Chapter 9
Intrabody Expression in Mammalian Cells

Silvia Biocca

Abstract The intracellular expression of antibodies or antibody fragments (intra-
bodies) in different compartments of mammalian cells allows to block or modulate
the function of endogenous molecules. Intrabodies can alter protein folding, protein-
protein, protein-DNA, protein-RNA interactions and protein modification. They can
induce a phenotypic knockout and work as neutralizing agents by direct binding
to the target antigen, by diverting its intracellular traffic or by inhibiting its asso-
ciation with binding partners. They have been largely employed as research tools
and are emerging as therapeutic molecules for the treatment of human diseases as
viral pathologies, cancer and misfolding diseases. The fast growing bio-market of
recombinant antibodies provides intrabodies with enhanced binding specificity, sta-
bility and solubility, together with lower immunogenicity, for their use in therapy.
This chapter describes the crucial aspects required to express intrabodies in different
intracellular compartments of mammalian cells, their various modes of action and
gives an update on the applications of intrabodies in human diseases.

9.1 Introduction

The proof of principle that antibodies could be efficiently expressed and targeted
to different intracellular compartments in mammalian cells dates to 1990 (Biocca
et al. 1990) and led to the concept of exploiting recombinant antibodies to block
or modulate the function of target antigens for intercellular and intracellular immu-
nization (Biocca and Cattaneo 1995; Cattaneo and Biocca 1997). Intrabodies have
unique advantages comparing to other knockout gene techniques or RNA inter-
ference. First, they can target the antigen in different intracellular compartments
including extracellular milieu. Secondly, they are highly specific reagents and are
very stable in mammalian cells, especially when expressed in the secretory com-
partment. In addition, intrabodies can hit a variety of possible targets: (i) specific
protein domains, (ii) specific protein-protein interaction sites, (iii) post-translational
modifications, (iv) multiple conformational isoforms (oligomers, fibrils etc) and (v)
even non protein antigens.
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In order to specifically target intrabodies to the physiological site of the antigen
or to new intracellular localisations, dominant and autonomous targeting sequences
should be grafted onto antibody chains. Recombinant antibody domains, in particu-
lar single-chain Fv (scFv) fragments have been expressed in the cytoplasm (Biocca
et al. 1994), the nucleus (Duan et al. 1994; Mhashilkar et al. 1995) and the secre-
tory pathway of mammalian cells (Marasco et al. 1993) and successfully used to
inhibit the function of several intracellular antigens. New suitable antibody formats
for their intracellular use are now available and functional intrabodies are employed
as research tools to define the mechanisms of human pathologies at the molecular
level and for a variety of therapeutic applications. For instance, intrabodies have
been designed to inhibit single or simultaneously multiple signal transduction path-
ways (Lener et al. 2000; Tanaka et al. 2007; Jendreyko et al. 2005), inhibition of
HIV viral proteins (Lo et al. 2008), inhibition of oncogene products (Williams and
Zhu 2006; Griffin et al. 2006), misfolding-prone proteins (Cardinale and Biocca
2008a), receptors of the immune system (Kirschning et al. 2010) and also applied
in post-transplantation surgery (Zdoroveac et al. 2008).

9.2 Targeting Intrabodies to Different Intracellular Locations

Antibody fragments can be directed to specific target antigens present in the cytosol,
nucleus, endoplasmic reticulum (ER), plasma membrane (PM), mitochondria, per-
oxisomes and trans-Golgi network (TGN) through in frame fusion with intracellular
trafficking sequences (Cardinale et al. 2004). The following is a list of targeting
signals successfully used for intracellular expression of antibodies.

The way to target intrabodies throughout the secretory pathway, as secreted pro-
teins, is by exploiting the leader sequence for secretion of the immunoglobulin (Ig)
at the N terminus. ER-retained intrabodies are designed with a leader sequence at the
N terminus and a retention peptide, KDEL, at the C terminus (Biocca et al. 1995).
Intrabodies in the ER behave as intracellular anchors and can be used either to pre-
vent the appearance of receptor proteins on the plasma membrane or to inhibit the
secretion of a protein. Similar protein retention in the trans-Golgi has been achieved
with a trans-Golgi retention signal (Zhou et al. 1998). Targeting to the plasma mem-
brane has been obtained by fusing a scFv with a receptor transmembrane domain
(Chesnut et al. 1996).

