. Neutralisations-Experimente zeigten, dass die
Vektoren nicht von Humanserum mit MV-Antikérpern neutralisiert werden.

Die in dieser Arbeit entwickelten Vektoren ermdglichen gezielten Zelleintritt und
transduzieren bemerkenswerter Weise sogar ruhende B-Zellen. Folglich wirden sie

sich sehr fur gentherapeutische Anwendungen in Menschen eignen.
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2. ABBREVIATIONS

a anti-

aCD20-scAb single-chain antibody directed against CD20
A absorption or amper

Aa amino acids

Ac acetate

Amp ampicillin

APS ammonium peroxydisulfate

ATCC American Type Culture Collection
ATP adenosine-5'-triphosphate

AZT azidothymidine

BCR B cell antigen receptor

BSA Bovine Serum Albumin

°C degree Celcius

ca. circa

CMmV cytomegalovirus

CT cytoplasmic tail

DMEM Dulbecco’s modified Eagle medium
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP Deoxyribonucleotide

DTT dithio-1,4-threithol

ECACC European Collection of Cell Cultures
ECL enhanced chemiluminescence

E. Coli Escherichia Coli

EDTA ethylene-diamine-tetra-acetate

e.g. for example

EGF epidermal growth factor

EGFR epidermal growth factor receptor
ER endoplasmatic reticulum

Env envelope protein

et. al. and others



Abbreviations

FACS
FCS
FITC
FP

gag
GALV
GFP

HEK
HEPES
HeV
HIV-1
HRP
ICLC

kDa

LB
LV
LTR

mAb
MFI

min
MLV
MOI
MV

fusion protein

fluorescence activated cell sorting
fetal calf serum

fluorescence isothiocyanate
fusion peptide

gram or gravitational acceleration
group specific antigen

gibbon ape leukemia virus

green fluorescent protein

hour

hemagglutinin

Human embryonic kidney cells
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hendravirus

human immunodeficiency virus-1
horseradish peroxidase

Interlab Cell Line Collection
Interleukin

kilodalton

liter

Luria-Bertani

lentiviral vector

long terminal repeats

milli-

Molar

monoclonal antibody

mean fluorescence intensity
micro-

minute

murine leukemia virus
multiplicity of infection

measles virus

nano-



Abbreviations

NEB
NiV
oD
p.a.
PBS
PCR
PE
PEI
pol

RNA
rpm
RPMI
RT
scAb
SDS
sec
SFFV
SIv
SLAM
SP
TBF
TBS
TEMED
™
TPMV
Tris

t.u.

uv

VSV-G
WB

New England Biolabs

Nipahvirus

optical density

pro analysis

phosphate buffered saline
polymerase chain reaction
R-Phycoerythrin

polyethylenimine

polymerase

psi-packaging signal of retroviral genomic RNA
ribonucleic acid

rounds per minute

culture medium developed in the “Roswell Park Memorial Institute”
room temperature

single-chain antibody

sodium dodecyl sulfate

seconds

spleen focus forming virus

simian immunodeficiency virus
signaling lymphocyte activation molecule
signal peptide

Tupaia baby fibroblasts

Tris-buffered saline
tetramethylethylenediamine
transmembrane domain

Tupaia paramyxovirus
tris(hydroxymethyl)aminomethane
transducing units

unit

ultraviolet

volt

vesicular stomatitis virus-glycoprotein
Western Blot
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3. INTRODUCTION

3.1. Lentiviral vectors for gene therapy

Gene therapy is the treatment of a disease or a medical disorder by delivering genes
into appropriate cells (Verma and Weitzman, 2005). Lentiviral vectors (LVs) are
becoming a more and more attractive gene transfer system for the therapy of a
variety of diseases, as they mediate long term gene expression and transduce both
dividing and non-dividing cells (Matrai, Chuah, and VandenDriessche, 2010). These
properties are advantageous in many gene therapeutic applications, because they
allow stable transduction of, for example, terminally differentiated cells, like neuronal
cells. LVs can accommodate large transgenes (up to ~ 10 kb) (Kaiser, 2003) and for
example, change gene expression by introducing a therapeutic gene or kill a certain
cell type by introducing suicide genes. Another strategy for therapy is to mediate
antigen expression and presentation by transduction of dendritic cells with lentiviral
vectors to activate the immune response of the host. Other possible target tissues
include different areas of the brain, liver, muscle cells and bone marrow. While some
cell types, mainly hematopoietic stem cells, can be transduced ex vivo and returned
to the patient (Cartier et al., 2009), other cell types, like brain cells, can currently only
be reached by direct injection of the viral vector.

