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Members of the genus Ebolavirus cause fulminating outbreaks of disease in human and non-human pri-
mate populations with a mortality rate up to 90%. To facilitate rapid detection of these pathogens in
clinical and environmental samples, robust reagents capable of providing sensitive and specific detec-
tion are required. In this work recombinant antibody libraries were generated from murine (single chain
variable domain fragment; scFv) and nurse shark, Ginglymostoma cirratum (IgNAR V) hosts immunised
with Zaire ebolavirus. This provides the first recorded IgNAR V response against a particulate antigen in

;\(Iiyr‘;v:;izrk the nurse shark. Both murine scFv and shark IgNAR V libraries were panned by phage display technology
SscFv to identify useful antibodies for the generation of immunological detection reagents. Two murine scFv
1gNAR were shown to have specificity to the Zaire ebolavirus viral matrix protein VP40. Two isolated IgNAR V
Ebolavirus were shown to bind to the viral nucleoprotein (NP) and to capture viable Zaire ebolavirus with a high
Bio-panning degree of sensitivity. Assays developed with IgNAR V cross-reacted to Reston ebolavirus, Sudan ebolavirus

and Bundibugyo ebolavirus. Despite this broad reactivity, neither of I[gNAR V showed reactivity to Cote
d’Ivoire ebolavirus. IgNAR V was substantially more resistant to irreversible thermal denaturation than
murine scFv and monoclonal IgG in a comparative test. The demonstrable robustness of the IgNAR V
domains may offer enhanced utility as immunological detection reagents in fieldable biosensor appli-
cations for use in tropical or subtropical countries where outbreaks of Ebolavirus haemorrhagic fever
occur.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The genus Ebolavirus is comprised of four recognised species
namely, Zaire ebolavirus, Sudan ebolavirus, Reston ebolavirus and
Cote d’Ivoire ebolavirus (ICTV, 2005) with a putative fifth species
of Ebolavirus (Bundibuygo ebolavirus) isolated in western Uganda
(Towner et al., 2008). Ebolavirus species are the causative agent
of Ebolavirus Haemorrhagic Fever (EVHF). However, only Zaire
ebolavirus and Sudan ebolavirus and more recently Bundibuygo
ebolavirus have been associated with large sporadic outbreaks of
disease in sub-Saharan Africa with mortality rates ranging between
36% and 90% dependent on species (Sanchez et al., 2007; Towner
et al., 2008). In addition to the substantial public health concern
associated with natural outbreaks of Ebolavirus-associated disease,
public domain information pertaining to the weaponisation pro-
gramme of the Former Soviet Union (FSU) (Alibek, 2000) indicate
that Ebolaviruses have been considered by several groups to be a
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potential agent of biological warfare and bio-terrorism (Borio et al.,
2002; Broussard, 2001; CDC, 2000). The severity of natural and
potential deliberate outbreaks of EVHF in combination with the
current lack of licensed vaccine or post exposure therapies places
emphasis on the development of robust assays to determine the
presence of Ebolavirus species. Early detection and diagnosis is crit-
ical to instigating practices such as barrier nursing and isolation of
suspected cases that are essential in preventing wide scale spread
of the virus and infection of medical staff and care givers (Khan
et al.,, 1999; Lloyd et al., 1999).

Where conditions allow, the amplification and detection of
genomic nucleic acid material from Ebolavirus species is a pow-
erful tool for laboratory diagnosis (Grolla et al., 2005; Towner
et al., 2004; Rodriguez et al., 1999; Leroy et al., 2000). However,
the genetic divergence between Ebolavirus strains may mean that
highly specific assays may not be resilient to emergence of new
strains and species (Towner et al., 2008). Alternatively, immunoas-
says are available that screen for the presence of Ebolavirus-specific
antibodies in serum samples (Ksiazek et al., 1999b; Merzlikin et al.,
1995; Rowe et al., 1999; Groen et al., 2003; Prehaud et al., 1998;
Saijo et al.,, 2001; Georges-Courbot et al., 1997). However, given
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that the humoral immune response only becomes quantifiable
late in the disease course (Merzlikin et al., 1995; Rowe et al.,
1999), the benefit of such assays as field diagnostics has been
questioned (Ksiazek et al., 1999a). Antibodies are also available
for the direct detection of Ebolavirus-specific antigens from envi-
ronmental samples and/or patient sera. These include polyclonal
sera from a variety of animals (Chepurnov et al., 1994; Ksiazek
et al., 1992; Merzlikin et al., 1995; Elliott et al., 1993; Geisbert
etal., 1991; Kudoyarova-Zubavichene et al., 1999; Borisevich et al.,
1995, 1996) and monoclonal murine IgG (Ikegami et al., 2003;
Kazachinskaia et al., 2000; Ksiazek et al., 1992; Lucht et al., 2003;
Niikura et al., 2001; Shahhosseini et al., 2007; Wilson et al., 2000).
Smaller, recombinant single chain antibody (scFv) fragments com-
prised of only the variable domains of an IgG antibody linked by a
flexible linker have also been derived both from immune tissues of
an infected cynomolgus macaque (Druar et al., 2005) and from the
naive human scFv library “Griffin-1” (Tikunova et al., 2005; Nissim
et al.,, 1994).