Removal of the leader sequence of variable heavy (VH) and variable light (VL)
domains which target antibody fragments to the lumen of the endoplasmic reticulum
allows the cytoplasmic expression of intrabodies (leader-less). Nuclear targeting can
be achieved by adding one or more nuclear localisation sequences (NLS) to the
leader-less antibody fragments, such as the PKKKRKYV sequence of the large T anti-
gen of SV40, either at the N- and C-terminus (Biocca et al. 1995). Intrabodies have
been also targeted to mitochondria. N-terminal presequences are present in most
of the nuclear-encoded mitochondrial proteins. These sequences are removed once
the protein is translocated through the mitochondrial membrane. The N-terminal
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presequence of the subunit VIII of human cytochrome oxidase (COX8.21), cover-
ing the cleavage junction, can be fused to the scFv fragment. The resulting molecule
correctly localizes to mitochondria (Biocca et al. 1995).

To facilitate the expression of scFv fragments as secreted or intracellular proteins,
a set of general vectors have been designed. The integrated system of scFvexpress
vectors (Persic et al. 1997a) derives from the VHexpress vector, a vector used to
produce secretory immunoglobulin heavy chains from cloned IgH regions (Persic
etal. 1997b). All the scFvexpress plasmids contain an N- or C-terminal localisation
signal that allows the targeting of the antibody fragments to different compartments,
including the endoplasmic reticulum (scFvex-ER), the cytoplasm (scFvex-cyt), the
nucleus (scFvex-nuc) and the mitochondria (scFvex-mit). The scFvexpress-cyt has
no targeting signal (leader-less) and directs the expression of scFv in the cytoplasm,
with an N-terminal methionine instead of the leader sequence for secretion. All
other targeting vectors are derivatives of the scFvexpress-cyt and were obtained by
the insertion of well characterized targeting signals (Biocca et al. 1995) either N- or
C-terminal to the scFv, as appropriate.

Besides the specific targeting signals, these vectors contain cassettes that encode
for strong promoters and sequences for the resistance to selection antibiotics and
a C-terminal myc-tag in frame with the scFv allowing its detection with the
monoclonal antibody 9E10 (Persic et al. 1997a).

These vectors can be used for transient or stable transfection of mammalian cells.

9.3 Intrabody Formats

Innovative DNA recombinant technologies have allowed the reformatting of anti-
body molecules in new smaller fragments with improved properties for their
intracellular expression. So far the single chain variable fragment (scFv) has been
the recombinant antibody format more widely used for intrabodies. It contains
the complete antigen binding site and it consists of the variable domains of the
immunoglobulin heavy (VH) and light (VL) chains linked with a flexible polypep-
tide which prevents dissociation. The resulting molecule is a monovalent antibody
fragment, with a molecular weight of about 30 kDa compared to the 150 kDa of
the full-length antibody. Other formats that have been successfully expressed inside
cells are recombinant bispecific and tetravalent antibody fragments made of two
scFvs linked through the second and third heavy chain constant domain, named
intradiabodies. These bispecific intrabodies have been designed for simultaneous
trapping of two endothelial transmembrane receptors in the same compartment
(Jendreyko et al. 2005).

ScFv is not the minimal size for functional antibody fragments. Other fragments
made of one variable domain such the single VL and VH domains are the small-
est functional fragments derived from immunoglobulin light and heavy chains. The
so-called VHH single domain antibody fragments, derived from naturally occur-
ring heavy-chain antibodies devoid of light chain present in the immune system
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of camelids, retain the antigen specificity of the whole antibody and have excel-
lent properties of solubility, stability and expression in mammalian cells, aside
from the absence of intra-domain disulfide bonds (Hamers-Casterman et al. 1993;
Wesolowski et al. 2009). They are easily produced as recombinant antibodies,
much smaller in size and can be forged into new multispecific and multivalent
reagents with enhanced therapeutic efficacy. Due to their smaller size, they pos-
sess a great capacity to form long finger-like extensions that can potentially target
cryptic epitopes that are difficult for intact antibodies or scFv fragments to reach.

