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Abstract— Human monoclonal antibodies against Rabies
virus were selected from non-immunized human scFv
library (YAMO-I library) and immunized library (Yamo-
Rb library) by using phage display technology. The
biopanning was performed for 2-5 rounds by using two
types of inactivated rabies vaccines as targets. These are
purified vero cell rabies vaccine (PVRV) and purified
chick embryo cell vaccine (PCEC). A total of 14 positive
clones from various method of biopanning that can bind to
rabies, i.e.; IRA7¢, IIIRC2¢, IRC3c, IYCllc, IYCl2ec,
IYD1c, IYF5c, IIRDSv, IIYBSv, ITYG4v, IIYESv, ITYGSyv,
IIYD4v and 1VB4cv, were isolated and their genes were
sequenced. The ELISA result showed that the positive
clones always bind strongly to the targets that were used
for biopanning; however some clones can cross-react to the
related virus. These selected scFv antibodies will be tested
for neutralization activities in vifro in the next step.

Index Terms—Phage display, Rabies virus, single-chain
fragments(scFv), human monoclonal antibody.

[. INTRODUCTION

Rabies is a fatal zoonotic disease that is transmitted
by both wild and domestic animals. Globally, it is estimated
that at least 55,000 people die of rabies and there are about 10
millions people who receive post-exposure vaccination
annually. Currently available rabies immune globulin (RIG)
for clinical use are Equine Rabies Immunoglobulin (ERIG)
and Human Rabies Immunoglobulin (HRIG). However, RIG
was produced in limited amounts [1]. Moreover, HRIG is too
costly, not easily available, and suffered from potential
disadvantages, such as limited capacity, batch-to-batch
variation, and possible contamination with blood borne
adventitious agents. ERIG also has drawbacks of animal
origin that carries a risk of occasional adverse reaction,
including anaphylaxis, especially after second exposure [2, 3].
Thus, utilization of Phage display technology for the
production of human antibody specific to rabies virus is
attractive and suitable alternative strategy for the prevention,
treatment and diagnostic of rabies. Phage display technology
has been shown to be a powerful method for the generation of
antibody in vitro by mimicking the selection strategies of the
immune system [4]. In phage display, antibody fragments are
expressed as fusions to capsid proteins presented on the
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surface of the filamentous bacteriophage particles, which are
approximately 7 nm wide by 900-2000 nm in length.
Therefore this system provides direct linkage between the
antibody genotype (DNA sequence in phage particle) and its
phenotype (affinity and specificity of phage-displayed
antibody).

In this study, Phage display single chain fragments of
variation (scFv) antibody libraries were used to select single
chain human monoclonal antibodies (scFv) against rabies
virus. scFv is a popular format in the recombinant antibody
technology because it can be cloned and manipulated as
individual polypeptide and efficiently displayed on the surface
of bacteriophage (phage). Even if scFvs are significantly
smaller then full-length human antibodies IgGs (25 vs 150
kDa). They can still bind their respective antigens tightly (i.e.
with dissociation constants of 5 uM to 10 nM) and represent
structurally minimized version of full-length human antibodies
IgGs. Moreover, when compared to fragment of antigen
binding (Fabs) which are ~50 kDa, scFvs which generally
resistant and aggregation have twice smaller than Fabs [5].
Therefore scFv antibody is an attractive nanomaterial for both
diagnostic and therapeutic purposes.

II. METERIALS AND METHODS

Materials

Two types of phage display libraries, i.e., Non-immunized
(YAMO-I) [4] and immunized libraries (Yamo-Rb) were
constructed in our laboratory. Both libraries were constructed
using antibody genes isolated from the peripheral blood of
human donors. The YAMO-I library was constructed from 140
non-immunized (Naive) donors; whereas, Yamo-Rb library
was constructed from four human donors immunized with
PVRYV (VeroRab, Pitman-more/ W138-153-3M strain, Sanofi-
Pasteur, Lyon, France) or PCEC (LEP-Flury strain, Rabipur,
Chiron, India).