Vectors based on retroviruses have already been tested in clinical trials. In the year
2000, eleven children with X-linked severe combined immunodeficiency (X-SCID)
were cured by transduction of bone marrow with a vector based on the mouse
leukemia virus (MLV), leading to correction of the defective gene (Cavazzana-Calvo
et al., 2000). Unfortunately, some of the children developed leukemia due to
insertional mutagenesis (Kaiser, 2003). Lentiviral vectors have been shown to
harbour a lower risk of mutagenesis from transgene integration and therefore, they
may substitute retroviral vectors in the future (Hematti et al., 2004; Modlich et al.,
2009).

Currently, lentiviral vectors are applied in about 2.3 % of clinical trials
(http://www.wiley.com//legacy/wileychi/genmed/clinical/), and the number s
increasing. Although these vectors are a promising tool, vector specificity and safety
have to be improved. Targeted vectors that can be systemically administered to the
patient and still only transduce selected cells would be a major improvement in vector

technology (Waehler, Russell, and Curiel, 2007).
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3.1.1. Vector design

The first retroviral vectors developed for gene transfer were based on y-retroviruses
such as the murine leukemia virus (MLV) (Mann, Mulligan, and Baltimore, 1983).
These retroviral vectors were also used in the first approved human gene therapy
trial to correct severe combined immunodeficiency (SCID) (Anderson, Blaese, and
Culver, 1990; Blaese et al., 1993; Levine and Friedmann, 1991). In recent years,
lentiviral vectors in contrast to y-retrovirus-based vectors have become more and
more popular. They are derived from lentiviruses that, like y-retroviruses, belong to
the Retroviridae, a family of enveloped single-stranded (ss) RNA viruses of around
80 to 120 nm diameter (Vogt and Simon, 1999). The best known example of
lentiviruses is the human immunodeficiency virus-1 (HIV-1). The genome consists of
two copies of positive single- stranded RNA which, together with the viral replication
enzymes, is enclosed by the capsid (Fig. 1). The viral envelope, that surrounds the
capsid, is composed of the host cell membrane and complexes of the viral envelope
protein Env which mediate attachment of the virus to its receptors on the host cell
surface, enabling pH-independent fusion of the viral and cellular membrane (Freed,
2007).

Envelope
protein (Env)

Lipid
Membrane

Reverse
Transcriptase

Figure 1: Schematic drawing of the lentivirus HIV-1

The two ssRNA molecules that are associated with the reverse transcriptase are indicated. They are
surrounded by the capsid which is composed of the capsid protein p24. The membrane-associated
matrix underlies the cell-derived lipid membrane with the inserted viral envelope proteins gp41 and
gp120. (modified from http://www.charite.de/maximalmethodisch/e139/e84/hiv1.jpg


http://www.charite.de/maximalmethodisch/e139/e84/hiv1.jpg
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The lentiviral genome is more complex than that of other retroviruses. It is organized
mainly in the gag, pol and env genes but compared to simple retroviruses,
lentiviruses have additional accessory genes that regulate viral gene expression,
assembly and replication (Freed, 2007), namely tat, rev, nef, vif, vpu and vpr (Fig. 2).
The Gag gene encodes the structural proteins including the membrane associated
matrix protein, the core forming capsid protein and the viral RNA-binding
nucleocapsid protein. The viral enzymes that accompany the ssRNA are encoded by
the pol gene, including the reverse transcriptase, which transcribes the viral RNA to
DNA, the integrase, that catalysis integration of the proviral DNA into the host
genome and the protease which is responsible for gag-pol cleavage and virion

maturation (Katz and Skalka, 1994). The env gene encodes the viral envelope.

A  Proviral structure of MLV genome (8.8 kb)

Lus Rjus W | gag [pro| pol | [u3 [R]us
L_env |

eny

B Proviral structure of HIV-1 genome (3.7 kb)

F
l U3 [RIUS] Y [ 8ag ] ml eny | U3 |R|U
]Pml 20!' E] D vpu
vpr [)-tfat__ |
(- rev 0

Figure 2: Schematic representation of the MLV and HIV-1 genome
A: Proviral structure of MLV genome; B: Proviral structure of HIV-1 genome LTR: long terminal
repeats; Y: encapsidation signal psi (modified from (Hu and Pathak, 2000))

On both ends of the retroviral genome there are redundant sequences called long
terminal repeats (LTRs) (Coffin, 1996; Vogt, 1997) that can be further divided into U3
(unique 3’), R (repeat) and U5 (unique 5’) regions (Fig. 2). The viral promoter,
transcription enhancers, a transcription termination signal and polyadenylation
signals are located in these regions. The LTRs also contain short sequences, the

attachment sites that are important for integration of the viral DNA into the host
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chromosomes (Coffin, 1996). The packaging signal g or encapsidation signal
contains sequences that interact with viral proteins to mediate packaging of the
genomic RNA into newly formed virions (Watanabe and Temin, 1982).

