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1. Introduction

Antibody phage display is an in vitro technology to generate recombinant antibodies. In
particular for pathogens or toxins, antibody phage display is an alternative to hybridoma
technology, since it circumvents the limitations of the immune system. Furthermore, phage
display allows generation of human antibodies when either immunised patients are not
available or immunisation is not ethically feasible.

Equine encephalitis viruses, like VEEV, WEEV and EEEV, belong to the Alphavirus group.
Several species and subspecies of this family are pathogenic for man and are recognized as
potential agents of biological warfare and terrorism. In this review, we describe the
generation of human antibodies from naive antibody gene libraries and macaque antibodies
from immune antibody gene libraries. Furthermore, we give an overview about phage
display derived recombinant antibodies against equine encephalitis viruses for diagnostics
and therapy.

2. Short introduction to encephalitis viruses

Venezuelan equine encephalitis virus (VEEV), Western equine encephalitis virus (WEEV) and
Eastern equine encephalitis virus (EEEV) were first isolated in the 1930s and belong to the
Alphavirus genus within the Togaviridae family (Giltner and Shahan, 1933; King, 1939; Kubes
and Rios, 1939; Meyer et al., 1931; Powers et al., 2001; Weaver et al., 2004). Mosquitoes are the
biological vectors of theses viruses and equine species and man are periodically infected
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310 Pathogenesis of Encephalitis

(Strauss and Strauss, 1994). In the past epidemics caused by these viruses occured in North,
Central and South America. These viruses can spread to the human central nervous system
(CNS) causing symptoms ranging from mild febrile reactions to encephalitis, often resulting in
fatal and permanent neurologic damages. The severity of the illness depends on virus strain,
age of patients as well as dose and route of infection (Calisher, 1994; Deresiewicz et al., 1997;
Feemster, 1938; Hoke, 2005; Leitenberg, 2001; Letson et al., 1993; Rivas et al., 1997; Rozdilsky et
al., 1968; Sanchez et al., 1984; Sellers and Maarouf, 1993; Sudia et al., 1975; Weaver et al., 1996).
Moreover, alphaviruses can be produced in large quantities, are moderately easy to
disseminate and are highly infectious as aerosols (Phillpotts, 2006; Reed et al., 2005). Therefore,
VEEV, WEEV and EEEV are potential biological weapons (Hawley and Eitzen, 2001). All three
encephalitis virus species are classified as Bioterrorism Agent Category B by the Center of
Disease Control (CDC) (http:/ /www.bt.cdc.gov/agent/agentlist-category.asp).

For rapid detection, diagnosis and treatment of VEEV, WEEV and EEEV antibodies are
indispensable tools and potential therapeutics.

3. Antibody phage display

Production of polyclonal antibodies by immunisation of animals is a method established for
more than a century. The first antibody serum was produced in horses and directed against
diphtheria (von Behring and Kitasato, 1890). Hybridoma technology was the next milestone,
allowing the production of monoclonal antibodies (Kohler and Milstein, 1975). Hybridoma
technology has drawbacks like limited number of candidates, possible instability of aneuploid
cell lines (Pauza et al., 1993), inability to provide antibodies against highly conserved antigens
and most of all its limited application to generate human antibodies (Winter and Milstein,
1991). Hybridoma technology thus essentially allows isolation of murine antibodies which
have a broad detection range and can be applied for diagnostic or research uses. However,
their therapeutic applications are limited because repeated administration of murine
antibodies can cause human anti-mouse antibody reaction (HAMA), in turn leading to a
diminution of the antibody half-life and to severe side effects including anaphylactic side
effects (Courtenay-Luck et al., 1986; Tjandra et al., 1990). These difficulties might be alleviated
by engineering these antibodies to reduce their fraction of murine origin. Chimerised
antibodies have murine variable regions, retaining binding capacity of the original murine
antibody, expressed in fusion with human constant regions. But, these variable murine regions
are still large enough to be a cause for adverse reactions so that the smaller hypervariable
regions, in direct contact with the antigen, might be preferred as the only murine part retained
in the therapeutic molecule. The corresponding engineering process is known as
humanisation, which is however more difficult to implement than chimerisation. Another
possibility is to utilise transgenic mice whose loci coding antibodies have been replaced by
their human counterparts. With these mice, human antibodies can be generated by hybridoma
technology but these transgenic animals are available in a very limited number of laboratories
only (Fishwild et al., 1996; Jakobovits, 1995; Lonberg and Huszar, 1995; Nelson et al., 2010). For
the isolation of antibodies directed against toxins, animals are immunised by non-toxic
subunits or even selected domains from these subunits (Pelat et al., 2009a; Pelat et al., 2007;
Scotcher et al., 2010; Winterroth et al., 2010).

A technology which circumvents the limitations of the immune system is antibody phage
display. This technology is completely independent from any immune system by an in vitro
selection process. The display method most commonly used today is based on the work of
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George P. Smith (Smith, 1985) on filamentous phage, which infect E. coli. By this technology,
genotype and phenotype of a polypeptide e.g. an antibody are linked by fusing the antibody-
encoding DNA to the coat protein III gene (glll) of the filamentous bacteriophage M13. The
resulting antibody::plll fusion protein is displayed on the surface of phage particles, thus
allowing affinity isolation of the antibody and consequently the purification of its coding DNA
present within the phage (Breitling et al., 1991; Clackson et al., 1991; McCafferty et al., 1990).