Traditional mono- and polyclonal antibody reagents as well
as scFv fragments require provision of refrigerated conditions to
maintain viability. However, immunodiagnostic reagents devel-
oped for in-field detection and diagnostics of tropical diseases such
as Ebolavirus haemorrhagic fever ideally would be thermostable
in these remote environments. Camelids and sharks are known
to possess functional homodimeric antibodies composed of only
heavy chains in addition to classical heterodimeric immunoglobu-
lin antibodies (De Genst et al., 2006; Dooley and Flajnik, 2006). The
variable domains of these antibodies, VyH in camelids (Hamers-
Casterman et al., 1993) and IgNAR V in sharks (Greenberg et al.,
1995) have been shown to be highly thermostable (Dumoulin
et al.,, 2002; Dooley et al., 2003). These single domain antibodies
(sdAbs), therefore offer substantial potential for the generation of
new immuno-detection reagents for the development of assays
with improved characteristics for in-field use. As with the vari-
able domains of other immunoglobulin scaffolds, camelid V4H and
shark IgNAR V domains are comprised of four highly conserved
regions termed framework regions (FR) and three regions of higher
variability in both number and composition of amino acids termed
Complementary Determining Regions (CDRs). In comparison to
other immunoglobulin domains the IgNAR V variable regions con-
tain an unusually small CDR2 (Greenberg et al., 1995), which for
structural reasons has recently been termed hypervariable region
(HV) 2 (Dooley et al., 2006). In both camelids and sharks the CDR3
domain is much longer than that seen in other antibody domains.
The CDR3 loop is stabilised by the presence of an inter-loop disul-
phide residues between CDR1 and CDR3 in camels and in type II
[gNARV domains in sharks or to the CDR2 loop in llamas (Roux et al.,
1998; Harmsen and De Haard, 2007). In type I IgNAR V domains,
extra cysteine residues are present in the framework (FR) 2 and 4
regions with additional pairs of cysteines in CDR3. These additional
cysteine groups are thought to form either intra-CDR3 stabilising
thiol bonds (Roux et al., 1998) or bonds between the CDR3 cys-
teine residues and those observed in the FR2 and FR4 regions to
provide stabilisation (Diaz et al., 2002). Small size and increased
internal disulphide bonding are likely to be the cause of the ability
of camelid and shark domains to resist irreversible denaturation
(Dooley et al., 2003; Perez et al., 2001).

A general advantage to the use of recombinant antibodies such
as scFv and sdAb is they are easily combined with in vitro selec-
tion processes such as phage display to provide a rapid screening
method for antibodies of desirable characteristics (Wesolowski
et al., 2009). Genes encoding populations of immunoglobulin pro-
teins can be readily generated from naive animals (Sherwood et al.,
2007; Liu et al., 2007a) and be further manipulated at the genetic
level to increase diversity (Liu et al., 2007b; Shao et al., 2007).
Alternatively libraries can be generated from tissues of animals

immunised with desired antigens (Dooley et al., 2003, 2006). Whilst
antibodies recently identified from a naive camelid antibody library
have shown excellent sensitivity and broad cross reactivity to anti-
gens of interest including Marburgvirus (Sherwood et al., 2007), in
general antibodies isolated from naive and semi-synthetic shark
derived scaffold libraries have shown affinities substantially lower
than those achieved with conventional monoclonal reagents (Liu
et al.,, 2007a,b). Immunisation of sharks has however resulted in
the isolation of high affinity antibodies to protein targets from rel-
atively small display libraries (Dooley et al., 2003, 2006). In order
to generate robust reagents for the development of immunologi-
cal assays towards Ebolavirus species the immunisation approach
was used to improve the probability of generating high quality
reagents. Previous reports have shown that sharks are able to raise
immune responses to particulate agents (Clem and De Boutard,
1967; Suran et al., 1967; Frommel et al., 1971). In this study, we
report the first targeted generation of a specific IgNAR V response
to a complex particulate antigen in the nurse shark. More conven-
tional Ebolavirus-specific recombinant reagents (scFv) were also
generated using the same immunogen in a murine system. Fur-
thermore, thermostability of IgNAR V was then directly compared
to both scFv and murine monoclonal antibody (mAb), providing an
indication of the benefits of utilising an IgNAR V in immunodiag-
nostic assays for use in challenging environmental conditions.

2. Materials and methods

2.1. Generation of immune response to Ebolavirus in sharks and
mice

One male (shark 1) and one female (shark 2) Ebolavirus naive
nurse sharks (Ginglymostoma cirratum), each approximately 1.2 m
in length, were procured and housed in the National Aquarium
Holding Facility in Baltimore, USA. Each shark was immunised
with 250 pg gamma irradiated inactivated sucrose gradient puri-
fied whole Zaire ebolavirus (USAMRIID) according to previously
published methods (Dooley et al., 2003). Test bleed serum was
taken from the tail sinus after each immunisation and assayed by
Western Blot and ELISA for Zaire ebolavirus reactive IgNAR antibod-
ies. A single female BALB/c mouse received a primary immunisation
of the same immunogen in the presence of Freund’s Complete Adju-
vant (FCA), was boosted after three weeks and subsequently every 2
weeks until a satisfactory anti-Ebolavirus IgG-specific titre <1/10k
was generated. The mouse then received pre-fusion boosts without
adjuvant at least 10 weeks after the last boost with adjuvant.