The life cycle of lentiviruses can be separated into different steps (Fig. 3): First, the
virus binds to its receptors via the glycoproteins of the viral envelope and fuses with
the cell membrane. Afterwards, the virus is uncoated and the viral core containing
genomic RNA is released into the cytoplasm where the viral ssSRNA is reverse
transcribed into a dsDNA copy. The dsDNA within the core is then actively
transported to the nucleus (Bukrinsky et al., 1993) and integrated into the host
genome as a provirus. This active transport is one of the major advantages of
lentiviruses over retroviruses, because this is the reason why they are able to infect
not only dividing but also non-dividing cells. In contrast, other retroviruses are
dependent on cell division and dissolution of the nucleus to integrate their reverse
transcribed dsDNA copies. After integration of proviral DNA, the cellular transcription
and translation machinery is used to express the viral genes and to generate RNA
encoding all viral proteins. This newly generated viral RNA is packaged and a new

virus is assembled which leaves the host cell by budding.

b,

surface “5 ) 0} ASSEMBLY
b OF NEW
/ VIRUSES
genomic genomic SO ENTRY

NN RNA
HIV REVERSE RNA /WW”

Q TRANSCRIPTASE | HIV

double stranded PROTEASE

N
OeRN DNA pRrISIXral EFFLUX
\ PUMPS

PROTEIN
MANUFACTURING

Figure 3: Life cycle of HIV-1

The virus binds to the cell surface and fuses with the host membrane. After entering the host cell,
reverse transcriptase produces proviral double-stranded DNA that is transported to the nucleus. The
DNA is integrated and viral RNA is synthesized for the production of viral proteins. At the cell
membrane, assembly occurs and the virus leaves the cell by budding. (Hoggard and Owen, 2003)
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Due to the lentiviral life cycle, it is obvious why they are becoming more and more
popular as vectors in gene therapy. They are very efficient in gene transfer, and
integration of the transferred genes into the host genome allows long-term gene
expression. Vectors derived from lentiviruses are replication-deficient and can carry
any gene of interest into a target cell, a process called transduction.

When generating lentiviral vectors some important safety issues have to be
considered. First, all non-essential genes, like genes for the accessory proteins and
for virulence should be removed from the vector sequence. Second, sequences
necessary for vector RNA synthesis, packaging, reverse transcription and integration
of cDNA should be split onto a different plasmid than elements encoding the viral
enzymes and structural proteins. These so called cis- and trans-acting sequences
should have a minimum of sequence overlap to reduce the risk of homologous
recombination and thereby generation of replication-competent vectors. In frans, the
genes for the polyproteins gag and pol have to be provided. The resulting plasmid is
called packaging vector (Fig. 4, A). In cis-acting sequences, including the 5’ and 3’
LTR, the packaging signal ¢ and the gene of interest which is under the control of a
chosen promoter, are present on a plasmid called transfer vector (Fig. 4, B). The
genes encoding the envelope proteins are provided on a third plasmid, the envelope
vector (Fig. 4, C). The packaging vector and the envelope vector plasmids both lack
a functional y-site and are therefore not packaged into vector particles.

The packaging vector plasmids are divided into “generations” depending on the viral
sequences provided (Fig. 4, A). The first generation plasmid contains the gag and pol
sequences, the viral regulatory genes tat and rev and all accessory genes (vif, vpr,
vpu and nef). To improve lentiviral vector safety, in the second generation the four
accessory genes were removed, leaving only the regulatory genes fat and rev
(Zufferey et al., 1997). Tat protein increases the level of viral RNA during production
by activating the LTRs and Rev protein interacts with viral RNA containing a Rev
Responsive Element (RRE) to be transported from the cell nucleus to the cytoplasm.
In the third generation, the rev gene is split from the gag and pol sequences and
expressed from a separate plasmid (Dull et al., 1998).

The transfer vector plasmids can be modified by deleting promoter/enhancer
sequences in the U3 region of the 3’ LTR, resulting in a self-inactivating (SIN) vector
(Miyoshi et al., 1997; Zufferey et al., 1997) (Fig. 4, B). During reverse transcription,

this deletion is reproduced in the 5’ LTR and therefore transcription of the provirus is
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inactivated and no packagable RNAs can be produced (Fig. 4, D and E). This
modification decreases the risk of replication competent lentiviruses. Additionally,
LTR-mediated insertional activation of proto-oncogenes is reduced due to the
deleting of the enhancer elements. One of the disadvantages of this vector system is
the low transcription activity of the internal promoter of the transgene, in contrast to
the promoter/enhancer sequences of the LTR. To overcome this problem and to
further improve vector safety, the choice of the promoter is very important, for
example, to set the transfer gene under control of an inducible or a cell-specific

promoter (transcriptional targeting).

A) packaging vectors
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Figure 4: Gene delivery system based on lentiviral vectors

A-C: Different plasmids for production of lentiviral vectors and genes they contain are shown.