In fact only antibody fragments like single chain fragment variable (scFv) or fragment
antigen binding (Fab) are used routinely for phage display (Hoet et al., 2005; Hust et al.,
2010), due to limitations of the E. coli protein folding machinery which can express full-sized
IgGs only in rare cases (Mazor et al., 2007; Simmons et al., 2002). ScFv fragments consist of
the variable domains of the heavy and light chain (Fv fragment) connected by a peptide
linker (Bird et al., 1988; Huston et al., 1988). Other used formats for phage display are single
chain Fabs (scFab), human VH domains (dAbs) and the variable domains of camel heavy
chains (VHHSs) (Holt et al., 2003; Hust et al., 2007b; Muyldermans, 2001; Muyldermans et al.,
2009). Another interesting , antibody” format for phage display are immunoglobulins of
sharks (IgNARs), which are very resistant to denaturation and well suitable for diagnostics.
(Flajnik and Dooley, 2009; Nuttall et al., 2001; Nuttall et al., 2004).

The phage-displayed libraries are built from immunised or non-immunised lymphocyte
donors or from synthetic repertoires. Libraries using the naive IgM repertoire - the primary
immune response - of a donor or synthetic antibody sequences are summarised as ,single-
pot” or universal libraries. These libraries are designed to isolate antibody fragments
binding to every possible antigen, at least in theory (Diibel et al., 2010; Winter et al., 1994).
Different types of universal libraries are available. Naive libraries are constructed from
rearranged V genes from B cells (IgM) of non-immunised donors. Examples for this library
type are the naive human Fab library constructed by de Haard et al. (de Haard et al., 1999)
and the HAL scFv libraries (Hust et al., 2011). Semi-synthetic libraries are constructed from
unrearranged V genes from pre B germline cells (Griffiths et al., 1994) or from an antibody
framework (Pini et al., 1998) in which one or several complementarity determining regions
(CDR), including always the CDR H3, are randomised. For the FAB310 antibody gene
library, a combination of naive and synthetic repertoire was used. Here, light chains from
autoimmune patients were combined with a Fd fragment containing synthetic CDR1 and
CDR2 in the human VH3-23 framework and naive CDR3 regions, derived from autoimmune
patients (Hoet et al., 2005). Fully synthetic libraries are made of human frameworks with
randomised CDR cassettes (Knappik et al., 2000; Rothe et al., 2008). Universal libraries have
a repertoire of 108 - 10! independent clones as molecular repertoire for phage display
selection procedures. The difficulty of naive libraries is that antibodies isolated thereof have
lower affinities as hybridoma derived antibodies. Affinity and stability of the antibodies
selected by phage display can be increased by additional in vitro affinity maturation steps
(Finlay et al., 2009; Kobayashi et al., 2010; Thie et al., 2011; Thie et al., 2009).

To date, antibody phage display was used for the generation of antibodies against a large
panel of human pathogenic viruses by using either recombinant viral proteins or complete
virus particles for panning. Naive antibody gene libraries were used to generate antibodies
against Sin nombre virus (Velappan et al, 2007), Dengue virus (Cabezas et al., 2008;
Moreland et al., 2010), Hepatitis C virus (Songsivilai and Dharakul, 1998), Influenza virus
(Lim et al., 2008) or VEEV (Kirsch et al., 2008).

Opposite to these naive libraries are “immune libraries” which are constructed from
antibody V-genes isolated from IgG secreting plasma cells from blood or bone marrow of
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immunised donors. V genes of these libraries contain hypermutations and are affinity
matured. From these immune libraries, human antibodies usable for therapeutic purposes
against infectious pathogens (Clackson et al., 1991; Pelat et al., 2007; Schiitte et al., 2009),
including viruses (Duggan et al., 2001; Hunt et al., 2010; Kang et al., 2006; Sun et al., 2009;
Throsby et al., 2008) have been isolated. Generally, immune libraries have a size of 100-108
independent clones, but can not be built for each antigen of interest, because man cannot be
immunized with all antigens for ethical and practical reasons. An alternative are macaque
immune libraries. The antibody genes of non-human primates (NHP) are closely related to
human antibody genes (Pelat et al., 2009b) and might easily be humanised or germline
humanised. In this latter case, the macaque amino acid sequence of the antibody is first
compared with the corresponding human germline sequence. Differing macaque amino acid
sequences are localised and are replaced by their human germline counterparts (Pelat et al.,
2008; Pelat and Thullier, 2009) with respect to their affinity. Human germline sequences
belong to the immunological self and are generally perfectly tolerated. However, this
approach can even be used to reduce the potential immunogenicity of human antibodies.
The in vitro isolation of antibody fragments from libraries is performed independently from
their immune or naive origin. It relies on the binding activity of these antibody fragments
and is called ,panning” (Fig. 1), referring to the gold digger's tool (Parmley and Smith,
1988). For this panning, the antigen (a protein or a complete organism like a virus) is
immobilised to a solid surface, mainly plastic surfaces like polystyrene tubes (Hust et al.,
2002) or 96 well microtitre plates (Hust et al., 2011) and incubated with antibody phage of
the antibody gene library. During this incubation step, chemical (e.g. pH), physical (e.g.
temperature) or biological (e.g. competitor) parameters can be controlled to select antibodies
which are able to bind the antigen. Antibody phage particles which bind weakly to the
antigen and the vast excess of non-binding antibody phage are removed by strigent
washing. Specifically binding antibody phage are eluted (e.g. by trypsin or pH shift) and
reamplified by infection of E. coli. Subsequently, the phagemid bearing E. coli are infected
with a helperphage, mainly M13K07, to produce new antibody phage which can be used for
further panning rounds until a significant enrichment of antigen specific phage is achieved.
Usually two or three panning rounds are necessary to select specifically binding antibody
fragments. After panning, soluble individual monoclonal antibody fragments or antibody
phage are produced and specific antigen binding is analysed by ELISA to identify
individual binders. Afterwards, these individual binders can be sequenced and further
biochemically characterised (Hust et al., 2007a; Winter et al., 1994). This panning process can
also be performed in a high-throughput manner (Buckler et al., 2008; Hallborn and Carlsson,
2002; Hust et al., 2011; Konthur et al., 2005). Because the gene sequence of the binder is
available, the antibody - depending on the desired application - can be converted into
different antibody formats (e.g. scFv-Fc fusion or IgG) and produced in different production
hosts (Hust et al.,, 2011; Schirrmann et al., 2008). In summary, recombinant antibody
fragments derived from phage display can be adapted to the final assay requirements.