2.2. Construction of scFv and IgNAR V phage display libraries

RNA was isolated from peripheral blood lymphocytes (PBLs) of
immune sharks or mouse spleen respectively. Spleen tissue was
ground in liquid nitrogen to generate a fine powder prior to pro-
cessing. Both spleen tissue and PBLs were then lysed using TRIzol®
Reagent (Gibco®). Total RNA was extracted from the homogenates
via chloroform extraction followed by isopropanol precipitation.
To generate IgNAR V gene cDNA fragments, 1 g of RNA was
added to Ready-To-Go™ 2-step RT-PCR Beads (Amersham Bio-
sciences) using primers NARF4For1, NARF4For2, and NARF1Rev
(Dooley et al., 2003). The RT-PCR product was purified and digested
using Nco I and Not I and ligated into a similarly digested pHENII
phage display vector. For the murine scFv library, first strand cDNA
was amplified from total RNA using a Superscriptll™ RT-PCR kit
(Invitrogen). Gene fragments encoding the variable heavy (Vy) and
variable light (V1) antibody domains were then amplified using
standard protocols using mixed primer sets to ensure library diver-
sity (Burmester and Pluckthun, 2001). Overlap extension PCR was
performed using primers scFor and scBack to generate intact scFv
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fragments (Krebber et al., 1997). The scFv products were purified
then digested using primer encoded Sfi I sites and cloned into the
phage display vector pAK100 (Krebber et al., 1997).

Ligated plasmids from the IgNAR V pHENII and scFv pAK100
libraries were electroporated into competent XL-1 blue E. coli cells
and plated onto 2xYT media containing 1% (w/v) glucose and either
100 wgml~! ampicillin or 30 wgml~! chloramphenicol, respec-
tively. After overnight incubation (37 °C) colonies from each library
were then collected from the plates and stored at —80°C glycerol
(50% (v/v) glycerol) stocks prior to use.

2.3. Affinity selection of IgNAR V and scFv libraries against
Ebolavirus antigen

Phage carrying IgNAR V or scFv were generated by infec-
tion of bacterial stocks carrying phagemid plasmids (pHENII or
pAK100) with M13K07 helper phage according to standard proto-
cols (Krebber et al., 1997; Dooley et al., 2003). Affinity selection was
then performed using sandwich-assay style process incorporating a
negative selection step to remove any clones reactive to either Vero
cell proteins present in the immunogen or the rabbit polyclonal
antibody used to capture the antigen during the selection process.

Rabbit anti-Zaire IgG polyclonal antibody was immobilised
overnight on Star Immunotubes (MaxiSorp™ StarTubes, Nunc).
One immunotube was used as the negative selection tube and
was coated with Vero cell lysate (University of Marburg) prior to
addition of blocking buffer (2% (w/v) skimmed milk powder in
PBS). The second tube was blocked prior to addition of inactivated
Zaire ebolavirus (5ugml~! in blocking buffer). One ml of phage
preparation (1 x 10 11 phage in blocking buffer with addition of
0.1% (v/v) Tween® 20) was added to the negative selection tube,
which was incubated, rotating at room temperature for 1h. The
content of the negative panning tube was then transferred to the
positive panning tube for a 20 min incubation rotating at room
temperature. The positive panning tube was vigorously washed
20 times with PBS 0.1% (v/v) Tween 20™ and then 20 times
with PBS, to remove non-binding phage. Bound phage were then
eluted using 1 ml 100 mM triethylamine and neutralised with 1M
Tris-HCI pH 7.5. The neutralised phage were allowed to infect
E. coli XL-1 Blue cells and the number of output phage were titred
by serial dilution of a sample of this culture. Remaining cells were
plated onto 2xYT media supplemented with 1% glucose and either
100 wgml~! ampicillin or 30 wgml~! chloramphenicol for the
pHENII and pAK100 respectively and incubated at 37 °C overnight.
Bacterial growth was harvested and a glycerol stock was prepared
by resuspending the bacterial pellet in 50% (v/v) glycerol in 2xYT
media, to be used in further rounds of selection.

2.4. Expression of recombinant antibodies in bacterial cell culture

Constructs for the expression of recombinant IgNAR V and scFv
were generated using pAK300 vectors (Krebber et al., 1997) as
fusion proteins with a murine kappa light chain constant domain.
Single-chain antibody fragments were subcloned from the pAK100
phage display vector using the compatible Sfi I sites in each vec-
tor. IgNAR V gene fragments were amplified from the pHENII
vector system using gene-specific primers containing compatible
restriction sites. Expression media (2xYT, 0.1% (w/v) glucose con-
taining 30 wg ml~! chloramphenicol) was inoculated with bacterial
glycerol stock to an Optical Density at 600 nm (ODggg) of 0.05
and incubated shaking (180 rpm) at 26 °C until the ODgg reached
0.5-0.8. Isopropyl (3-D-1-thiogalactopyranoside (IPTG) was added
to the culture to a final concentration of 1 mM and the incubation
continued for 16-24 h. Cells were then harvested from the cultures
by centrifugation. Active recombinant protein was then precipi-
tated from the supernatant by addition of ammonium sulphate

(60% saturation) then dialysed against 40 mM Tris—HCl, 750 mM
NaCl pH 7.5. Recombinant protein carrying a histidine tag was puri-
fied by nickel ion affinity purification using a 1 ml HisTrap column
(Amersham Biosciences) that was connected to an Akta™ FPLC
system (Amersham Biosciences). Elution fractions corresponding
to eluted proteins were collected and dialysed (one million-fold)
against PBS.