D: Schematic drawing of the RNA that the produced vector contains. E: Sequences integrated by the
vector in host genome (provirus). CMV: cytomegalovirus immediate-early promoter; EF1a: human
elongation factor 1-a promoter; gag: 5' portion of gag gene containing dimerization/packaging signals;
PBS: primer binding site; DIS: dimerization signal; SD: splice donor site; SA: splice acceptor site; y:
packaging signal; cPPT: central polypurine tract; CTS: central termination sequence; RRE: Rev
response element; PPT: polypurine tract; pA: polyadenylation signal; AU3: SIN deletion in U3 region of
3' LTR; P: internal promoter for transgene expression; WPRE: woodchuck hepatitis virus (WHV) post-
transcriptional regulatory element. (Pluta and Kacprzak, 2009)

For the production of lentiviral vectors, the packaging plasmid, the transfer plasmid
carrying the transgene, e.g. an eGFP-encoding gene and a plasmid encoding the
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envelope are transiently co-transfected in packaging cells, most commonly these are
human embryonic kidney (HEK) 293T cells (Fig. 5) (Naldini et al., 1996).

Vector particles are released into the supernatant of the producer cells that have
incorporated the RNA of the transfer vector but do not contain the genetic material for
the core and envelope proteins. Since the viral vectors bud from the cell membrane,
the viral envelope is composed of the cellular lipid-bilayer and the incorporated viral
envelope proteins. The vector-containing cell supernatant can be used either

immediately or concentrated for transduction.

Envelope encoding

plasmid

o : Transfer Vector Plasmid (GFP)
Packaging
Plasmid \

293T cells

Transduction
of target cells

{

. . Analysis of transgene
. . expressing cells
Figure 5: Production of lentiviral vectors

Packaging cells (here 293Tcells) are transfected with a packaging plasmid, a transfer vector plasmids
and a plasmid encoding an envelope protein. After 24-48 hours, the viral particle containing
supernatant of the producer cells is harvested and used for transduction of target cells. Transduced
cells are finally analyzed for transgene expression, e.g. GFP. GFP: green fluorescence protein

Collection of supernatant
containing lentiviral particles

Tropism of lentiviral vectors is determined by the viral envelope protein. It interacts
with its receptor on the target cell membrane and triggers fusion. Since the HIV-1
wildtype envelope protein has only restricted tropism, glycoproteins derived from

other viruses are often used for lentiviral production.
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3.1.2. Pseudotyping of lentiviral vectors
One of the great advantages of lentiviral vectors is that their natural tropism can be
altered by exchanging the native envelope protein with glycoproteins from different

viruses, a process called pseudotyping (Fig. 6).

Envelope
glycoprotein

@ Pseudotyping / Env from a different virus
{ -? [ — |
\y »

Figure 6: Pseudotyping of lentiviral vectors

A lentivirus binds to a receptor via specific glycoproteins. This interaction determines the host range of
the virus. Pseudotyping means changing the tropism by replacing the viral attachment glycoprotein
with that of a different virus. SU: surface subunit; TM: transmembrane subunit; Env: envelope
glycoprotein (modified from (Waehler, Russell, and Curiel, 2007))

Lentiviral vectors are highly permissive for incorporation of glycoproteins derived
from other viruses (Cronin, Zhang, and Reiser, 2005; Schnierle et al., 1997). The
pseudotyped particles possess the ability to transduce target cells of the virus from
which the envelope protein was derived. Consequently, pseudotyping allows infection
of target cells that the virus does not naturally infect.

The key event for pseudotyping lentiviral vectors was the observation made when
HIV-1 was produced in cells infected with different viruses, e.g. amphotropic murine
leukemia virus (MLV) (Chesebro, Wehrly, and Maury, 1990; Spector et al., 1990) or
herpes simplex virus (HSV) (Zhu, Chen, and Huang, 1990). The resulting virions
showed an expanding host range, suggesting that envelope proteins of MLV and
HSV were incorporated.

The molecular events occurring during pseudotyping of lentiviral vectors are still not
fully understood. There are two mechanisms proposed that lead to incorporation of
viral proteins in viral vectors, an active and a passive mechanism. For active

incorporation, direct interactions of the cytoplasmic tail (CT) of the envelope protein
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and components of the virion core or indirect interactions via cellular factors with viral
gag proteins are required (Murakami and Freed, 2000a; Murakami and Freed, 2000b;
Swanstrom and Wills, 1997). During passive incorporation, a nonspecific interaction
between the cytoplasmic tail and the viral core takes place, assuming that there is no
steric incompatibility of the CT with viral assembly and that there are sufficient
amounts of envelope proteins presented at the site of virus budding (Swanstrom and
Wills, 1997). Lipid rafts play an important role in pseudotyping. It was shown that
many viruses such as C-type retrovirus, Lentivirus and Paramyxoviurs reassemble
their envelope in these microdomains of the plasma membrane (Pickl, Pimentel-
Muinos, and Seed, 2001). As a consequence, the envelope proteins of other viruses
and cellular components are incorporated into viral particles during co-infection.
Today, the most common envelope protein used for pseudotyping is the glycoprotein
of vesicular stomatitis virus, VSV-G. The possibility of pseudotyping LVs with VSV-G
was first demonstrated 1996 independently by three different groups (Akkina et al.,
1996; Naldini et al., 1996; Reiser et al., 1996). VSV-G-pseudotyped vectors have a
high stability, a broad host range and high titers can be generated. However, since
the aim of viral gene therapy is to target only specific cells or tissues, the broad
tropism of VSV-G can be disadvantageous. For specific targeting of cells,
glycoproteins of viruses that naturally infect only one cell type are often used.
Examples are transduction of neuronal tissue by lyssavirus-pseudotyped LVs
(Desmaris et al., 2001; Watson et al., 2002) or airway epithelium transduction by
filovirus—pseudotypes (Chan et al., 2000; Kobinger et al., 2001).