Selection of human scFv phage library on inactivated
rabies virus (Biopanning)

Selection was performed using inactivated rabies vaccines
(PVRV or/and PCEC) as targets. Two to five rounds of
selection were carried out. Maxisorp Immuno tube (Nunc,
Denmark) was pre-coated with 0.35-1.4 IU of inactivated
rabies virus, at 37 °C for 3 hours following by 4 °C overnight,
in 100 mM NaHCO;, pH 8.5. After that, the immuno tube was



stabilized with 5% w/v sucrose, 0.3 % w/v BSA, and 50 mM
NaHCO; for 45 min. Then, the tube was washed three times
with phosphate buffered saline (PBS, 137 mM NaCl, 3 mM
KCIL, 8 mM Na,HPO,, 1.5 mM KH,PO,, pH 7.4) and blocked
with PBS containing skimmed milk (2%, w/v, MPBS) for 1
hour. For each round of biopanning, the phage library (~10"
phages) was incubated with pre-coated inactivated rabies virus
in 4%, w/v, MPBS for 2 hours at room temperature. Unbound
phage was washed away with PBS supplemented with 0.05%
(v/v) Tween 20 (PBST) and with PBS. Phage antibody against
rabies viruses was recovered with 1x trypsin buffer and 0.2M
glycine HCI, pH 2.0. The eluted phage was infected into E.
coli to obtain individual phage clones as previously described
[6]. For each round of selection, specificities of individual
phage scFv clones were identified by enzyme-linked
immunosorbent assay (ELISA) [6].

Monoclonal Phage ELISA

Single colony of each round of biopanning was randomly
picked and cultured in 96-deep well plate followed by super-
infection by KM13 helper phage [4]. Phage supernatants were
collected after centrifugation and subjected to ELISA for
screening of monoclonal anti-rabies virus phage-scFv. The
Immuno 96 microWell™ plate (Nunc, Denmark) was
immobilized with inactivated rabies at 37 °C for 3 hours
following by 4 °C overnight in 100 mM NaHCO; and 2% skim
milk in 100 ul PBS buffer as a control. The phage supernatant
was added to Immuno 96 microWell™ plate (Nunc, Denmark)
and the binding phage-scFv was detected with HRP-conjugated
anti-M13 antibody (1:5000). The color of the reaction was
developed with ABTS reagent (Fluka). The reaction was
quantified by measuring the absorbance at 405 nm.

DNA sequence and analysis

After the positive cloned are confirm by ELISA twice.
Each clone of positive Phagemid DNA was extracted using
DNA miniprep kit (Qiagen). The restriction fragment analysis
was performed by using BstNI. The selected positive clone
with variable restriction pattern were confirmed by automated
DNA sequencing (Macrogen, Korea) and analyzed with Igblast
software  (http://www.ncbi.nlm.nih.gov/igblast/) and the
sequence alignment of the scFv antibodies was done using
CLUSTALW 2.1 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

III. RESULTS AND DISCUSSIONS

A total of 14 positive clones from various method of
biopanning were isolated. These are IRA7c, IIIRC2¢, IRC3c,
IYCllc, IYCl12¢c, IYDlc, 1YFS5c, IIRDSv, IIYBSv, I1YG4v,
IIYESv, TYG8v, IIYD4v and IVB4cv. After DNA sequence
analysis, we found that clones IVB4cv and IRA7c were
identical. These two clones were isolated from the same
library, i.e., Yamo-Rb by using different biopanning method.
Clone IVB4cv was obtained from the fourth round of
biopanning using a combination of both PCEC and PVRYV as
targets; whereas clone IRA7c was from the first round of
panning using PCEC as a target. Clones IIIRC2¢c, IRC3c,