9.4 Selection Strategies to Improve Intrabody Stability
and Solubility

Antibody fragments can be potentially targeted to any subcellular compartment, but
their folding performance and stability can be limited by the micro-environmental
intracellular conditions of the compartment where they are directed to. Thus, a major
issue raised in the initial phase of work on intrabodies was the limited half life of
antibody and antibody domains and their tendency to aggregate when expressed in
the cytoplasm of mammalian cells. Studies on targeting of scFv fragments showed,
in fact, that the expression levels of the retargeted antibody domains may vary and
the cytoplasm may be considered the worst case (Cattaneo and Biocca 1999). In
general, intrabodies expressed in the secretory compartment are more stable than
those expressed in the cytoplasm. This is due to the fact that intradomain disulfide
bonds, which contribute 4-6 Kcal mol™! to the stability of the antibody domain,
do not form in the reducing environment of the cytoplasm (Biocca et al. 1995).
As a consequence of the lower stability, some scFvs tend to misfold and aggre-
gate as insoluble proteins. Notwithstanding this fact, it is worth noting that in many
cases cytoplasmic-targeted intrabodies bind the antigens and maintain their in vivo
functional activity (Cardinale et al. 2001).

A recent comparative study between the cytoplasmic expression in mammalian
cells of well characterized single-chain variable fragments and camelid VHHs,
selected from antibody libraries based on similar scaffolds, have outlined the
physico-chemical determinants that correlate with enhanced intracellular solubility.
Soluble expression in the cytoplasm appears to be influenced by the complementary
determining regions (CDRs) content and by the overall charge and hydropathicity
of the intrabody sequence (Kvam et al. 2010).

This issue is very important and during the last years many selection strate-
gies have been developed to improve stability, solubility and functional properties
of antibody fragments under conditions of intracellular expression. Two differ-
ent strategies have been followed: the knowledge-based and the selection-based
approaches. The former relies on the introduction of educated mutations that sta-
bilize pre-existing antibody fragments in order to obtain a “super-framework” (Jung
and Pliickthun 1997; Worn et al. 2000; Monsellier and Bedouelle 2006). The second
approach exploits the availability of different antibody libraries for selection of the
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best functional molecules for intracellular expression (Hudson and Souriau 2003).
For the expression in the cytoplasm, new human phage antibody libraries have
been generated based on single framework optimized for intracellular expression
(Philibert et al. 2007). On the other hand, highly stable ribosome-display libraries,
based on Escherichia coli SecM translation arrest mechanism, have been used for
isolating scFvs that are stable under reducing conditions (Contreras-Martiiez and
DeLisa 2007). Moreover, antibody-antigen intracellular selection methods have
been also developed for the isolation of intrabodies able to efficiently interact with
the antigen in vivo. To this aim an in vivo yeast two-hybrid system has been real-
ized, described as intracellular antibody capture (IAC) technology (Visintin et al.
1999). This approach combines a first round of in vitro selection of scFvs with a
second round of in vivo screening of selected intrabodies and allows the isolation
of antibody domains with no need to use purified antigens. IAC technology has
recently allowed the direct in vivo intracellular selection of conformation-sensitive
anti-oligomeric scFvs against the Alzheimer’s amyloid B peptide (Meli et al. 2009).
Another procedure for direct in vivo selection of antigen-specific intrabodies, which
utilises a single domain antibody format and is based on a predefined intrabody
consensus framework has been described (IAC?) (Tanaka and Rabbitts 2003) and
further developed (IAC?) (Tanaka and Rabbitts 2010). This new protocol allows the
isolation of functional VH and VL domains from different libraries in four steps,
including confirmation of functional intrabodies in mammalian cells.

For clinical applications of intrabodies, generation of humanized and/or human-
derived antibody domains offers obvious potential advantages. Modern emerging
strategies have improved in vitro selection of fully humanized recombinant anti-
bodies directly from human antibody-display libraries, through the creation of large
natural or synthetic repertoires of antibody fragments (Hudson and Souriau 2003;
Hoogenboom 2005). A direct selection of human phage antibody libraries on tumor
cells has been described (Goenaga et al. 2007).