2.5. Western blot of Ebolavirus preparations

Samples of reduced and denatured, inactivated, purified
Zaire ebolavirus or recombinant Ebolavirus proteins (USAMRIID)
were added to 4x lithium dodecyl sulphate (LDS) sam-
ple buffer (Invitrogen™) and 10% (v/v) 10x reducing agent
(Invitrogen™) then electrophoresed on 4-12% NuPAGE® bis-
tris gels (Invitrogen™) using 3-(N-morpholino)propanesulphonic
acid sodium dodecyl sulphate (MOPS SDS) running buffer
(Invitrogen™). Ten wl of marker mix [50% SeeBlue™ Plus 2,
50% MagicMark™ XP, (Invitrogen™)] was added to control wells.
Proteins were transferred onto polyvinylidene fluoride (PVDF)
membrane using NuPAGE® bis-tris gel reducing transfer buffer
(Invitrogen™). Blots were blocked in 5% (w/v) skimmed milk
powder, 0.1% (v/v) Tween® 20 in PBS then probed using sera,
recombinant IgNAR V or scFv. Bound antibody was detected using
anti-Immunoglobulin New Antigen Receptor (IgNAR) pool com-
prising four anti-IgNAR-specific murine monoclonal antibodies
(University of Maryland) or anti-mouse-HRP (Sigma) for shark or
mouse antibodies respectively. Anti-IgNAR V was subsequently
detected using anti-mouse-HRP (Sigma). The blots were then devel-
oped using ECL detection reagent (Amersham Biosciences) and
visualised by exposing light sensitive film (Amersham).

2.6. Determination of specificity of antibody preparations using
ELISA

Sera reactivity of immunised animals was determined using
ELISA against directly immobilised Zaire ebolavirus. Serum sam-
ples were serially diluted and then the presence of bound antibody
was detected by either goat anti-mouse IgG HRP (Sigma) (murine
sera) or anti-NAR pool followed by goat anti-mouse IgG HRP (shark
serum). For analysis of the reactivity of phage clones 10° mono-
clonal or polyclonal phage preparations were added to duplicate
wells representing positive (Zaire ebolavirus) and negative (Vero
cell preparation or rabbit IgG) antigens. Bound phage was detected
using monoclonal anti-M13-HRP conjugate (Amersham). Sandwich
ELISA was used to evaluate combinations of antibodies, as capture
and detection reagents, for the ability to report the specific bind-
ing of filoviruses. To determine characteristics as capture reagents,
purified recombinant scFv or IgNAR V was added to the ELISA plate.
Adilution series of sample antigen (virus or negative control prepa-
ration) was then added. Rabbit polyclonal anti-Ebolavirus purified
IgG was added and subsequently detected using goat anti-rabbit
IgG-HRP conjugate (Biorad). The characteristics of the recombinant
reagents were also determined using the antibodies in the opposite
orientation (i.e. polyclonal anti-rabbit as the capture reagent).

2.7. Assessment of antibody resistance to irreversible thermal
denaturation

IgNAR V, scFv and IgG proteins were incubated in solution
at elevated temperatures for 3 h. Any remaining activity of the
antibodies was then tested to determine the point at which these
antibody classes were no longer able to function. This experi-
ment closely followed previously published protocols (Dooley
et al., 2003). Two existing monoclonal antibodies (DSTL0O27 and
DSTL006), two scFv antibodies (DSTL094 and DSTL095) and two
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[gNAR V antibodies (DSTL096 and DSTL097) were used in this
experiment. Each antibody was initially titrated against inactivated
Zaire ebolavirus at a dilution of 1:1000 in carbonate-bicarbonate
buffer. A sub-saturating concentration, approximately 80-90% of
the plateau value, was then selected for each antibody. The aliquots
of each antibody were then incubated for 3h in a Mastercycler®
gradient (Eppendorf) thermal cycler. A control aliquot of antibody
was maintained at room temperature (approximately 20°C). At
the end of the incubation, samples were allowed to cool to room
temperature before analysis. An indirect ELISA was performed on a
96-well microtitre plate on which inactivated Ebolavirus had been
immobilised. Incubation at each temperature was performed on
three occasions and the mean for each data set was calculated and
the antigen-negative background was subtracted. The percentage
of the room temperature control signal was calculated for each
antibody at each temperature.