IYCllc, IYCI12c, IYDIc and IYF5c were selected by using
PCEC as a target; while IIRDS5v, IITYB5v, [IYG4v, IIYESv,
IIYGS8v, IIYD4v were selected by using PVRV as a target.
The ELISA results in Fig. 1 showed that the positive clones
always bind strongly to the target that was used for
biopanning. Nine clones were obtained from naive library
(YAMO-I) and four clones were from immunized library
(Yamo-Rb). Five clones which are IRA7c, IIIRC2¢, I1YG4v,
IIYESv, and IVB4cv showed cross-reactivity to both PCEC
and PVRYV targets.
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Fig. 1. (a) ELISA plate showing positive reactions (green colour)
with PCEC or PVRV and negative reaction (clear) with 2% skim
milk and 3 % BSA
(b) ELISA signal at O.D. 405 nm

The BstNl fingerprinting analysis of 14 positive
clones was shown in Fig. 2. In this figure pMOD (empty
vector) was digested to compare with the positive scFv clones
(pMOD+scFv gene).
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Fig. 2. Restriction fragment analysis by BstNI
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After the positive cloned were confirmed by
automated DNA sequencing. The DNA sequence of each scFv
clone was analyzed with Igblast and the sequence alignment
of the 14 scFv antibodies was done using CLUSTALW
software. Fig. 3 showed the origin of germline and family of
all the isolated Vi and V| segments; whereas, Fig. 4 illustrates
the amino acid sequence alignment of all positive clones. It is
interesting to note that clone IRC3c, which consist only Vi,
could still bind to the target, even if the signal is quit low
when compared to other positive clones. There have been
many reports on the binding of VHH, which is a single-
domain antibody (sdAb) that consists only of V}; domain from
camelidae [5, 7, 8]. Our data is the first report on the binding
of single V| domain of human antibody.

No Mame Germline Amino acid difference from germline  Family
1 IEATC WH IGHV3-33*01 18 VH3
WL IGLV2-14*02 7 VL1
1 IMRCZc WH IGHV4-30407 19 VH4
WL 1GLV 2-14*0L 3 VL2
3 IEC3c WH
WL IGLYV 2-14*01 3 VL2
4 ITC11e WH IGHV1-2*02 7 VH1
WL IGLYV3-21%03 0 VL3
5 ITC12¢ WH IGHV3-23*01 ] VH3
WL IGLV 144*01 13 VL1
f ITDlc WH IGHV3-23*01 fi VH3
WL IGLV3-10%01 3 VL3
7 I¥F5c WH IGHV1-18*01 0 VHI1
WL IGLV1-47*01 2 VL1
g IIRD v WH IGHV1-2*02 13 VH1
WL IGLYV 2-14*01 5 VL2
g IIYBv WH IGHV1-60*01 1 VH1
WL IGLV 144*01 3 VL1
10 IV Gév WH IGHVE-1*01 0 VHé
WL 1GLVE-57*0L 11 VL6
11 IIVESY WH IGHV6-1*01 5 VHé
WL IGLVE-57*01 11 VL6
12 IV Gév WH IGHV3-0*01 1 VH3
WL IGLYV 144*01 8 VL1
13 IIYD4v WH IGHV 3-30-3*01 2 VH3
WL IGLVE-57*01 1 VL6
14 IVB4cy WH IGHV3-33*01 18 VH3
WL 1GLV2-14*02 7 VL2

Fig. 3. Germlines and Families of Vi and V| segments of all clones.

Fig. 4 showed the amino acid sequence alignment of
all isolated scFv clones. The TAG amber stop codons were
found in clone ITYBSv, IIYD4v and IYDI1c. These codons are
translated as glutamine instead of stop codon in E. coli
suppressor strain such as DHS5alpha or TGl; therefore, the
functional antibody can be displayed on filamentous phage.
The complementary determining regions (CDRs) of the heavy
and light chain of the antibody (Vy/CDRI1, Vu/CDR2,
Vy/CDR3, V{/CDRI1, V{/CDR2 and V/CDR3) and the linker
sequence were indicated. Amino acid sequence analysis
revealed that all isolated positive clones have only the lambda
type of the light chain (Vi) from family 1, 2, 3, and 6; while
variable heavy chains (Vy) were from family 1, 3, 4 and 6. No
clone containing the kappa type of the light chain (Vi) was
isolated.