4. Antibodies for diagnostics and therapy of encephalitis viruses generated
by phage display

In the beginning of 2011, 29 therapeutic monoclonal antibodies were approved in the USA
or EU. For further antibodies approval is pending (http://www.landesbioscience.com
/journals/mabs/about). The most admitted therapeutic antibodies are for cancer and
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autoimmune diseases (Diibel, 2007). Mechanisms of therapeutic antibodies are manifold and
include neutralisation of substances e.g. toxins (Pelat et al., 2007) or cytokines like tumor
necrosis factor (TNF) alpha (Alonso-Ruiz et al., 2008), blocking of receptors like epidermal
growth factor receptor (EGFR) (Peeters et al., 2009), binding to cells and modulating the host
immune system (Chatenoud and Bluestone, 2007), or combinations of these effects (Adams
and Weiner, 2005). Interestingly, todate no recombinant antibodies are approved for the
treatment of viral infections.

Rapid diagnosis of equine encephalitis is essential to allow an appropriate medical
treatment, preventing viral replication. This may be allowed by point-of-care diagnosis tests
based on antibodies or antibody fragments. After successful diagnosis, specific treatment
might be considered and the use of recombinant (chimerized, humanized or human)
neutralising antibodies is one choice. Also a prophylactic use of these recombinant
antibodies might be considered for a time-limited protection, as human antibodies have a
half-life of around 3 weeks in man (Eklund et al., 1982).

Since the administration of the original vaccine VEEV strain, TC83, developed in the sixties,
had serious side effects to man (MCKINNEY et al., 1963), murine, macaque, humanised and
human antibodies have been generated against VEEV by antibody phage display as an
alternative in recent years. VEEV TC83 was used for example for the immunisation of mice
from which the protective monoclonal antibody mAb 3B4C-4 was generated and later
humanised (Hunt et al., 2006; Roehrig et al., 1982). The resulting antibody, mAb Hy4, turned
out to be as protective as the original mouse antibody as demonstrated by virus challenge in
Swiss Webster mice (Hunt et al., 2006). A further neutralising humanised antibody was
developed by Hu et al (Hu et al., 2010).

The first anti-VEEV recombinant antibody fragments were derived from the murine IgG
mADb 5B4D-6 by molecular cloning (Alvi et al., 1999). Murine scFvs aimed for diagnostic use
were also isolated by phage display using immune libraries (Duggan et al., 2001), as phage
display allows testing more candidates than hybridoma technology thus improving the
search for selected specificities. Later, protective murine antibody fragments were generated
using phage display. The broadly reacting scFv CUF37 was converted into the murine IgG2a
format; this antibody was not neutralising in vitro but protective in vivo (O’Brien et al., 2009).
The humanised version of this antibody (hulA3B-7) protected mice in challenge
experiments using the VEEV strain Trinidad Donkey (TrD) (Goodchild et al., 2011).
Regarding human antibody fragments, a panel of scFvs was selected for diagnostic assays
from the naive human libraries HAL4/7 using the antibody-displaying phage particles
directly (Kirsch et al.,, 2008). Further human antibodies for therapeutic purposes were
isolated using Fab (Fragment antigen binding) antibody phage display. The human immune
library was constructed from sera of two VEEV strain TC-83 immunised US soldiers and
two neutralising antibody fragments were identified. Hunt and coauthors suggested to use
mAb F5 in combination with the earlier isolated humanised antibody mAb Hy4 for
therapeutic purposes because they bind to different epitopes of the VEEV E2 glycoprotein
(Hunt et al., 2010). The authors of the present review isolated a macaque scFv from an
immune phage-displayed library directed against VEEV. Expressed as fusion with human
constant regions, the resulting scFv-Fc protected mice against lethal challenge with
Venezuelan equine encephalitis viruses (Riilker et al., in preparation).

To our knowledge no anti-WEEV antibody fragments derived from any kind of library is
published. However, scFvs were generated from the murine IgGs 11D2 (Das et al., 2004; Xu
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et al., 1999) and 10B5 E7E2 (Long et al., 2000) for diagnostic purposes. The authors of this
review generated scFvs against WEEV by phage display using a macaque immune antibody
gene library (Riilker et al. in preparation), both for diagnosis and therapeutic purposes.
Regarding EEEV, to our knowledge no recombinant human or murine antibodies have been
published.

“At present there is no FDA-approved medical treatment for infection with these viruses.”
(Reichert et al., 2009). However, antibody phage display and other techniques have already
delivered human or human-like antibodies as leads for the treatment or prophylaxis of
equine encephalitis. Alternatively, the epitopes of these antibodies might also be candidate-
vaccine.

5. References

Adams, G.P., Weiner, L.M. (2005). Monoclonal antibody therapy of cancer. Nat Biotechnol 23,
1147-1157.

Alonso-Ruiz, A., Pijoan, ].I., Ansuategui, E., Urkaregi, A., Calabozo, M., Quintana, A. (2008).
Tumor necrosis factor alpha drugs in rheumatoid arthritis: systematic review and
metaanalysis of efficacy and safety. BMC Musculoskeletal Disorders 9: 52.

Alvi, A.Z., Stadnyk, L.L., Nagata, L.P., Fulton, R.E., Bader, D.E., Roehrig, J.T., Suresh, M.R.
(1999). Development of a functional monoclonal single-chain variable fragment
antibody against Venezuelan equine encephalitis virus. Hybridoma 18, 413-421.

von Behring, E., Kitasato, S. (1890). Uber das Zustandekommen der Diphtherie-Immunitt
und der Tetanus-Immunitét bei Thieren. Deutsche Medizinische Wochenzeitschrift 16,
1113-1114.