3. Results
3.1. Generation of immune response in nurse shark (G. cirratum)

Test bleed serum taken from immunised sharks was assayed by
Western blot and ELISA for IgNAR Zaire ebolavirus reactivity fol-
lowing each of the first three immunisations. An IgNAR response to
Zaire ebolavirus was evident by ELISA (Fig. 1A,C) and Western Blot
(Fig. 1B,D) following the second immunisation in both sharks. The
ELISA endpoint titre of the shark serum did not increase between
immunisations 2 and 3 (Fig. 1, A,C (bleed 3)). Western blot analysis
did however demonstrate the benefit of continued immunisation
by indicating both an increase in band intensity relating to NP and
the broadening of response to include VP40 between bleeds 2 and
3 (Fig. 1B,D, lanes marked 3 and 4). Serum component fractionation
by Sephacryl™ S-300 gel filtration chromatography also suggested
that the immune responses of the two sharks were maturing, as
the fractions containing proteins of molecular weights similar to
IgNAR and monomeric IgM increased in absorbance (280 nm) over
the immunisation time course (results not shown). The positive
response observed to virus in ELISA and the progression of immune

response observed by Western blot indicated that a Zaire ebolavirus
reactive IgNAR serum fraction had successfully been generated.

3.2. Screening of IgNAR V libraries for specific binders to
Ebolavirus

Two libraries of 2.6 x 107 and 2.5 x 107 members (defined as
an individual cell line in a library prior to amplification through
growth) were generated from shark 1 and shark 2 respectively.
Two rounds of bio-panning were performed with each library to
enrich for antibodies with specificity to Zaire ebolavirus. Analysis of
the binding activity of polyclonal populations of phage from each
library after each round of selection demonstrated that enrichment
of phage with specificity to Zaire ebolavirus was successful (Fig. 2).
Binding attributable to milk proteins, rabbit IgG and Vero cell pro-
teins remained at background levels following the two rounds of
bio-panning. The binders derived from the library generated from
shark 1 were greater in number than those for shark 2 however,
the increase in shark 2 binders were deemed sufficient to warrant
screening of individual clones to identify phage displaying [gNAR
V of interest.

Twenty-four monoclonal phage preparations from each library
were screened by sandwich ELISA to identify Zaire ebolavirus reac-
tive clones. Twenty-one (88%) of the clones from shark 1 were
positive (as determined by an absorbance greater than double the
background value) by ELISA, compared to seven (29%) positive
clones from shark 2. The positive clones were ranked according
to absorbance, to enable two clones (Shark 1: derived DSTL096 and
Shark 2: derived DSTL097) to be selected for further evaluation.

Sequences of DSTLO96 and DSTL097 confirm that these IgNAR
V were both type 1 IgNAR genes (Fig. 2B). The framework regions
of both sequences were fully conserved in relation to published
germline sequence (Dooley et al., 2003). Both genes were also
highly conserved within CDR1 with only two variations between
sequences both of which involve synonymous amino acids. Amino
acid 71 located within CDR/HV 2 changed with potential signifi-
cance from serine (hydroxyl side chain) in DSTL096 to tryptophan
(aromatic side chain) in DSTL097. In IgNAR V domains CDR3 is the
main determinant of antigen interaction (Diaz et al., 1998). Within
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Fig. 1. Generation of immune response to Zaire ebolavirus in sharks. ELISA analysis of serum for the development of IgNAR V response to virus is shown in (A) and (C) for shark
1 and shark 2 respectively. Western blot analysis of pre-bleed serum (1) and serum collected following the 1st (2), 2nd (3), 3rd (4) and 4th (5) immunisations highlighting
the development of response to VP40 and NP viral proteins are shown for both shark 1 (B) and shark 2 (D) respectively.
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Fig. 2. Isolation of IgNAR V antibody domains with specificity to Ebolavirus. (A) Two rounds of affinity selection were performed for each IgNAR V phage display against
capture immobilised Zaire ebolavirus leading to specific enrichment of the libraries for clones with specificity to the viral antigen. (B) Sequences of DSTL096 and DSTL097

generated from the affinity selection of the shark 1 and shark 2 libraries respectively.

this region six amino acid differences exist between the CDR3 of
DSTL096 and DSTL097 in addition to one synonymous substitution.

3.3. Screening of murine scFv library for the isolation of binders
to Zaire ebolavirus

A library of 2.4 x 107 members was generated from a single
immunised mouse and subjected to two rounds of bio-panning
incorporating a negative selection step in the same manner as the
IgNAR V libraries. Progress towards enrichment of the library for
Ebolavirus-specific clones was monitored by analysis of the binding
reactivity of the phage populations towards immobilised antigen
in ELISA. After two rounds of bio-panning it was demonstrated
that in contrast to the IgNAR V bio-panning, no enrichment for
Zaire ebolavirus reactivity was achieved. The library was however
enriched for the ability to bind rabbit IgG, despite the inclusion of
this antibody in the negative selections step (results not shown).
The murine scFv library was therefore panned against Ebolavirus
antigen immobilised directly on the immunotube surface. Two
rounds of bio-panning were conducted; at each round, exposure to
immobilised rabbit IgG and Vero cell proteins was performed (neg-
ative selection) prior to positive selection on immobilised virus.
This strategy was successful in generating pools of phage that
showed a robust binding signal towards Zaire ebolavirus (Fig. 3). A
high background binding response was however observed to Vero
cell preparation (Fig. 3). Thirty-two single clones from the second
round of bio-panning were assessed for binding to inactivated Zaire
ebolavirus, Vero cell preparation, rabbit IgG and blocked plastic.
None of the 32 clones showed reactivity to rabbit IgG or blocked