IV. CONCLUSIONS

In conclusion, 13 unique phage-displayed anti-rabies
virus scFv antibodies were successfully selected from naive
library (YAMO-I) and immunized (Yamo-Rb) human scFv
antibody libraries. All antibodies possessed variable heavy
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chains (Vy) from family 1, 3, 4 and 6 and only lambda light
chains (V) from family 1, 2, 3, and 6. One clone consisted of
only V| fragment. These selected phage-scFv clones will be
further engineered to generate soluble scFv nanobodies and
tested for neutralization activities in vitro in the next step.

H/CDR VH/CDR2
IYESC MAQVQLVQSGAEVKKPGAS VEVS CKASG- -YTHT SYGI SWYRQAPGQGIEWMGHISAYNG |56
ITYBSV MAQVQLVQSGAEVKKDGS SVKVSCKASG- -GTHS SYAT SWYRQAPGQOGIEWMGGIT PIFG |58
Ivclle ~=~MQLVE SGAEVKKPGASVKVS CKASG-~Y SHTAY YT HWYRQA PGQGIENMGHINENSG |55
IVB4cy MAQVQLVQSGGGLVQPGGS LRLECAASG-~F SHS DY GMHWYRQT PGKGIEWVAVIYARGT |58
IRATC MAQVQLVQSGGGLVQPGGS LRLECAASG- ~F SH 5 DY GMHWYRQI PGKGIEWVAVIYARGI |58
IIIRCZC MAQVQLOES GRGLVKPEGDPGRHCTVSGGSLE] VIS THDE{ROR PGKGIENT GE TV - YRS 59
IRC3C MAQVNLRESG- -Jwo
IIRDSY MAEVQLVE $GTEVRKPGDSVKVS CKASG- -YTHT DY YLHW§RQAPGQGLEWVGHIY PKRG |56
IYDlc MAQVNLRE $GGGLVQPGGS LRLECAASG-~FTHS SYAMSWYRQAPGKGIEWVSATTYNGA |58
Ivcl2e MAQVNLRE § GGGLVQPGGS LRLSCAASG-~FTHS SYAMSWRQAPGKGIEWVSSITY SGT |56
ITYGSv MAEVQLVE $GGGLVQPGRSLRLSCAASG-~F THDDY AMEWYRQA PGKGIEWVSGISWNSG |58
IIYESY MAQVQLOQSGEGLVKPPQTLS LT CAT SGDSVSYNTAAWNW] RQS PSRGIEWLGRTYYRSK |60
IIYG4v MAQVQLOQSGPGLVKPSQTLS LT CAT SGDSVSHN SAAWNW] RQS PSRGIEWLGRTYYRSK |60
IIYD4v MAQVOLVQSGGGVVQPGRS LRLS CAASGE TF $§- Y AMHIROA PGKGIEWVAVISYDGS |56
sk ik
IYESC mt'rm TDTSTSTAYMELRSLRSDDTAVYYCADG 108
ITYBSV - TANYAQKE QGR|'T ITADE ST ST AYMELS SLRSEDT AVY YCARDR| 111
IvClle - TTTYAQREQGRJTMTRDT SI ST AYMELSRLRSDDT AVY YCARDFEGY--WRWGAFDIWG 112
IVBdcw -NTYYGDSVEGRF'TISRDNSKNI LYLEMNRLSSEDTAVY YCATDDPPS--GTGSYHVNWG 115
IRATC ~NTYYGDSVKGRFTISRDNSKNILYLEMNRLSSEDTAVY YCATDDPPS--GTGSYHVNWG] 115
IIIRC2¢ - TTYYNPSLKSRJ'TLSVDT SONQI SLKLT SLTAADTAVY YCARE S TR--GT ---FDMWG| 113
IRC3C -t -
IIRDSY - GTHSAQKE QGR|'TMT RDT SINT AYMELTRLRSDDTAVY FCARDRPIE--DA---FDING 112