Bird, R.E., Hardman, K.D., Jacobson, J.W., Johnson, S., Kaufman, B.M., Lee, S.M., Lee, T.,
Pope, S.H., Riordan, G.S., Whitlow, M. (1988). Single-chain antigen-binding
proteins. Science 242, 423-426.

Breitling, F., Diibel, S., Seehaus, T., Klewinghaus, I., Little, M. (1991). A surface expression
vector for antibody screening. Gene 104, 147-153.

Buckler, D.R,, Park, A., Viswanathan, M., Hoet, R.M., Ladner, R.C. (2008). Screening isolates
from antibody phage-display libraries. Drug Discov Today 13, 318-324.

Cabezas, S., Rojas, G., Pavon, A., Alvarez, M., Pupo, M., Guillen, G., Guzman, M.G. (2008).
Selection of phage-displayed human antibody fragments on Dengue virus particles
captured by a monoclonal antibody: application to the four serotypes. | Virol
Methods 147, 235-243.

Calisher, C.H. (1994). Medically important arboviruses of the United States and Canada. Clin
Microbiol Rev 7, 89-116.

Chatenoud, L., Bluestone, J.A. (2007). CD3-specific antibodies: a portal to the treatment of
autoimmunity. Nat Rev Immunol 7, 622-632.

Clackson, T., Hoogenboom, H.R., Griffiths, A.D., Winter, G. (1991). Making antibody
fragments using phage display libraries. Nature 352, 624-628.

Courtenay-Luck, N.S., Epenetos, A.A., Moore, R., Larche, M., Pectasides, D., Dhokia, B,
Ritter, M.A. (1986). Development of primary and secondary immune responses to
mouse monoclonal antibodies used in the diagnosis and therapy of malignant
neoplasms. Cancer Res 46, 6489-6493.

www.intechopen.com



316 Pathogenesis of Encephalitis

Das, D., Kriangkum, J., Nagata, L.P., Fulton, R.E., Suresh, M.R. (2004). Development of a
biotin mimic tagged ScFv antibody against western equine encephalitis virus:
bacterial expression and refolding. | Virol Methods 117, 169-177.

Deresiewicz, R.L., Thaler, S.J., Hsu, L., Zamani, A.A. (1997). Clinical and neuroradiographic
manifestations of eastern equine encephalitis. N Engl | Med 336, 1867-1874.

Diibel, S. (2007). Recombinant therapeutic antibodies. Appl Microbiol Biotechnol 74, 723
-729.

Diibel, S., Stoevesandt, O., Taussig, M.J., Hust, M. (2010). Generating recombinant
antibodies to the complete human proteome. Trends Biotechnol 28, 333-339.

Duggan, J.M., Coates, D.M., Ulaeto, D.O. (2001). Isolation of single-chain antibody
fragments against Venezuelan equine encephalomyelitis virus from two different
immune sources. Viral Immunol 14, 263-273.

Eklund, J., Hermann, M., Kjellman, H., Pohja, P. (1982). Turnover rate of anti-D IgG injected
during pregnancy. Br Med | (Clin Res Ed) 284, 854-855.

Feemster, R.F. (1938). Outbreak of Encephalitis in Man Due to the Eastern Virus of Equine
Encephalomyelitis. Am | Public Health Nations Health 28, 1403-1410.

Finlay, W.]J., Cunningham, O., Lambert, M.A., Darmanin-Sheehan, A., Liu, X., Fennell, B.].,
Mahon, C.M., Cummins, E., Wade, ].M., O’Sullivan, C.M., Tan, X.Y., Piche, N.,
Pittman, D.D., Paulsen, J., Tchistiakova, L., Kodangattil, S., Gill, D., Hufton, S.E.
(2009). Affinity maturation of a humanized rat antibody for anti-RAGE therapy:
comprehensive mutagenesis reveals a high level of mutational plasticity both inside
and outside the complementarity-determining regions. | Mol Biol 388, 541-558.

Fishwild, D.M., O'Donnell, S.L., Bengoechea, T., Hudson, D.V., Harding, F., Bernhard, S.L.,
Jones, D., Kay, R M., Higgins, K.M., Schramm, S.R., Lonberg, N. (1996). High-
avidity human IgG kappa monoclonal antibodies from a novel strain of minilocus
transgenic mice. Nat Biotechnol 14, 845-851.

Flajnik, M.F., Dooley, H. (2009). The generation and selection of single-domain, v region
libraries from nurse sharks. Methods Mol Biol 562, 71-82.

Giltner, L.T., Shahan, M.S. (1933). The immunological relationship of eastern and western
strains of equine encephalomyelitis virus. Science 78, 587-588.

Goodchild, S.A., O’Brien, L.M., Steven, J., Muller, M.R., Lanning, O.]., Logue, C.H., D’Elia,
R.V., Phillpotts, R.J., Perkins, S.D. (2011). A humanised murine monoclonal
antibody with broad serogroup specificity protects mice from challenge with
Venezuelan equine encephalitis virus. Antiviral Res 90, 1-8.

Griffiths, A.D., Williams, S.C., Hartley, O., Tomlinson, .M., Waterhouse, P., Crosby, W.L.,
Kontermann, R.E., Jones, P.T., Low, N.M., Allison, T.J. (1994). Isolation of high
affinity human antibodies directly from large synthetic repertoires. EMBO ] 13,
3245-3260.

de Haard, H.J.,, van Neer, N., Reurs, A., Hufton, S.E., Roovers, R.C., Henderikx, P., de
Bruine, A.P., Arends, J.W., Hoogenboom, H.R. (1999). A large non-immunized
human Fab fragment phage library that permits rapid isolation and kinetic analysis
of high affinity antibodies. | Biol Chem 274, 18218-18230.