9.5 The Mode of Action of Intrabodies

Intrabodies can mediate their effect inside the cells by neutralizing the target pro-
tein through direct binding to the functional domain (Biocca et al. 1994; Cohen et al.
1998), blocking protein-protein interaction (Griffin et al. 2006; Tanaka et al. 2007,
Van den Abbeele et al. 2010) or by relocating the antigen to a different intracellu-
lar location (Lener et al. 2000; Cardinale et al. 2005; Boldicke 2007). In this last
case also non-neutralizing antibodies, according to in vitro biochemical criteria, can
be effective when expressed in vivo. This can be obtained by adding to the intra-
body a specific targeting signal, as the ER retention signal KDEL, which confers to
the antigen-antibody complex the retention in the endoplasmic reticulum. In some
described cases, intrabodies divert the antigen to the proteasome degradation path-
way (Cardinale et al. 2003; Filesi et al. 2007). As mentioned before, intrabodies have
different folding performance and stability particularly when they are expressed in
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the cytoplasm. In this compartment, intradomain disulfide bonds do not form and
intrabodies complexed to their corresponding antigen tend to misfold and aggregate.
This has been demonstrated for cytoplasmic, nuclear and secretory intrabodies. In
the first case they aggregate and form aggresomes in a perinuclear location, whereas
in the secretory compartments the antigen-antibody complexes are retrotranslocated
from the ER, ubiquitinated and finally proteasome degraded (Filesi et al. 2007).

In order to define the mode of action of new intrabodies, the solubility properties,
the intracellular distribution and the resulting phenotypes should be routinely anal-
ysed with ad hoc assays. Protocols for studying the expression, solubility, stability
properties, intracellular localisation and for the analysis of the antigen-intrabody
complex in vivo have been described (Cardinale et al. 2004 and Cardinale and
Biocca 2010).

In summary, intrabodies can be used for preventing or treating human diseases
by exploiting their ability to (a) divert the antigen from its functional location,
(b) inhibit functional protein-protein interaction, (c) inhibit the functional site of the
target antigen, (d) re-route the antigen to the degradation pathway and (e) inhibit dif-
ferent stages of the aggregation process. This latter mode of action can be achieved
through stabilization of the native state isoform, inhibition of oligomerization, inhi-
bition of fibril formation and disruption and clearance of preformed aggregates as
demonstrated with scFv directed against misfolded prone proteins (Cardinale and
Biocca 2008b).

Figure 9.1 summarises the different modes of action of intrabodies observed in
vivo. These activities have a great potential in medicine and represent a viable option
for different pathologies, including neurodegenerative diseases, infectious diseases
and cancer.

9.6 Intrabodies Against Misfolding Diseases

A hallmark of misfolding diseases is the accumulation of amyloid or amyloid-like
aggregates deriving from the fibrillization process of a native protein. During the
aggregation process of an amyloidogenic protein many different conformers, includ-
ing misfolded monomers, oligomers and fibrils are generated (Chiti and Dobson
2006). In the neurodegenerative diseases the aggregation occurs in the brain and is
accompanied by cognitive decline. The available therapeutic treatments to slow or
prevent these devastating disorders are still not effective, so the development of new
molecular therapies that target the pathogenic proteins are urgently needed. In par-
ticular, there is great interest in searching new molecules able to prevent unfolding
and aggregation either by stabilizing the native state of the amyloidogenic precur-
sors or by disassembling amyloid fibrils. Conformational specific antibodies are
very promising agents against neurodegenerative disorders, because they can be
raised against different structural isoforms of an amyloidogenic antigen, act at the
protein level and can be used in an intrabody approach (Fig. 9.1). Interestingly,
although there are no obvious structural or sequence identities among proteins that
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Fig. 9.1 Schematic model for different modes of action of intrabodies. (a) Re-routing the antigen
from its functional location, in this case by adding the ER-retention signal KDEL at the C-terminus
of the intrabody. The retention sequence KDEL is specifically recognized by the ERD2 receptor
inside the cis-Golgi. The complex formed by the KDEL-tagged intrabody and the target protein
binds to the ERD2 receptors, is transported through the Golgi back to the ER, where it is released.
(b) Inhibition of functional protein-protein interaction. (¢) Direct inhibition of the native target
protein. (d) Re-routing the antigen antibody complex or the prone-misfolded antigen to protea-
some degradation. (e) Inhibition of different conformers. Intrabodies that distinguish native and
misfolded conformations can be generated and used either to re-route the misfolding-prone pro-
tein from its site of aggregation and, eventually, divert it to the proteasome pathway or to inhibit
different stages of the aggregation process. This latter mode of action can be achieved through
(1) stabilization of the monomeric isoform, (ii) inhibition of oligomerization, (iii) neutralization of
potentially toxic oligomeric species, (iv) inhibition of fibril formation and (v) clearing of preformed
aggregates

cause neurodegenerative diseases, it has been shown that conformation-dependent
antibodies, raised against a molecular mimic of AP oligomers, react with oligomers
derived from different kinds of amyloidogenic proteins, such as a-synuclein, polyg-
lutamine, prions, etc. inhibiting the toxicity associated to these aggregates (Kayed
et al. 2003). This finding indicates that the conformational structure rather than the
amino acid sequence of these misfolded isoforms is probably the key factor for their
neurotoxicity.