One of the problems of pseudotyping LVs is that often the titers reached by
pseudotyped lentiviral vectors are very low due to insufficient incorporation of
heterologous glycoproteins. To overcome this problem the cytoplasmic tails of some
glycoproteins have to be modified. As mentioned before, CT interactions with the
viral core may play an important role in glycoprotein incorporation. It was shown that
most mammalian and avian retroviruses such as HIV, MLV and ALV (avian leukemia
virus) require proteolytic cleavage of the R-peptide, a short amino acid sequence (16
aa) at the C-terminus of CT of the envelope glycoprotein for activation (Bobkova et
al., 2002; Green et al.,, 1981; Henderson et al.,, 1984; Schneider et al., 2011).
Pseudotyping of retroviral vectors using paramyxovirus glycoproteins requires
truncation of the proteins’ cytoplasmic tails. The fusion (F) and attachment (H)

proteins of the measles virus can only be incorporated into lentiviral vectors when
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their cytoplasmic tails are truncated (Funke et al., 2008a; Funke et al., 2009). In
another example the F (fusion) and HN (hemmagglutinin-neuraminidase) protein of
Sendai virus were efficiently incorporated into a simian immunodeficiency virus (SIV)
derived vector after truncation of the F protein cytoplasmic tail. Additionally, in this
system the CT of the SIV envelope protein was added to the CT of the
hemmagglutinin-neuraminidase (Kobayashi et al., 2003). Recently, another study
was published where a chimeric glycoprotein was used to pseudotype a lentiviral
vector. In this study, the cytoplasmic tail of rabies virus glycoprotein (RVG) was
replaced with the cytoplasmic region of VSV-G. The resulting vectors showed an
increase in transduction efficiency due to higher levels of glycoprotein incorporation
and efficiently transduced the central nervous system of rats in vivo (Carpentier et al.,
2011).

To date, glycoproteins of many virus families have been used for pseudotyping. But
often, the specificities of the used glycoproteins are not sufficient to transduce only
one certain cell type. To further narrow the tropism of viral vectors for gene therapy,

additional modifications are necessary.

3.1.3. Targeting strategies for lentiviral vectors

Lentiviral vectors pseudotyped with heterologous glycoproteins allow transduction of
a certain cell type or tissue, dependent on the tropism of the virus the glycoproteins
are derived from. Since many viruses naturally infect more than one kind of tissue or
cell type, different techniques to further increase efficiency and specificity of vectors
were developed. One of the targeting strategies to restrict tropism is the use of
specific promoters that are active only in target cells, a process called transcriptional
targeting (Waehler, Russell, and Curiel, 2007). Examples for the use of LVs with cell
type specific promoters are expression of a transgene in endothelial cells (De Palma,
Venneri, and Naldini, 2003), in retinal cells (Miyoshi et al., 1997) or liver tissue
(Oertel et al., 2003; VandenDriessche et al., 2002).

Another strategy is the development of protease-activatable viral vectors. For
targeting, a polypeptide is fused to the envelope proteins that blocks attachment or
fusion of the vector. Specific proteases on the cell surface are required that cleave
the inhibitory peptide, resulting in gene transfer into the target cell (Szecsi et al.,
2006).
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One of the most desirable strategies remains transductional targeting, which means
targeting on the entry level of the viral vector. This technique leaves other tissues or
cells completely unaffected and can be achieved for example by the insertion of cell-
type specific ligands or other molecules into the viral envelope, like growth factors
(EGF), single chain antibodies (scAbs), cytokines or even receptors. The most
common approach to alter the tropism of a lentiviral vector is the use of single chain
antibodies. These molecules consist of the variable regions of one heavy and one
light chain of an immunoglobulin that are connected with a serine-glycine linker and
have the same specificity as the original molecule they were derived from. Lentiviral
vectors pseudotyped with Sindbis virus glycoproteins are an example for targeting
using antibodies. The envelope of Sindbis virus consists of the E1 and E2 protein,
which are responsible for attachment and fusion. Targeting was achieved by a
monoclonal antibody that was non-covalently bound to the glycoproteins of the viral
envelope (Morizono et al., 2005). Since Sindbis virus uses more than one receptor
for cell entry, in this approach the receptor binding sites of the E2 protein were
mutated, resulting in an engineered virus, that is unable to recognize its natural
receptor. One disadvantage of this system is the pH-dependent membrane fusion
and the vector instability due to the non-covalent bond between the antibody and the
glycoproteins. Sindbis virus enters the cell by receptor-mediated endocytosis which is
required for E1-E2 activation. Subsequent fusion is induced by low pH in the
endosomes.