Hallborn, J., Carlsson, R. (2002). Automated screening procedure for high-throughput
generation of antibody fragments. Biotechniques Suppl, 30-7.

www.intechopen.com



Development of Human and Macaque Antibodies
Using Antibody Phage Display for the Detection of Equine Encephalitis Viruses 317

Hawley, RJ., Eitzen, EM. (2001). Biological weapons--a primer for microbiologists. Annu
Rev Microbiol 55, 235-253.

Hoet, R M., Cohen, E.H., Kent, R.B., Rookey, K., Schoonbroodt, S., Hogan, S., Rem, L., Frans,
N., Daukandt, M., Pieters, H., van Hegelsom, R., Neer, N.C.-van, Nastri, H.G,,
Rondon, 1], Leeds, J.A., Hufton, S.E., Huang, L., Kashin, 1., Devlin, M., Kuang, G,
Steukers, M., Viswanathan, M., Nixon, A.E., Sexton, D.J., Hoogenboom, H.R.,
Ladner, R.C. (2005). Generation of high-affinity human antibodies by combining
donor-derived and synthetic complementarity-determining-region diversity. Nat
Biotechnol 23, 344-348.

Hoke, C.H. (2005). History of U.S. military contributions to the study of viral encephalitis.
Mil Med 170, 92-105.

Holt, L.J., Herring, C., Jespers, LS., Woolven, B.P., Tomlinson, IL.M. (2003). Domain
antibodies: proteins for therapy. Trends Biotechnol 21, 484-490.

Hunt, A.R., Frederickson, S., Hinkel, C., Bowdish, K.S., Roehrig, J.T. (2006). A humanized
murine monoclonal antibody protects mice either before or after challenge
with virulent Venezuelan equine encephalomyelitis virus. | Gen Virol 87, 2467-2476.

Hunt, A.R,, Frederickson, S., Maruyama, T., Roehrig, J.T., Blair, C.D. (2010). The first human
epitope map of the alphaviral E1 and E2 proteins reveals a new E2 epitope with
significant virus neutralizing activity. PLoS Negl Trop Dis 4, €739.

Hust, M., Diibel, S., Schirrmann, T. (2007a). Selection of recombinant antibodies from
antibody gene libraries. Methods Mol Biol 408, 243-255.

Hust, M., Jostock, T., Menzel, C., Voedisch, B., Mohr, A., Brenneis, M., Kirsch, M.L., Meier,
D., Diibel, S. (2007b). Single chain Fab (scFab) fragment. BMC Biotechnol 7: 14.

Hust, M., Maiss, E., Jacobsen, H.-J., Reinard, T. (2002). The production of a genus-specific
recombinant antibody (scFv) using a recombinant potyvirus protease. | Virol
Methods 106, 225-233.

Hust, M., Meyer, T., Voedisch, B., Riilker, T., Thie, H., El-Ghezal, A., Kirsch, M.L,, Schiitte,
M., Helmsing, S., Meier, D., Schirrmann, T., Diibel, S. (2011). A human scFv
antibody generation pipeline for proteome research. | Biotechnol 152, 159-170.

Huston, J.S., Levinson, D., Mudgett-Hunter, M., Tai, M.S., Novotny, J., Margolies, M.N.,
Ridge, R.J., Bruccoleri, R.E., Haber, E., Crea, R. (1988). Protein engineering of
antibody binding sites: recovery of specific activity in an anti-digoxin single-chain
Fv analogue produced in Escherichia coli. Proc Natl Acad Sci USA 85, 5879-5883.

Hu, W.-G,, Phelps, A.L., Jager, S., Chau, D., Hu, C.C., O’'Brien, L.M., Perkins, S.D., Gates,
Al]., Phillpotts, R.J., Nagata, L.P. (2010). A recombinant humanized monoclonal
antibody completely protects mice against lethal challenge with Venezuelan equine
encephalitis virus. Vaccine 28, 5558-5564.

Jakobovits, A. (1995). Production of fully human antibodies by transgenic mice. Curr Opin
Biotechnol 6, 561-566.

Kang, X., Yang, B.-A., Hu, Y., Zhao, H., Xiong, W., Yang, Y., Si, B., Zhu, Q. (2006). Human
neutralizing Fab molecules against severe acute respiratory syndrome coronavirus
generated by phage display. Clin Vaccine Immunol 13, 953-957.

King, L.S. (1939). Studies on eastern equine encephalomyelitis : III. intraocular infection with
fixed virus in the guinea pig. | Exp Med 69, 691-704.

www.intechopen.com



318 Pathogenesis of Encephalitis

Kirsch, M., Hiilseweh, B., Nacke, C., Riilker, T., Schirrmann, T., Marschall, H.-J., Hust, M.,
Diibel, S. (2008). Development of human antibody fragments using antibody phage
display for the detection and diagnosis of Venezuelan equine encephalitis virus
(VEEV). BMC Biotechnol 8:66.

Knappik, A., Ge, L., Honegger, A., Pack, P., Fischer, M., Wellnhofer, G., Hoess, A., Wolle, J.,
Pliickthun, A., Virnekéds, B. (2000). Fully synthetic human combinatorial antibody
libraries (HuCAL) based on modular consensus frameworks and CDRs
randomized with trinucleotides. | Mol Biol 296, 57-86.

Kobayashi, N., Oyama, H., Kato, Y., Goto, J., Soderlind, E., Borrebaeck, C.A.K. (2010). Two-
step in vitro antibody affinity maturation enables estradiol-17beta assays with more
than 10-fold higher sensitivity. Anal Chem 82, 1027-1038.

Kohler, G., Milstein, C. (1975). Continuous cultures of fused cells secreting antibody of
predefined specificity. Nature 256, 495-497.

Konthur, Z., Hust, M., Diibel, S. (2005). Perspectives for systematic in vitro antibody
generation. Gene 364, 19-29.