plastic. Surprisingly given the polyclonal phage reactivity, none of
the phage stocks showed reactivity to Vero cell preparation. Twenty
six (81%) of the phage stocks demonstrated reactivity to Zaire
ebolavirus presented in both indirect and sandwich ELISA formats.
Amongst positive phage stocks, all showed a higher absorbance to
directly immobilised virus compared to antibody captured virus
(results not shown). The positive clones were ranked by absorbance
values and the best eight clones were submitted for sequencing.
Based on this analysis two unique clones (Fig. 3B) were selected for
further evaluation (DSTL094, DSTL095).

The sequence analysis of the CDRs of DSTL094 and DSTL095
does not appear substantially different with only three amino
acid differences: heavy chain CDR1 arginine for lysine and heavy
chain CDR2 glycine for serine and histidine for tyrosine. Although
several changes occur in the FR, it is unlikely that these changes
significantly impact on antigen interaction. The lengths of the
poly-glycine (GGGGS) linker peptide differ between the two
antibodies as a result of the variability of the overlap-extension
PCR reaction used to generate the scFv gene fragments. It remains
unclear what impact this has on the stability of scFv.

3.4. Analysis of the binding specificity of ISNAR V and scFv

IgNAR V and scFv isolated by the bio-panning process were
produced as soluble proteins to allow further characterisation of
their binding properties in the absence of the phage scaffold. West-
ern blot analysis against viral proteins, host cell proteins and
baculovirus-expressed recombinant (r) Zaire ebolavirus proteins
demonstrated that both DSTL096 and DSTL097 reacted to the viral
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nucleoprotein (Fig. 4A). No reactivity was observed to rVP40, rGP,
migrated Vero cell or Sf21 cell lysates. In contrast to the reac-
tivity observed for IgNAR Vs, two scFvs (DSTL094 and DSTL095)
recognised VP40 (Fig. 4B). The isolation and characterisation of
additional recombinant antibodies from both mouse and shark
may add insight into whether the difference in target specificity
observed with these four antibodies is indicative of a difference
in immunodominance of viral proteins in the two animal systems.
Monitoring of the development of the murine immune response
by Western blot, in a manner similar to that described earlier for
the shark system, may also provide important information on this
topic.

Recombinant antibodies were tested for their ability to capture
Zaire ebolavirus in sandwich ELISA. The ability of each antibody to
capture a range of Ebolavirus species was tested in a directly com-
parable ELISA using live agent in BSL-4 using the same dilution
series prepared independently in a 96-tube array. All antibodies
performed well as capture reagents. An assay using any of the
IgNAR V reagents as a capture reagent was able to detect all the
Ebolavirus species, except Cote d’Ivoire ebolavirus, whilst maintain-
ing no reactivity to Lake Victoria marburgvirus and mock infected
Vero cell preparation (Fig. 5). In contrast, assays using either of
the scFv reagents as the capture antibody were only able to detect
Zaire ebolavirus (Fig. 6). The comparative limits of detection for the
assays using scFv were higher than the I[gNAR V utilising assays.
It is possible that this was as a result of freeze-thaw damage
enhanced by the presence of imidazole in the scFv preparations,
which had been removed by dialysis from the IgNAR V preparations.
The response curve pattern from assays involving DSTL097 and
DSTL096 appeared sufficiently different to suggest the targeting
of a different epitope or a significant difference in complementar-
ity for the same epitope. This was apparent in the improvement
in the limit of detection for Reston ebolavirus [6 x 10% pfuml~!
(DSTL096) to 2 x 103 pfuml~! (DSTL097)] and Sudan ebolavirus
[2 x 10° pfuml~! (DSTL96) to 7 x 103 pfuml~! (DSTL97)]. In com-
parison to a polyclonal reagent, they performed less well as
detection reagents (results not shown). This was expected given
that there was likely to be far fewer epitopes available to a mono-
clonal reagent than a polyclonal reagent. No combination showed
reactivity to a mock infected Vero cell preparation.

3.5. Comparative assessment of the thermal stability of IgNAR V,
scFv and monoclonal antibody

The ability of IgNAR V (DSTL0O96 and DSTL097) and scFv
(DSTL094 and DSTL095) to withstand irreversible thermal denat-
uration from short (3 h) incubations at elevated temperatures was
investigated in comparison to existent murine monoclonal anti-
body reagents (DSTLO06, DSTLO27). The percentage activity in
comparison to duplicate samples held at room temperature for
the 3 h period was calculated and the mean values from triplicate
experiments were plotted (Fig. 7). Significant differences between
the three types of recognition element were apparent. The two
scFv representatives were fully inactivated by the 3 h incubation at
50°C. The scFv DSTL095 was substantially more thermolabile than
DSTL094, with DSTL094 and DSTL095 retaining 95% and 6% activ-
ities, respectively, following incubation at 40°C. The low activity
retained by DSTL095 was unexpected given that this temperature is
so close to the temperature used for ELISA incubation stages (37 °C).
Inactivation of the two mAb representatives was uniform with both
mAbs retaining almost complete activity following incubation at
60°C (91 £4% and 94 + 2% for DSTLO06 and DSTL027, respectively)
and complete activity loss following incubation at 70°C. The large
standard deviation from the mean value observed at the lower incu-
bation temperatures for DSTLO06 suggests that the values in excess
of 100% are within the experimental error. Inactivation of DSTLO96
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Fig. 5. Reactivity to Ebolavirus species in ELISA using (A) DSTL096 and (B) DSTL097.
Antigen dilution series were constructed with viruses represented in duplicate and
mock antigens (either Vero cell or CV-7 cell preparation) included without repli-
cation. Rabbit anti-Zaire diluted to 10 pugml~' was used as the detection reagent.
The antigen-negative background mean (n=12) plus three standard deviations was
subtracted from all data points.