Recently, efficient targeting of lentiviral vectors pseudotyped with glycoproteins of a
paramyxovirus, the measles virus (MV) F (fusion) and H (attachment) proteins has
been reported (Anliker et al., 2010; Frecha et al., 2008; Funke et al., 2008a; Funke et
al., 2009; Munch et al., 2011). In contrast to Sindbis virus, the envelope proteins of
MV mediate pH-independent membrane fusion and endocytosis for glycoprotein
activation is not required. Targeting of MV is based on the covalently bond of
specificity domains on the viral hemagglutinin (Cattaneo et al., 2008; Navaratnarajah,
Leonard, and Cattaneo, 2009). However, to achieve full targeting, modifications of
the H protein to avoid binding to its natural receptors CD46, SLAM and the recently
identified nectin 4 are necessary (Nakamura et al., 2005; Noyce et al., 2011;
Vongpunsawad et al., 2004). A potential disadvantage of the MV system is the
presence of neutralizing antibodies in nearly all patients, either by previous infection

with wild-type virus or by vaccination. In an animal colon carcinoma model, the
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therapeutic effect of oncolytic MV vectors was abrogated in animals vaccinated
against MV; however when the MV glycoproteins were replaced by those of the
related animal paramyxovirus Canine distemper virus (CDV), the oncolytic effect was
restored (Miest et al., 2011).

Nevertheless, glycoproteins of measles virus have great potential to pseudotype
lentiviral vectors, since their fusion and attachment functions are separated into two
proteins and retargeting can be achieved by displaying small molecules on the H
protein. It has to be investigated, if other paramyxovirus envelope proteins, for
example of non-human viruses that will not be neutralized by preexisting antibodies

in patients, can also be targeted and used to pseudotype lentiviral vectors.

3.2. Paramyxoviruses

The Paramyxoviridae are a family within the order Mononegavirales. They are
enveloped negative-strand RNA viruses that are widespread among humans and
animals. The family of Paramyxoviridae is further classified into the two subfamilies
Paramyxovirinae and Pneumovirinae. Genera of Paramyxovirinae are Respirovirus,
Rubulavirus, Avulavirus, Morbilivirus and Henipavirus. Pneumovirinae contains two
genera, Pneumovirus and Metapneumovirus. Each of the five genera of
Paramyxovirinae includes species that are highly pathogenic for humans. Most
prominent examples are the measles virus, which is a Morbilivirus, mumps virus
(Rubulavirus) and Sendai virus (Respirovirus). In recent years, the Hendra and Nipah
viruses (Henipaviruses) were identified which cause deadly diseases in animals and
humans. The most famous member of Pneumovirinae is the Human respiratory
syncytial virus (HRSV) which is often the causative agent for respiratory infections in
young children (Counihan et al., 2001). There are several species of the
paramyxoviruses that have not yet been classified into genera, for example J virus,
Mossmann virus and the Tupaia paramyxovirus (Lamb, 2007).

All members of this virus family have a similar viral structure (Fig. 7). They are
enveloped viruses with a diameter of 150 to 300 nm and in some cases even greater
than 1 ym (Goldsmith et al., 2003). The envelope is a cell-derived lipid bilayer in
which two kinds of virus-derived glycoproteins are embedded, the attachment protein
and the fusion protein. The attachment glycoproteins are the HN (hemagglutinin-

neuramidase) for Respiroviruses, Rubulaviruses and Avulaviruses, the H
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(hemagglutinin) for Morbilliviruses and the G (glycoprotein) for Henipaviruses and
members of Pneumovirinae. Dependent on the genera, the attachment proteins
possess hemagglutination activity only (H), or hemagglutination and neuraminidase
activity (HN) or none of these activities (G). The other glycoprotein is the F (fusion)
protein that mediates fusion of the viral envelope with the cell membrane. Fusion
occurs pH-independently. The glycoproteins are abundantly incorporated into the
envelope and form spike-like complexes. The genome is enclosed by the envelope
and consists of a non-segmented, negative RNA strand which is bound to the
nucleocapsid to form helical structures called ribonucleoproteins (RNPs). The matrix
(M) protein which organizes virus assembly and maintains viral structure is

assembled between the envelope and the nucleocapsid.