Kubes, V., Rios, F.A. (1939). The causative agent of infectious equine encephalomyelitis in
venezuela. Science 90, 20-21.

Leitenberg, M. (2001). Biological weapons in the twentieth century: a review and analysis.
Crit Rev Microbiol 27, 267-320.

Letson, G.W., Bailey, R.E., Pearson, J., Tsai, T.F. (1993). Eastern equine encephalitis (EEE): a
description of the 1989 outbreak, recent epidemiologic trends, and the association
of rainfall with EEE occurrence. Am | Trop Med Hyg 49, 677-685.

Lim, A.P.C,, Chan, C.E.Z, Wong, SKK., Chan, AH.Y. Ooi, EE., Hanson, B.J. (2008).
Neutralizing human monoclonal antibody against H5N1 influenza HA selected
from a Fab-phage display library. Virol | 5: 130.

Lonberg, N., Huszar, D. (1995). Human antibodies from transgenic mice. Int Rev Immunol 13,
65-93.

Long, M.C,, Jager, S., Mah, D.C,, Jebailey, L., Mah, M.A., Masri, S.A., Nagata, L.P. (2000).
Construction and characterization of a mnovel recombinant single-chain
variable fragment antibody against Western equine encephalitis virus. Hybridoma
19, 1-13.

Mazor, Y., Van Blarcom, T., Mabry, R., Iverson, B.L., Georgiou, G. (2007). Isolation of
engineered, full-length antibodies from libraries expressed in Escherichia coli. Nat
Biotechnol 25, 563-565.

McCafferty, J., Griffiths, A.D., Winter, G., Chiswell, D.J. (1990). Phage antibodies:
filamentous phage displaying antibody variable domains. Nature 348, 552-554.

Mckinney, RW., Berge, T.O., Sawyer, W.D., Tigertt, W.D., Crozier, D. (1963). Use of an
attenuated strain of venezuelan equine encephalomyelitis virus for immunization
in man. Am | Trop Med Hyg 12, 597-603.

Meyer, K.F., Haring, C.M., Howitt, B. (1931). The etiology of epizootic encephalomyelitis of
horses in the san joaquin valley, 1930. Science 74, 227-228.

Moreland, N.J.,, Tay, M.Y.F., Lim, E., Paradkar, P.N., Doan, D.N.P., Yau, Y.H., Geifman
Shochat, S., Vasudevan, S.G., 2010. High affinity human antibody fragments to
dengue virus non-structural protein 3. PLoS Negl Trop Dis 4: e881.

www.intechopen.com



Development of Human and Macaque Antibodies
Using Antibody Phage Display for the Detection of Equine Encephalitis Viruses 319

Muyldermans, S. (2001). Single domain camel antibodies: current status. | Biotechnol 74, 277-
302.

Muyldermans, S., Baral, T.N., Retamozzo, V.C., De Baetselier, P., De Genst, E., Kinne, J.,
Leonhardt, H., Magez, S., Nguyen, V.K.,, Revets, H., Rothbauer, U., Stijlemans, B.,
Tillib, S., Wernery, U., Wyns, L., Hassanzadeh-Ghassabeh, G., Saerens, D. (2009).
Camelid immunoglobulins and nanobody technology. Vet Immunol Immunopathol
128, 178-183.

Nelson, A.L., Dhimolea, E., Reichert, J.M. (2010). Development trends for human
monoclonal antibody therapeutics. Nat Rev Drug Discov 9, 767-774.

Nuttall, S.D., Krishnan, U.V., Hattarki, M., De Gori, R, Irving, R.A., Hudson, P.J. (2001).
Isolation of the new antigen receptor from wobbegong sharks, and use as a scaffold
for the display of protein loop libraries. Mol Immunol 38, 313-326.

Nuttall, S.D., Humberstone, K.S., Krishnan, U.V., Carmichael, J.A., Doughty, L., Hattarki,
M., Coley, AM., Casey, J.L., Anders, R.F., Foley, M., Irving, R.A., Hudson, P.J.
(2004). Selection and affinity maturation of IgNAR variable domains targeting
Plasmodium falciparum AMA1. Proteins 55, 187-197.

O'Brien, L.M., Underwood-Fowler, C.D., Goodchild, S.A., Phelps, A.L., Phillpotts, R.].
(2009). Development of a novel monoclonal antibody with reactivity to a wide
range of Venezuelan equine encephalitis virus strains. Virol | 6: 206.

Parmley, S.F., Smith, G.P. (1988). Antibody-selectable filamentous fd phage vectors: affinity
purification of target genes. Gene 73, 305-318.

Pauza, M.E., Rehmann, J.A., LeBien, T.W. (1993). Unusual patterns of immunoglobulin gene
rearrangement and expression during human B cell ontogeny: human B cells can
simultaneously express cell surface kappa and lambda light chains. ] Exp Med 178,
139-149.

Peeters, M., Price, T., Van Laethem, J.-L. (2009). Anti-epidermal growth factor receptor
monotherapy in the treatment of metastatic colorectal cancer: where are we today?
Oncologist 14, 29-39.

Pelat, T., Bedouelle, H., Rees, A.R., Crennell, S.J., Lefranc, M.-P., Thullier, P. (2008). Germline
humanization of a non-human primate antibody that neutralizes the anthrax toxin,
by in vitro and in silico engineering. | Mol Biol 384, 1400-1407.

Pelat, T., Hust, M., Hale, M., Lefranc, M.-P., Diibel, S., Thullier, P. (2009a). Isolation of a
human-like antibody fragment (scFv) that neutralizes ricin biological activity. BMC
Biotechnol 9: 60.

Pelat, T., Hust, M., Laffly, E., Condemine, F., Bottex, C., Vidal, D., Lefranc, M.-P., Diibel, S.,
Thullier, P. (2007). High-affinity, human antibody-like antibody fragment (single-
chain variable fragment) neutralizing the lethal factor (LF) of Bacillus anthracis by
inhibiting protective antigen-LF complex formation. Antimicrob Agents Chemother
51, 2758-2764.