To generate conformation-specific intrabodies for therapeutic purposes it can be
used either the IAC technology, that does not need the purified antigen (Meli et al.
2009) or it is crucial to isolate specific misfolded isoforms. In this case, atomic force
microscopy (AFM) and electron microscopy are methods that allow to visualise
any different isoforms even if they are small oligomers. The combination of phage
display technology and screening by AFM has been used as a new approach to
select morphology-specific intrabodies against different conformers, as reported for
AB fibrils and a-synuclein oligomers (Emadi et al. 2007; Marcus et al. 2008; Zameer
et al. 2008).
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Many recombinant intrabodies against proteins involved in the pathogenesis of
Alzheimer’s, Prion, Huntington’s and Parkinson’s diseases have been generated and
successfully expressed in cellular and animal models (Cardinale and Biocca 2008a).

For Alzheimer’s disease (AD), the most common form of dementia character-
ized by extracellular deposits and intracellular accumulation of amyloid beta (Af)
peptide and hyperphosphorylated tau protein (Blennow et al. 20006), either periph-
eral and central nervous system (CNS) targeted antibodies have been largely used
and proved to be effective to reduce AP placque burden and memory impairment
(Steinitz 2009). Paganetti et al. generated intrabodies directed to the EFRH pep-
tide adjacent to the p-secretase cleavage site of human amyloid precursor protein
(APP) (scFv-B1). Expression of scFv-B1 along the secretory pathway shields the 8-
secretase cleavage site and inhibits the formation of toxic Af. The KDEL version
of the same intrabody is more effective, since it anchors APP in the ER preventing
its appearance on the plasma membrane (Paganetti et al. 2005). In another study,
the expression of anti-nicastrin intrabodies disrupts the proper folding and glyco-
sylation of the endogenous nicastrin. This protein is required for the stability of
the y-secretase complex. As a result, the anti-nicastrin intrabody suppresses the
y-secretase enzymatic activity in vivo (Hayashi et al. 2009).

Prion diseases are fatal transmissible spongiform encephalopathies affecting
humans and animals (Prusiner 1998; Aguzzi et al. 2008). So far, intrabody appli-
cations against prion disorders have been targeted to the endogenous prion protein
(PrPC). Anti-prion KDEL-8H4 scFv fragments were generated and stably expressed
in a neuronal cell line susceptible to scrapie infection. Its intracellular expression
causes a marked impairment of prion maturation and translocation towards the
membrane compartment, with a strong reduction of the PrP¢ membrane fraction. As
a consequence, the pathogenic scrapie isoform (PrP5¢) does not form and accumu-
late in infected cells (Cardinale et al. 2005). Moreover, mice, intracerebrally injected
with a lysate derived from KDEL-8H4 expressing cells infected with scrapie, neither
develop scrapie clinical sign nor brain damage, demonstrating effective treatment
(Vetrugno et al. 2005). The secretory version of the same intrabody (Sec-8H4), able
to recognize PrP® in the secretory pathway, strongly inhibits PrPS¢ accumulation
in 139A scrapie strain infected cells. By analysing its mode of action, it was found
that PrPC total level is markedly reduced due to a selective re-routing of PrPC to the
proteasome pathway. Moreover, Sec-8H4 intrabody impairs the secretion of endoge-
nous prion molecules associated to exosomes-like vesicles, a potential spreading
route for prion infectivity (Filesi et al. 2007). A drastic reduction of PrPS¢ accumu-
lation was also obtained by co-culturing cells secreting anti-prion scFv fragments
with chronically scrapie infected neuroblastoma cells (Donofrio et al. 2005).