Figure 7: Schematic representation of a paramyxovirus

The M protein is underlying the inner surface of the lipid envelope in which the viral glycoproteins (HN,
H and F or G) are embedded. The RNP is associated with the M protein and contains the negative-
strand single-stranded RNA genome, the viral RNA-dependent RNA-polymerase and the N and P
proteins. HN: hemagglutinin-neuraminidase; H: hemagglutinin; G: glycoprotein; F: fusion protein; M:
matrix protein; RNP: ribonucleoproteins (Harrison, Sakaguchi, and Schmitt, 2010)

The life cycle of paramyxoviruses (Fig. 8) starts with binding of the virus to a receptor
molecule on the surface of a target cell, followed by fusion of the viral membrane with
the target cell membrane. Afterwards, the virion content including the RNP is
released into the cytoplasma of the target cell and viral transcription starts. The viral
RNA-dependent RNA polymerase complexes produce individual messenger RNAs
from the negative-sense viral genomic RNA that are then translated into viral

proteins.
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Genes closest to the 3' end are transcribed more abundantly than those towards the
5° end, because the RNA polymerase often dissociates from the RNA genome and
has to reenter it at the 3 end. As a result, there is a gradient of gene expression
regulated by the position of each gene relative to the single promotor (Cattaneo et
al., 1987a; Whelan, Barr, and Wertz, 2004). The negative-sense viral genomic RNA
not only serves as a template for transcription but also for replication. First, positive-
sense antigenomes are produced that are followed by production of negative-sense
genomes from the antigenome template. The newly synthesized genomic RNA
together with the newly produced viral proteins is transported to the cell membrane

where assembly occurs and new viruses leave the infected cell by budding.
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Figure 8: Life cycle of paramyxoviruses

After attachment and fusion of the virus with the cell membrane, the ss(-) RNA genome is released
and transcribed into positive-stranded messenger RNA (mRNA) which is then translated into the viral
proteins. For virus replication, a positive-stranded antigenome is produced that serves as a template
for viral ss(-)RNA genome. Transcription and replication occur in the cytoplasm. Viral structure
proteins and RNPs containing RNA genome assemble together and leave the infected cell by budding.
M: matrix protein; F: fusion protein; HN: hemagglutinin-neuraminidase; H: hemagglutinin; G:
glycoprotein; N or NP: nucleocapsid protein; P: phosphoprotein; L: large protein: V: protein V; C:
cellular protein; SH: strongly hydrophobic protein (Harrison, Sakaguchi, and Schmitt, 2010)
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3.2.1. The Tupaia paramyxovirus

The Tupaia paramyxovirus (TPMV) was first isolated in 1999 from spontaneously
degenerating primary kidney cells of an apparently healthy Southeast Asian tree
shrew (Tupaia belangeri) (Tidona et al.,, 1999). Tree shrews are related to
insectivores and primates, but are classified as a separate mammalian order
(Scandentia). These animals are phylogenetically more closely related to primates
and humans than any other laboratory animal. This makes them very interesting as
an animal model for human diseases caused by viral infections (Darai et al., 1978;
Xie et al., 1998).

The host range of TPMV s restricted to Tupaia cells, it does not grow in any other
cell line tested so far. The receptor for cell entry of the virus is not known. Infection of
Tupaia cells with TPMV results in a cytopathic effect including multinucleated
syncytia followed by cell lysis. Viruses released in the supernatant of infected cells
reach titers around 10° PFU/ml. There is no serological cross-reactivity detected
between TPMV and other paramyxoviruses including measles virus, suggesting that
TPMV is antigenetically distinct from these viruses.

The TPMV genome shows the typical paramyxovirus gene order N-P/C//V-M-F-H-L
(Fig. 9) whereas all genes are separated by the nontranscribed trinucleotide CUU.
The complete genome consists of 17,904 nucleotides which is larger than those of

most paramyxoviruses (Springfeld et al., 2005).
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Figure 9: Gene order of the Tupaia paramyxovirus

The 17,904-nucleotide single-stranded TPMV antigenome is represented by the black bar. The arrows
indicate the positions of the open reading frames (ORFs) of the N, P, C, V, M, F, H and L protein. The
small vertical bars mark the positions of the intergenic sequences. (Springfeld et al., 2005)

The six genes of the TPMV genome are flanked by non-coding sequences, a control
region called leader at the 3’ end and a sequence known as trailer at the 5 end
(Lamb, 2007).In general, for paramyxoviruses applies that the N gene encodes the
nucleocapsid protein, which is the first gene transcribed from the viral genome and
which interacts with viral RNA. The P gene contains overlapping open reading
frames (ORFs) and encodes the proteins P (phosphoprotein), V and C. The

phosphoprotein has an essential role in RNA-polymerase activity and interacts with
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the L and N proteins. The V and C proteins are accessory proteins that probably
counteract host antiviral responses (Goodbourn and Randall, 2009; Ramachandran
and Horvath, 2009).