Pelat, T., Hust, M., Thullier, P. (2009b). Obtention and engineering of non-human primate
(NHP) antibodies for therapeutics. Mini Rev Med Chem 9, 1633-1638.

Pelat, T., Thullier, P. (2009). Non-human primate immune libraries combined with germline
humanization: an (almost) new, and powerful approach for the isolation of
therapeutic antibodies. MAbs 1, 377-381.

www.intechopen.com



320 Pathogenesis of Encephalitis

Phillpotts, R.J. (2006). Venezuelan equine encephalitis virus complex-specific monoclonal
antibody provides broad protection, in murine models, against airborne challenge
with viruses from serogroups I, Il and III. Virus Res 120, 107-112.

Pini, A., Viti, F., Santucci, A., Carnemolla, B., Zardi, L., Neri, P., Neri, D. (1998). Design and
use of a phage display library. Human antibodies with subnanomolar affinity
against a marker of angiogenesis eluted from a two-dimensional gel. | Biol Chem
273, 21769-21776.

Powers, A.M., Brault, A.C., Shirako, Y., Strauss, E.G., Kang, W., Strauss, ].H., Weaver, S.C.
(2001). Evolutionary relationships and systematics of the alphaviruses. | Virol 75,
10118-10131.

Reed, D.S,, Larsen, T., Sullivan, L.J., Lind, C.M., Lackemeyer, M.G., Pratt, W.D., Parker, M.D.
(2005). Aerosol exposure to western equine encephalitis virus causes fever and
encephalitis in cynomolgus macaques. | Infect Dis 192, 1173-1182.

Reichert, E., Clase, A., Bacetty, A., Larsen, J. (2009). Alphavirus antiviral drug development:
scientific gap analysis and prospective research areas. Biosecur Bioterror 7, 413-427.

Rivas, F., Diaz, L.A., Cardenas, V.M., Daza, E., Bruzon, L., Alcala, A., De la Hoz, O., Caceres,
F.M., Aristizabal, G., Martinez, ].W., Revelo, D., De la Hoz, E., Boshell, J., Camacho,
T., Calderon, L., Olano, V.A., Villarreal, L.I., Roselli, D., Alvarez, G., Ludwig, G.,
Tsai, T. (1997). Epidemic Venezuelan equine encephalitis in La Guajira, Colombia,
1995. ] Infect Dis 175, 828-832.

Roehrig, J.T., Day, ] W., Kinney, R.M. (1982). Antigenic analysis of the surface glycoproteins
of a Venezuelan equine encephalomyelitis virus (TC-83) using monoclonal
antibodies. Virology 118, 269-278.

Rothe, C., Urlinger, S., Lohning, C., Prassler, J., Stark, Y., Jager, U., Hubner, B., Bardroff, M.,
Pradel, L., Boss, M., Bittlingmaier, R., Bataa, T., Frisch, C., Brocks, B., Honegger, A.,
Urban, M. (2008). The human combinatorial antibody library HuCAL GOLD
combines diversification of all six CDRs according to the natural immune system
with a novel display method for efficient selection of high-affinity antibodies. | Mol
Biol 376, 1182-1200.

Rozdilsky, B., Robertson, H.E., Chorney, J. (1968). Western encephalitis: report of eight fatal
cases. Saskatchewan epidemic, 1965. Can Med Assoc ] 98, 79-86.

Sanchez, J.L., Takafuji, E.T., Lednar, W.M., LeDuc, ].W., Macasaet, F.F., Mangiafico, J.A.,
Rosato, R.R., Driggers, D.P, Haecker, ]J.C. (1984). Venezuelan equine
encephalomyelitis: report of an outbreak associated with jungle exposure. Mil Med
149, 618-621.

Schirrmann, T., Al-Halabi, L., Dubel, S., Hust, M. (2008). Production systems for
recombinant antibodies. Front Biosci 13, 4576-4594.

Schirrmann, T., Hust, M. (2010). Construction of human antibody gene libraries and
selection of antibodies by phage display. Methods Mol Biol 651, 177-209.

Schiitte, M., Thullier, P., Pelat, T., Wezler, X., Rosenstock, P., Hinz, D., Kirsch, M.IL,
Hasenberg, M., Frank, R., Schirrmann, T. Gunzer, M., Hust, M., Diibel, S.
(2009). Identification of a putative Crf splice variant and generation of recombinant
antibodies for the specific detection of Aspergillus fumigatus. PLoS ONE 4: e6625.

www.intechopen.com



Development of Human and Macaque Antibodies
Using Antibody Phage Display for the Detection of Equine Encephalitis Viruses 321

Scotcher, M.C., Cheng, L.W., Stanker, L.H. (2010). Detection of botulinum neurotoxin
serotype B at sub mouse LD(50) levels by a sandwich immunoassay and its
application to toxin detection in milk. PLoS ONE 5: e11047.

Sellers, R.F., Maarouf, A.R. (1993). Weather factors in the prediction of western equine
encephalitis epidemics in Manitoba. Epidemiol. Infect 111, 373-390.

Simmons, L.C., Reilly, D., Klimowski, L., Raju, T.S., Meng, G., Sims, P., Hong, K., Shields,
R.L., Damico, L.A., Rancatore, P., Yansura, D.G. (2002). Expression of full-length
immunoglobulins in Escherichia coli: rapid and efficient production of
aglycosylated antibodies. | Immunol Methods 263, 133-147.

Smith, G.P. (1985). Filamentous fusion phage: novel expression vectors that display cloned
antigens on the virion surface. Science 228, 1315-1317.