and DSTL0O97 begins at the same point (60°C) as the mAb repre-
sentatives, however in contrast, approximately 80% activity and
up to 42 4+ 1% (DSTL097) activity (DSTL096, 31 4 3% activity) were
observed for the IgNAR V representatives at 70 °C and 80 °C respec-
tively. Full inactivation was observed following 3 h incubation at
90°C. The prolonged tolerance followed by complete inactivation
observed with both of the mAb representatives might suggest
an inability to re-fold following thermal denaturation. The longer
shoulder over which IgNAR V was capable of retaining partial activ-
ity might be due to an ability to re-fold following thermal denatura-
tion. Therefore, the superior performance of IgNAR V over the other
two types of immunoglobulin evaluated in this study is likely to be
due to tolerance to irreversible thermal denaturation as opposed to
being resistant to thermal denaturation. At elevated temperatures
of incubation where activity was not detectable, samples contain-
ing scFv and mAb produced a white precipitate; such precipitate
was not observed in the IgNARV samples. The white precipitate was
considered to be insoluble protein although this was not confirmed.
This observation would support the suggestion that it is the resis-
tance to irreversible denaturation that is important. Such an ability
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to re-fold into an active conformation is likely to stem from the
small domain size and the high level of internal disulphide bond-
ing. The exposed areas of hydrophobicity are likely to be equally
important from a negative perspective for the poor performance
of scFv. It was never considered likely that a large multi-domain
tetramer would re-fold correctly and this was borne out in this
experiment.

4. Discussion

This work describes the successful development of recombinant
murine scFv and shark IgNAR V antibodies specific to Ebolavirus.
Both scFv and IgNAR V antibodies were generated from the tissues
of animals immunised with Zaire ebolavirus and for sharks this rep-
resents the first example of a targeted IgNAR V isolated as a result
of immune response generated as a result of immunisation to a
particulate antigen.

Mice immunised with Zaire ebolavirus were used to generate
two recombinant scFv that were specific for the viral matrix protein
(VP40). Further to this murine monoclonal antibodies generated
to Ebolavirus have also shown a propensity for binding to VP40
(unpublished data). This provides evidence to suggest that VP40
may be the immunodominant protein for IgG reactivity in mice.
Comparatively, in two different sharks, the serological time course
analysis of serum by Western blot demonstrated that a response

to the viral nucleoprotein preceded a response to VP40. Both of
the IgNAR V isolated in this work were shown to have specificity
for NP. This evidence may indicate that NP may be the immun-
odominant protein for [gNAR binding in the nurse shark. Although,
a greater body of evidence would be needed for this difference in
immune recognition to be verified, if correct, this could be exploited
when developing biological recognition elements to other particu-
late antigens.

The nucleoprotein (NP) is the first of the viral structural pro-
teins to be produced in an infected cell and constitutes 17% of the
total virion protein (Elliott et al., 1993). Inmunodominant epitopes
are located within the carboxyl-terminal 110 amino acids (Saijo
et al,, 2001). Whilst epitopes within NP have been identified by
immunoassay that may be of use in discriminating Ebolavirus iso-
lates (Niikura et al., 2001), the high sequence similarity between
the protein sequences of NP within the Ebolavirus genus indicate
that it is also an excellent target for the generation of cross reactive
antibodies. This theory has been borne out in this work, illustrated
by the breadth of Ebolavirus cross reactivity shown by the IgNAR
V domains, in particular DSTLO97. The NP protein forms part of the
central ribonucleoprotein complex of the virus particle within the
host derived viral envelope. The reactivity of NP-specific IgNAR V
to live virus could therefore be considered to be surprising. Pre-
vious reports however describe the “moth-eaten” appearance of
Ebolavirus particles under electron microscopy, suggesting that the
viral envelope is disrupted in places across the virion (Geisbert and
Jahrling, 1995; Ellisetal., 1979). It is therefore likely that the ribonu-
cleoprotein complex is available for antibody binding through the
disrupted Ebolavirus envelope.