The L (large) gene encodes the viral RNA-dependent RNA-polymerase, which binds
to the N and P proteins to from ribonucleoproteins (RNPs). The matrix (M) protein
encoded by the M gene is associated with the nucleocapsid, interacts with the
cytoplasmic tails of the glycoproteins F and H and initiates virus assembly and
budding. The glycoproteins encoded by the genes F and H are part of the viral
envelope and mediate attachment and fusion to the target cell. Because of their
essential role in this thesis they are described in more detail later on.

Analysis of the nucleotide sequence of the N and P gene revealed typical
characteristics of the subfamily Paramyxovririnae and provided sufficient evidence
that TPMV is phylogenetically related to the Henipaviridae and the Morbiliviridae. But
since there are only low amino acid sequence homologies among TPMV,
Henipaviridae and other known paramyxoviruses, there is the assumption that TPMV

represents a new genus within the Paramyxovirinae (Fig. 10) (Tidona et al., 1999).
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Figure 10: Phylogenetic tree of Paramyxovirinae subfamily members

Relationship of Paramyxovirinae subfamily members is based on the alignment of the amino-acid
sequence of the N gene of selected Paramyxovirinae subfamily members. Morbillivirus genus: MeV
(measles virus), CDV (canine distemper virus); Henipavirus genus: HeV (Hendra virus), NiV (Nipah
virus); Respirovirus genus: SeV (Sendai virus), hPIV3 (human parainfluenza virus 3); Avulavirus
genus: NDV (Newcastle disease virus); Rubulavirus genus: hPIV2 (human parainfluenza virus 2), MaV
(Mapuera virus), MuV (mumps virus), PIV4a (parainfluenza virus 4a), PoRV (porcine rubulavirus), SV5
(simian parainfluenza virus 5), SV41 (simian parainfluenza virus 41); and unclassified viruses SalV
(Salem virus) and TPMV (Tupaia paramyxovirus). (modified from (Eaton et al., 2006))


http://www.ncbi.nlm.nih.gov/genomes/framik.cgi?db=genome&gi=18037
http://www.ncbi.nlm.nih.gov/genomes/framik.cgi?db=genome&gi=15291
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3.2.2. Glycoproteins of the Tupaia paramyxovirus

As already mentioned before, the glycoproteins of TPMV, namely F and H, are
responsible for attachment and fusion of the virus with the target cell. The H protein
is a type Il transmembrane protein with a length of 665 amino acids. Due to the ability
of TPMV virions to hemagglutinate Tupaia erythrocytes the protein is named
hemagglutinin (H). It has no neuraminidase activity (Tidona, 1999). The protein is
glycosylated at three N glycosylation sites and the corresponding molecular mass is
~ 80 kDa (Springfeld et al., 2005). Compared to other paramyxovirus attachment
proteins, there is only low sequence identity (< 20%) and the cytoplasmic tail of
TPMV H is unusually long (94 amino acids). The TPMV H protein mediates
attachment of the virus to the cell surface through interactions with an unknown
receptor.

A few years ago, it was shown that the TPMV H protein can be targeted to a
designated cell type by displaying a single chain antibody (scAb) on the ectodomain
(Springfeld et al., 2005), in a similar way as it had previously been shown for measles
virus H protein (Schneider et al., 2000). Hence, it is possible to target TPMV H to
non-Tupaia cells via respective ligands.

In contrast to TPMV H, the F protein is a trimeric type | transmembrane protein that
mediates fusion of the virus with the host cell membrane. It is expressed as a FO
precursor protein with a length of 553 amino acids including a hydrophobic region,
the signal peptide at the N-terminus. During virus maturation and after removal of the
signal peptide, the FO protein is cleaved by an unknown protease into an N-terminal
F2 and a C-terminal F1 fragment. The last one contains two hydrophobic regions, a
fusion peptide at the amino terminus and the transmembrane domain. Furthermore,
the TPMV F protein contains four N glycosylation sites in the ectodomain, three on
the F2 fragment and one on the F1 fragment. As mentioned for TPMV H, also for
TPMV F the similarity to fusion proteins of other paramyxoviruses is low (33.4 %
identity to MV, 31.8 % identity to Nipahvirus).

Fusion of paramyxoviruses occurs at the host cell membrane, it does not require the
low pH of the endosome to trigger fusion (Lamb, 2007). In most paramyxoviruses,
the attachment protein interacts with the receptor and this interaction initiates
conformational changes in the F protein, resulting in activation of the membrane
fusion (Lamb and Jardetzky, 2007). When Tupaia cells are transfected with plasmids

encoding TPMV H and F, the cells fuse and form large syncytia, demonstrating that
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no other virus proteins are necessary for attachment and fusion of target cells. This
observation and the possibility to retarget the H protein in a similar way to MV H
make the TPMV glycoproteins very interesting for pseudotyping lentiviral vectors.
Additional advantage compared to MV gly