Huntington’s disease (HD) is a genetic disorder associated with a progressive
neurodegeneration in the brain areas of cortex and striatum (Walker 2007). It is
caused by the aggregation of mutated forms of huntingtin (htt) protein which present
abnormally long polyglutamine (poliQ) sequences at the N-terminal. Cytoplasmic
intrabodies directed against the poly-proline region, flanking the polyglutamine
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region at the C-terminal side of htt, inhibit cell death and aggregation in transiently
transfected HEK293 cells, while intrabodies to the polyQ region are cytotoxic and
ineffective, because they accelerate aggregate formation and apoptotic cell death
(Khoshnan et al. 2002). A phage-derived C4 scFv against the N-terminal portion of
htt reduces aggregation and toxicity in cell cultures, in neuronal organotypic slice
cultures and in a Drosophila model of HD (Murphy and Messer 2004; Wolfgang
et al. 2005; McLear et al. 2008). Another potent intrabody against mutant htt, when
expressed in the striatum of HD mice via adenoviral infection, reduces neuropil
aggregate formation and ameliorates neurological symptoms (Wang et al. 2008).
Interaction of this intrabody with mutant huntingtin increases the ubiquitination of
cytoplasmic htt and its degradation, indicating that intrabody-mediated re-routing of
htt to the proteasome pathway is the mechanism underlying the protective activity
(Fig. 9.1). Furthermore, an intrabody against the N-terminal htt, V1 12.3 and another,
Happ1, which recognizes the proline rich domain of htt, both prevents htt aggrega-
tion and inhibits toxicity in an immortalized striatal cell model of HD by different
mechanisms (Southwell et al. 2008). Tested both in brains of five mouse models of
HD, V1.12.3 increases severity of phenotype and mortality in two models, while
Happl treatment ameliorates motor, cognitive and neuropathological symptoms
(Southwell et al. 2009).

Parkinson’s disease (PD) is the second most prevalent neurodegenerative illness
clinically characterized by motor and cognitive dysfunction. The main neuropatho-
logical feature is the presence of intracytoplasmic, proteinaceous inclusions termed
as Lewy bodies (LB) (Wood-Kaczmar et al. 2006). The protein a-synuclein is a
major structural component of LB. Cytoplasmic expression of an anti-monomeric
a-synuclein single-chain intrabody rescues the cell adhesion, stabilizes the
monomeric isoform and inhibits the formation of high molecular weight insolu-
ble species in a cell model (Zhou et al. 2004). More recently, a novel intrabody
against the nonamyloid component of a-synuclein, selected from a yeast surface dis-
play library, shows highly significant reduction of aggregation in stably trasfected
cellular models (Lynch et al. 2008). Anti-oligomeric scFv fragments block fibril
formation in vitro (Emadi et al. 2007) and alleviate toxicity when intracellularly
expressed in mammalian cells (Yuan and Sierks 2009).

Oculopharyngeal muscular dystrophy (OPMD) is an autosomal dominant dys-
trophy clinically characterized by progressive weakening of specific muscles. It is a
protein aggregation disorder caused by short expansions of the N-terminal polyala-
nine tract in the nuclear poly(A)-binding protein 1 (PABPN1). Mutant PABPN1
aggregates in intranuclear inclusions in OPMD patient muscles. In order to inhibit
the aggregation of the PABPN1 mutant, a panel of specific single domain anti-
body fragments (VH) was expressed in cellular and animal OPMD models. One of
them was effective in reducing aggregate formation and clearing pre-existing aggre-
gates in cells and was a strong suppressor of muscle degeneration in a characterized
Drosophila OPMD model, restoring muscle gene expression (Verheesen et al. 2006;
Chartier et al. 2009).
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9.7 Intrabodies for Treatment of Infection Diseases