VP40 represents a more traditional target for the generation
of detection and diagnostic assays due to the prevalence of this
protein within the virion particle (37.7%) (Elliott et al., 1993). Anti-
bodies with reactivity to VP40 such as the scFv materials generated
in this work, which function as compatible capture and detection
reagents in sandwich ELISA, have recently been described as both
necessary and unattained for diagnostic testing (Shahhosseini et al.,
2007). Although in this work the sensitivity of assays using the
IgNAR V domains specific to NP and scFv specific to VP40 are com-
parable, assays that target VP40 rather than any other viral protein
are likely to be more sensitive, when sensitivity is measured in
virions, which may be of importance when looking for the earliest
stages of viraemia. The scFv generated within this work may there-
fore offer some advantage in generating a highly sensitive assay
for diagnostic use. Western blot analysis of sera from immunised
sharks indicates some reactivity to VP40. Therefore, the availability
of a large recombinant IgNAR V library does offer the potential for
the isolation of additional VP40-specific reagents if this is required
for the development of future assays. However, whilst the abil-
ity of scFv generated in this study to capture only Zaire ebolavirus
provides utility in a panel of assays by providing discrimination
between those species considered most hazardous to man, as an ini-
tial identification reagent, the IgNAR V ability to capture all species
of Ebolavirus implicated in major human disease outbreaks may be
of greater immediate utility.

All of the recombinant antibodies were shown to capture viable
virus in a sandwich ELISA. This characteristic isimportant where the
capture of an antigen onto a solid phase is the basis of many biosen-
sor assay formats. However, the assays using both scFvand IgNARV
described in this work are less sensitive for the detection of Reston
ebolavirus than for the other Ebolavirus species tested. Since Zaire
ebolavirus was used to generate the immune response in the animal
models a reduction in sensitivity for Reston ebolavirus species is not
surprising. Whilst human EVHF as a result of infection with Reston
ebolavirus has not been reported, seroconversion has been iden-
tified, suggesting sub-clinical viral replication. In addition, Reston
ebolavirus is seeming pathogenic for certain non-human primates
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as Zaire ebolavirus is for humans (Sanchez et al., 2001). Frequent
human exposure to such a highly mutable RNA virus carries a sig-
nificant risk of generating a strain of Reston ebolavirus capable of
causing haemorrhagic fever in humans. Therefore, further work to
identify either scFv or IgNAR V to more broadly cover this species
could be envisioned.

Titres of Ebolavirus in infected subjects have been shown to
reach high levels in non-human primate models with viraemias
recorded at peaks of 1 x 1059 pfuml~! and 1 x 10°>47 pfuml-! on
day 6 of infection in examples of infection in cynomolgus macaques
and rhesus macaques respectively (Geisbert et al., 2003; Hensley
et al., 2007). Similarly high titres of virus have also been recorded
in human cases (WHO, 1978) and in both non-human primate and
human cases of infection, a viraemia lower than 1 x 10%> pfuml~!
is strongly associated with survival (Sanchez et al., 2007). The appli-
cation of the IgNAR V and scFv molecules derived in this study to
clinically relevant materials has not been determined. However,

the detection limits derived for Zaire ebolavirus using the scFv iso-
lated in this work are below these levels. For the IgNAR V, DSTL096
provides promising detection limits for both Zaire ebolavirus and
Bundibugyo ebolavirus with IgNAR V DSTL097 showing greatest cov-
erage of species including Zaire ebolavirus, Bundibuygo ebolavirus,
Reston ebolavirus and Sudan ebolavirus. This provides encourage-
ment that these reagents could offer some utility in a diagnostic
application if the function of the reagents is maintained in a clini-
cally relevant sample type.

As expected, IgNAR V was shown to offer increased thermosta-
bility over both conventional murine IgG and murine scFv. Previous
studies investigating the stability of other murine scFv show that
this antibody format is unstable in heat treatment studies with one
example having a halflife of 15 h at 37 °C (Glockshuber et al., 1990)
and a further example of an scFv produced as a fusion protein with
human k constant domain showed only 34% residual activity after
incubation for 3 h at 41°C (Dooley et al., 1998). In comparison to
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these previous studies, scFv DSTL094 performs well, retaining 95%
activity after incubation for 3 h at 40°C. The amino acid sequences
for scFv did not appear uncharacteristic of murine scFv, so it is
probable that this highly labile behaviour is typical of murine scFv.

The recombinant binding domain of camelid IgG is also
described as thermostable (Dumoulin et al., 2002), although the
published assessments are not directly comparable to the data
available for IgNAR V (Dooley et al., 2003; Ladenson et al., 2006). It
would appear that the thermostability observed both here and by
Dooley et al. (2003) with IgNAR V reagents, is unlikely to be linked
to the small size of the variable domain alone, but more as a result
of other factors such as fewer exposed hydrophobic patches and
increased intra-molecular disulphide bonding. It was unfortunate
that a type Il IgNAR V was not generated, as the impact on ther-
mostability of the variation in putative disulphide bond formation
could not be investigated.

The thermostability and breadth of specificity of the IgNAR V
reagents generated in this work is encouraging. Distinct advantages
in terms of reagent stability have been demonstrated, above the
characteristics of IgG and scFv, highlighting the potential of shark
derived IgNAR V reagents for the development of versatile assays
with stabilities that would enable use in areas of disease outbreak
without the need for an associated cold storage facility (Grolla et al.,
2005). For the first time the ability to generate specific immune
responses in a shark model also offers a robust route for the gen-
eration of high quality IgNAR V to agents of interest as required,
meeting this aspiration.
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