IYDlc - STAYADSVKGRFTISRDN SONTLYLQMN SLRAEDT AVY YCAKG-| ------YSTFDYWE 109
IvYCclae —-AT SYADSVKGRFTISRDNSKNT LYLQMNSLRAEDTAVYYCAKG-F -YSTFDYWG| 109
IIYGSv - ST GYADSVKGRFTISRDNAK 5§ LYLQMN SLRAEDT ALY YCAKGGH-----~ RGAFDIWG| 111
IIYESV WHNDYAVSVNSRE S INEDT SKNQF SLQLDSVTPEDT AVY YCARDRY Y GSGSYYRGFDYWG 120
ITYG4v WYNDYAVSVKSRETINEDT SKNQF SLQLNSVTPEDTAVY YCARERNG--~--~-= GEDEWG| 113
IIYD4v MTISRDNSKMLYLQMNSLMEDTAWYCARL@ 117
Linker sequence VL/CDR1
IYFSc QGTLVTV3SGGGESGGEEEGGEGES - QAVLTQPS SASGT PGQRVT ISCSGYSSNIGSNY-V [L66
IIYBSv QGTLVTV3SGEGESGEEEEGEDES - SYVLTQPPSASGT PGQRVTISCSGYS SNIGSNT-V LE9
IYclae QGTTVTV3SGGGESGEEGEGGSGS- SYVLTQPPSVSVAPGKTARITCGGN--NIGSKS-V L68
IVB4cv QGTLVTV3SGEGGSGEEGEGEEES - QSALTQPASVSGS PGRSITISCTGYS SDVGSYNLY 174
IRA7C QGTLVTVY 3 SGGGESGEEEEGEGES - QSALTQPASVSGS PGQSITISCTGYS SDVGSYNLY 174
IIIRCZ2c QGTMVTV 3 SGGGESGEGGEGEGES- QSALTQPASVSGS PGQSITISCTGHS SDVGGYNYV 72
IRC3c ==TTVTV35GGEESGGEESGEGES- QSALTQPASVEGS PGQSITISCTGYS SDVGEYNYV b7
IIRDSY QGTMVT VS SGEGESGEEGSGGEGS- QSALTQPASVSGS PGRSITISCTGYS SDVGEYNYV 171
IYDlc QGTLVTV35CECEECECEHCEEES - § SKLTQDPAVSVALCGQTVRITCQGNS -~ LRSYY-A 65
I¥cl2e QGTLVTV3SGGGESGEEGEGGSGS- QAVLTQPSSTSGT PGQRVT ISCSGES SNIGSNT-V L 67
ITYGBY QETMVTY 35 GEEEECECEECEEEE - SYVLTQPPSASCT PCORVTISCSGAS SNIGENT-V 169
IIYESwY QGTMVTV3SGEGEEGEGEGSGGEGS- NFMLTQPHSVSGS PGKTVT LSCTRYSGSIASAY-V 178
ITYGdv QGTLVIV 38GEEEHCEEGS SGEGS - NEMLTQPHEVSES PGRTVI ISCTRYSGSTASNY-V 171
IIYD4v QGTMVTY 53 5GGGESGGEEGEGGGES { NFMLTQPHSVSES PGKTVT ISCTRASGSIASNY-V 76
K ARRRRRRAKRARRAR A KA AkA L R 2 ki 11k g e
VL/CDR2 VL/CDR3
IYFSc YWYQQLPGTAPKLLIYRNNGOR BS GVJDRE SGSK--5SGT SASLAI SGLRSEDEADYY JAAW [224
IIYBSv NWYQQLPGTAPKLLIYSNNQR PS GVRDRE SGSK--SGT SASLAT SGLQSEDEADYY JATW [227
IYclle HWY QOK PGQAPVLVVYJDDSDRPSGIRERFE SGSN--SGNTATLTI SRVEAGDEADYY §QVW |226
IVB4cvy SWYQQHPGKAPKLMIYEVSKRPSGVRDRF SGSK--SGNTASLTVSGLQAEDEADYYJSSY |232
IRATC SWYQQHPGKAPKLMIY|EVSKRPSGVRDRF SGSK--SGNTASLTVSGLQAEDEADYY(SSY 232
IIIRC2c SWYQQHPGKAPNLMIYDVSNRPSGVYNRE SGSK-~-SGNTASLTI SRLQAEDEGIYF §SAY |230