The development of intrabodies for the inhibition of virus structural, regulatory,
enzymatic, envelope proteins and receptors on the surface of host cells has been
also largely explored, demonstrating their efficacy either at the early and late events
of the viral life cycle. In the beginning, they have been used to target proteins of the
human immunodeficiency virus 1 (HIV-1) (Lo et al. 2008). Intrabodies equipped
with a ER retention signal were employed against the viral coat proteins gp120 and
gp41. They caused inhibition of virus replication and syncytial formation (Marasco
et al. 1993; Zhou et al. 1998). Inhibition of early and late events of HIV-1 life
cycle was also obtained by expression of cytoplasmic intrabodies directed against
the matrix protein p17 (Levin et al. 1997) and against proteins involved in replica-
tion (reverse transcriptase and Vif). Camelized single-domain intrabodies efficiently
interact with HIV-1 Vif protein and neutralize Vif-mediated proviral integration in
non permissive cells (Aires da Silva et al. 2004). Moreover, intrabodies that block
regulatory proteins, such as Tat and Rev have been used to inhibit HIV-1 replica-
tion. A cytosolic anti-Tat scFv fragment modified with a C-terminal human C kappa
domain to increase cytoplamic stability inhibits Tat-mediated long terminal repeat
(LTR) transactivation and HIV-1 infection in transformed lymphocytes (Mhashilkar
et al. 1995; Bai et al. 2003) and a cytosolic anti-Rev scFv fragment inhibits HIV-
1 replication in HeLa-T4 cells (Duan et al. 1994). Recently, a llama derived VH
domain, selected against the N-terminal a-helical multimerization domain of Rev,
was used to block Rev multimerization and prevent HIV replication (Vercruysse
et al. 2010).

Intrabodies have been described for treatment of various other viral infections,
such as Hepatitis B (HBV) and Hepatitis C virus (HCV) infections, which represent
a global health problem. ER-retained single-domain intrabodies (VHHs) targeting
the envelope protein of HBV induce more than two log reduction in virion secretion
in a HBV mouse model (Serruys et al. 2009) and, in a still preliminary study, cytoso-
lic and nuclear VHH intrabodies targeting the core antigen (HBcAg) were produced
and tested in infected cells (Serruys et al. 2010). Intrabodies against the NS3 serine
protease, which is necessary for viral replication and innate immune evasion, inhibit
HCYV replication when expressed in hepatoma cells (Gal-Tanamy et al. 2010).

Intrabodies inhibit Papilloma virus protein function in cervical cancer cells
(Griffin et al. 2006), decrease Kaposi sarcoma-associated herpes viral persistence
in lymphoma cells (Corte-Real et al. 2005) and reduce transcription and replication
of influenza A virus (Mukhtar et al. 2009).

Interestingly, novel disulfide-free proteins that target severe acute respiratory
syndrome (SARS) N protein with high affinity and selectivity have been generated
by using mRNA display selection and directed evolution. Although these molecules
are structurally very different from antibodies as they utilises a discontinuous bind-
ing surface, they may represent interesting alternatives to intrabodies. At least for
the molecules tested in this study, seven block SARS replication with different
efficiency and do not disrupt mammalian cell function (Liao et al. 2009).
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9.8 Intrabodies in Cancer

Many tumors are characterized by the presence of mutated or aberrantly expressed
proteins involved in the control of vital processes. Most oncogenic proteins are
located inside cells and are not available to be targeted by standard antibody-
mediated anti-tumor therapies. Intrabodies have clear clinical potential in cancer
therapy and have been successfully used as effectors of intracellular cancer targets
and pathways associated with tumor cell proliferation, differentiation and invasion.
In particular intrabodies have been extensively studied as inhibitors of growth fac-
tors receptors or other oncogenic antigens in the secretory compartment, in the
cytoplasm and in the nuclei.

Aberrant expression of members of the epidermal growth factor receptor (EGFR)
family, such as EGFR and erbB2, has been observed in a variety of human tumors,
including breast and ovary carcinoma. Many reports describe the successful pheno-
typic knockout of the epidermal growth factor receptor (EGFR) and erbB2 achieved
by retention of them by ER-retained scFv intrabodies (Graus-Porta et al. 1995;
Jannot et al. 1996; Deshane et al. 1997). Down regulation of surface-exposed erbB2
receptors results in induction of apoptosis, cytotoxicity and inhibition of tumor
cell proliferation in vitro and in vivo. However, a phase 1 clinical trial using an
anti-erbB-2 scFv-encoding adenovirus, carried out to treat erbB-2-overexpressing
ovarian cancer, highlighted the need for more efficient gene delivery systems
(Alvarez et al. 2000). Reversion of transformed phenotype in ovarian cancer cells
was also obtained by the intracellular expression of ER-retained anti-o folate
receptor intrabodies (Figini et al. 2003).