Songsivilai, S., Dharakul, T. (1998). Genetically engineered single-chain Fvs of human
immunoglobulin against hepatitis C virus nucleocapsid protein derived from
universal phage display library. Asian Pac | Allergy Immunol 16, 31-41.

Strauss, ]J.H., Strauss, E.G. (1994). The alphaviruses: gene expression, replication, and
evolution. Microbiol Rev 58, 491-562.

Sudia, W.D., McLean, R.G., Newhouse, V.E., Johnston, J.G., Miller, D.L., Trevino, H., Bowen,
G.S., Sather, G. (1975). Epidemic Venezuelan equine encephalitis in North America
in 1971: vertebrate field studies. Am | Epidemiol 101, 36-50.

Sun, L., Lu, X,, Li, C,, Wang, M., Liu, Q., Li, Z., Hu, X,, Li, J,, Liu, F., Li, Q., Belser, J.A.,
Hancock, K., Shu, Y. Katz, JM. Liang, M. Li, D. (2009). Generation,
characterization and epitope mapping of two neutralizing and protective human
recombinant antibodies against influenza A H5N1 viruses. PLoS ONE 4:e5476.

Thie, H., Toleikis, L., Li, J., von Wasielewski, R., Bastert, G., Schirrmann, T., Esteves, 1.T.,
Behrens, C.K,, Fournes, B., Fournier, N., de Romeuf, C., Hust, M., Diibel, S. (2011).
Rise and fall of an anti-MUC1 specific antibody. PLoS ONE 6:e15921.

Thie, H., Voedisch, B., Diibel, S., Hust, M., Schirrmann, T. (2009). Affinity maturation by
phage display. Methods Mol Biol 525, 309-322.

Throsby, M., van den Brink, E., Jongeneelen, M., Poon, L.L.M., Alard, P., Cornelissen, L.,
Bakker, A., Cox, F., van Deventer, E., Guan, Y., Cinatl, J., ter Meulen, J., Lasters, I,
Carsetti, R., Peiris, M., de Kruif, J., Goudsmit, J. (2008). Heterosubtypic neutralizing
monoclonal antibodies cross-protective against H5SN1 and HIN1 recovered from
human IgM+ memory B cells. PLoS ONE 3:e3942.

Tjandra, J.J., Ramadi, L., McKenzie, LF. (1990). Development of human anti-murine antibody
(HAMA) response in patients. Immunol. Cell Biol 68, 367-376.

Velappan, N., Martinez, J.S., Valero, R., Chasteen, L., Ponce, L., Bondu-Hawkins, V., Kelly,
C., Pavlik, P., Hjelle, B., Bradbury, A.R.M. (2007). Selection and characterization of
scFv antibodies against the Sin Nombre hantavirus nucleocapsid protein. | Immunol
Methods 321, 60-69.

Weaver, S.C., Ferro, C., Barrera, R., Boshell, J., Navarro, J.-C. (2004). Venezuelan equine
encephalitis. Annu Rev Entomol 49, 141-174.

Weaver, S.C., Salas, R., Rico-Hesse, R., Ludwig, G.V., Oberste, M.S., Boshell, J., Tesh, R.B.
(1996). Re-emergence of epidemic Venezuelan equine encephalomyelitis in South
America. VEE Study Group. Lancet 348, 436-440.

www.intechopen.com



322 Pathogenesis of Encephalitis

Winter, G., Griffiths, A.D., Hawkins, R.E., Hoogenboom, H.R. (1994). Making antibodies by
phage display technology. Annu Rev Immunol 12, 433-455.

Winter, G., Milstein, C. (1991). Man-made antibodies. Nature 349, 293-299.

Winterroth, L., Rivera, J., Nakouzi, A.S., Dadachova, E., Casadevall, A. (2010). Neutralizing
monoclonal antibody to edema toxin and its effect on murine anthrax. Infect Immun
78, 2890-2898.

Xu, B., Kriangkum, ]., Nagata, L.P., Fulton, R.E., Suresh, M.R. (1999). A single chain Fv
specific against Western equine encephalitis virus. Hybridoma 18, 315-323.

www.intechopen.com



Pathogenesis of Encephalitis

PATHOGENESIS OF Edited by Dr. Daisuke Hayasaka
ENCEPHALITIS

e try Dabuce Hayaiaka

ISBN 978-953-307-741-3

Hard cover, 344 pages

Publisher InTech

Published online 09, December, 2011
Published in print edition December, 2011

Many infectious agents, such as viruses, bacteria, and parasites, can cause inflammation of the central
nervous system (CNS). Encephalitis is an inflammation of the brain parenchyma, which may result in a more
advanced and serious disease meningoencephalitis. To establish accurate diagnosis and develop effective
vaccines and drugs to overcome this disease, it is important to understand and elucidate the mechanism of its
pathogenesis. This book, which is divided into four sections, provides comprehensive commentaries on
encephalitis. The first section (6 chapters) covers diagnosis and clinical symptoms of encephalitis with some
neurological disorders. The second section (5 chapters) reviews some virus infections with the outlines of
inflammatory and chemokine responses. The third section (7 chapters) deals with the non-viral causative
agents of encephalitis. The last section (4 chapters) discusses the experimental model of encephalitis. The
different chapters of this book provide valuable and important information not only to the researchers, but also
to the physician and health care workers.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Philippe Thullier, Birgit Hiilseweh, Thibaut Pelat, Torsten Rlilker, Sebastian Miethe, Stefan Diibel and Michael
Hust (2011). Development of Human and Macaque Antibodies Using Antibody Phage Display for the Detection
of Equine Encephalitis Viruses, Pathogenesis of Encephalitis, Dr. Daisuke Hayasaka (Ed.), ISBN: 978-953-307-
741-3, InTech, Available from: http://www.intechopen.com/books/pathogenesis-of-encephalitis/development-
of-human-and-macaque-antibodies-using-antibody-phage-display-for-the-detection-of-equine

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