IRC3c AWYQHHPGKAPKLMIYDVSNRPSGVENRE SGSK--SGNTASLTI SGLOAEDEADYYESSY |125
IIRDSv SWYQQHPAKAPNLLIYDVSNRPSGVINRF SGSK-~-SGNTASLTI SGLQAEDEADYF @SSy |229
IYDlc SWYQQKPGQAPVLVIYGKNNR PSGIRDRF SGSK--SGT SASLDI SGLQSEDEADYY QAAW |223
Ivcl2e NWYRHLPGTAPKLLIYIDDRRPSDIFDRE SGER--5GT SASLAT SGLQSEDEADYY (AAW [225
ITYGSv NWYQVPPRTAPKLLIYNNNQRPSGVRDRF SGSK--SGT SASLAT SGLQSEDEADYY(QATW 227
IIYESw QWFRQRPGSAPTTVIYEDNORPS GVRARE SGSIDSS SNSASLTISGLOTEDEADYYJOSY |238
ITYG4v QWYQQRPGS SPTTVIFEDT AR PSGVRARF SGSIDPF SNSASLTISGLKAEDEADYYQHSY |231
IIYD4w QWYQORPGSAPTTVIYEDNORPS GVRDRE SGSIDSS SNSASLT I SGLKTEDEADYYJOSY |236
Wiz ke ine wax s | kxrrx A O
IYFS5c IDDSLSGP-WFGGGTKLTVLGAAAHHHHHHGAAGPEQKLT SEEDLNGTA 271
IIYBSv IDNRLNAEWWF GGGTKLTVLRAAAHHHHHHGAAGPEQKLI SEEDLNGTA 275
IYCllc D- 55 SDHYWE GTGTQLTVLRAAAHHHHHHGAAGPEQKLT SEEDLNGTA 273
IVB4cv IT-SI TAAAWF GTGTKVTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 279
IRATC IT-SITAAAWF GTGTKVTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 279
IIIRCZ2c IT-58 S8 LG WFGTGTKLTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 277
IRC3c T- 55 8T LVYE GGGTRVTVLGARAHHHHHHGAAG PEQKLT SEEDLNGTA 172
IIRDSV T-T 58T L-WE GGGTRVTVLGAAAHHHHHHGAAG PEQKLT SEEDLNGTA 275
I¥Dlc ID-DSLNGVLEF GGGTKVTALRAAAHHHHHHGAAGPEQKLISEEDLNGTA 270
IYCclae ID-DSLNGLWFGGGT QLTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 272
IIYGBW ID-D S LHGVWF GGGTKVTVLRAAAHHHHHHGAAGPEQKLI SEEDLNGTA 274
IIYESV D---FTNYWFGTGT QLTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 283
IIYG4v ID---VHNQWF GGGTKLTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 276
IIYD4v ID-- - SSNVWF GGGTKVTVLGAAAHHHHHHGAAGPEQKLI SEEDLNGTA 281
Jik xkg ok k RARAREAR A KRR AR AR AR AR KR A

Fig. 4 Amino acid sequence alignments of all positive clones are
shown. The GC-rich sequence that links Vi and V| segments is
indicated. The three complementary determining regions (CDRs) are
marked with box. These scFv antibodies are linked with 6xHis and
Myc epitope at the C-terminal. Red Q is glutamine that is translated
from an amber stop codon in suppressor E. coli strains.
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