To identify and functionally characterize tumor specific markers, a human scFv
phage display library was used to select intrabodies able to bind and rapidly inter-
nalize into human breast cancers. One of these, the 3GAS, has been proved to knock
down the surface display of the CD9 partner 1, a tumor specific receptor antigen,
when expressed as an ER-retained intrabody inside cells (Goenaga et al. 2007).

RAS is a guanine nucleotide binding protein which plays a crucial role in the reg-
ulation of cell proliferation, oncogenic transformation and differentiation located
at the inner surface of the plasma membrane. A panel of non neutralizing anti-
RAS scFvs were proved to inhibit cell proliferation by sequestering the antigen and
diverting it in cytoplasmic aggresomes (Lener et al. 2000). Intrabody-mediated RAS
aggregation led to proteasome dysfunction and apoptosis (Cardinale et al. 2003). In
another study, neutralization of RAS promoted apoptosis in human cancer cells and
led to tumor regression of a colon carcinoma tumour model in nude mice (Cochet
et al. 1998). More recently, a soluble single VH domain that specifically binds to
activated GTP-bound RAS inhibited RAS-effector protein interactions with RAS,
preventing tumorigenesis in a mouse model (Tanaka et al. 2007).

The tumor suppressor gene p53 is mutated in almost half of human tumors.
Restoration of its transcriptional activity may trigger massive apoptosis of cancer
cells. Intracellular expression of nuclear targeted anti-p53 scFv fragments in human
tumor cells leads to restoration of the p53 mutant deficient transcriptional activity
(Caron de Fromentel et al. 1999) and induces tumor regression in an animal model
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of mice carrying human xenografts, with no apparent deleterious side effects (Orgad
et al. 2010).

Functional apoptotic pathways are crucial for cell homeostasis and for the
elimination of damaged or transformed cells. A dysregulation of apoptosis is
implicated in many pathologies, including neurodegenerative diseases and cancer.
Two camelid-derived single VH domains, selected against recombinant Caspase-3
and expressed as intrabodies in a neuroblastoma cell line, show different in vivo
apoptotic-modulating effects. Notably, while one of them is an antagonist towards
Caspase 3 and protects cells from oxidative-stress-induced apoptosis, the other is
able to induce cell death (McGonigal et al. 2009).

9.9 Against Toxins

Other very recent applications are the use of intrabodies as anti-toxin agents. Toxins
from microbial and other sources continue to cause substantial human and veteri-
nary pathologies and represent serious biosecurity threats. Currently there is no anti-
dote that can reverse symptoms of the botulinum neurotoxin. Camelid single domain
intrabodies (VHHS) specifically selected against Clostridium botulinum neurotoxin
(BoNT) protect neuronal cell synaptosomal-associated protein 25 (SNAP25) pro-
tein from cleavage, demonstrating its potential as a component of therapeutic
agents against botulism intoxication (Tremblay et al. 2010). Some ADP-ribosylation
toxins, such as Salmonella SpvB toxin, are secreted directly from the Salmonella-
containing vacuole into the cytosol of target cells and, thus, are inaccessible
to conventional antibodies. A single-domain antibody expressed as a cytosolic
intrabody blocks the actin ADP-ribosylating toxin of Salmonella typhimurium
(Alzogaray et al. 2010).

9.10 Concluding Remarks

Targeting antigens not accessible by circulating antibody molecules is the powerful
of the intrabody technology. This approach has greatly improved by recent advances
in scaffold design, repertoire construction and ad hoc selection methods to improve
the stability and solubility of intrabodies inside cells. The camelid derived single
domain antibodies, which are the smallest fragments intracellularly expressed, rep-
resent the new generation of intrabodies for their capacity to enter small cavities on
antigens, their high solubility and good tissue penetration.

There are still major problems to be solved before intrabodies will be clinically
approved therapeutic agents. These include, in particular, development of appropri-
ate, efficient and safe delivery strategies, in terms of transduction systems and routes
of delivery. Adeno-associated (AAV) viral vectors still represent the best choice of
delivery in mammalian tissues although a novel generation of non viral delivery sys-
tems (nanoparticles, protein transduction domain peptides or modified liposomes)



9 Intrabody Expression in Mammalian Cells 191

characterized by low toxicity and immunogenicity are now emerging. The general
interest in this issue is so diffuse that promises to bring new improvements in the
next future.

Acknowledgements I wish to thank Alessio Cardinale for helpful discussions, suggestions and
critical reading of the manuscript.
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