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Abstract

Ebola virus is notorious for causing severe and even deadly haemorrhagic fever in infected
humans and non-human primates. The high fatality rate of Ebola virus disease (EVD) has
highlighted the need for effective diagnosis and treatment. Two monoclonal antibodies
(mAbs) have been approved by USFDA for treatment of EVD. Virus surface glycoprotein is
the common target for diagnostic and therapy including vaccines. Even so, VP35, a viral
RNA polymerase cofactor and interferon inhibitor could be a potential target to curb EVD.
The present work describes the isolation of three mAb cloner fron a phage-displayed human
naive scFv library against recombinant VP35. The clone. shc wed binding against rVP35 in
vitro and inhibition of VP35 in luciferase reporter a:ne assay. Structural modelling analysis
was also carried out to identify the binding interections involved in the antibody-antigen
interaction model. This allows some insight 1. 'to the “fitness” of the binding pocket between
the paratope and target epitope which wou. « be useful for the design of new mAbs through in
silico means in the future. In concluzinn, *he information obtained from the 3 isolated mAbs
could be potentially useful in u.~ quest to improve VP35 targeting for therapeutic

development in the future.
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1. Introduction

Ebola virus disease (EVD) is one of the deadliest viral infections in human and non-
human primates characterized with haemorrhagic fever which might eventually lead to
multiorgan failure and death. Although the outbreaks of EVD mainly occurs in Africa,
healthcare communities and researchers remain vigilant due to the high mortality rate. EVD
is caused by Ebolavirus that is first discovered in 1976 at Democratic Republic of Congo [1].
Ebolavirus is classified under the family Filoviridae, contairing six species in the genus,
namely Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV) Ta. Forest ebolavirus (TAFV),
Bundibugyo ebolavirus (BDBV), Reston ebolavirus (F'ES V), and Bombali ebolavirus
(BOMV) [2, 3]. Among the six species, only EBOV. sLDV, TAFV and BDBYV are clinically
significant to human, while EBOV is responsible fur majority of the EVD outbreaks to date
[4]. Hence, most of the research activities are ~entred around EBOV, including a vaccine [5,
6] and two monoclonal antibodies therap.:s that are among the most promising therapeutic

agents to treat EVD [7].

EBOV is a single-strenJ=d, negative-sense RNA virus. The viral RNA genome
contains seven genes encodea ‘or nucleoprotein (NP), polymerase cofactor (virion protein
(VP) 35), matrix preteiv (V240), glycoprotein (GP), transcription activator (VP30), minor
matrix protein (VP24), and RNA-dependent RNA polymerase (L) [4]. The GP gene is
multicistronic and transcribes three proteins, including a full-length membrane glycoprotein
(GP) and two secretory glycoprotein (soluble GP (sGP) and small soluble GP (ssGP)) [4]. GP
is commonly identified as the main therapy target as it mediates attachment and entry of the
virus to the host cell, and activation of pro-inflammatory responses [8]. Blocking of the viral
GP would therefore inhibit the infection in the early stages of infection. In fact, the approved

vaccine (ERVEBO) and mAbs (Inmazeb and Ebanga) are designed to target the EBOV GP [6,



9]. Nonetheless, the multifunctional protein, VP35 is also identified as an important virulence

factor of EBOV.

VP35 is a cofactor of the viral RNA polymerase (L) that possess NTPase and
helicase-like activities [10], and is also involved in viral assembly [11]. VP35 is a double
stranded RNA (dsRNA) binding protein that interferes the activation of host’s cell interferon
(IFN)-inducible dsRNA and Dicer-dependent protein kinase R. It also blocks the
phosphorylation of IRF-3 in RIG-1 pathway and consequentl** leading to the impairment of
host’s antiviral immune responses [12, 13]. Hence, VP35 crula be another important target
for EVD therapy [14] since it has been shown that a V.35 mutant EBOV does not cause
lethal infection and instead elicits adaptive immune es,.arnses that can protect animals from
wild-type EBOV challenge [15]. In recent yearc, severai reports of the isolation of human
monoclonal antibodies against VP35 usina 6. 2ge display technology has also been reported

[16, 17].

Monoclonal antibody (mAD’ i< « class of therapeutic drug that has revolutionized the
treatment approach of many diseses, including viral infections like EVD. In 2020, the U.S.
Food and Drug Administratio.: (USFDA) announced the approval of Inmazeb, the first
antibody treatment for zaire ebolavirus infection. Inmazeb is essentially a cocktail of three
antibodies (atoltivimab, .naftivimab and odesivimab) developed using transgenic mice by
Regeneron Pharmaceuticals [18]. The second monoclonal antibody approved for EVD is
Ebanga from Ridgeback Biotherapeutics. Ebanga, also known as Ansuvimab, was developed
from B-cells of a EVD survivor [19]. As transgenic mice technology and EVD survivors are
not readily available, an attractive alternative for antibody development would be the use of

display technologies like phage display.



Phage display technology has been used for rapid isolation of monospecific and
reproducible recombinant mAbs [20]. In brief, antibody genes are amplified from B-cells
using polymerase chain reaction (PCR) and cloned into phagemid in random combination to
achieve a diverse repertoire. The source of antibody genes determines the type of the library
generated: naive library is constructed from healthy and uninfected donors while immune
library is generated from infected or immunized donors. A naive library is highly diverse in
theory, thus allowing it to isolate mAbs against virtually any target. Although the affinity
might be lower when compared to immune libraries, this doe< no. discount the use of naive
libraries as clones isolated from naive libraries could be irprcyved through affinity maturation
[21]. There are many formats of recombinant antibrdic: but the common format used is
mainly single-chain variable fragment (scFv) which ret.’ns the antigen binding site of heavy
chain variable (VH) and light chain variable "V 2 iinked together by a short peptide linker.
scFv is smaller in size and demonstratec ad',antages in term of ease of expression and better

penetration to tissue [22].

In this study, selection ar n.Abs against EBOV VP35 from a diverse human naive
scFv library was attempted t~rocgh biopanning and the isolated clones were characterized.
The antibodies were als’s evaluated on a luciferase reporter gene assay for inhibition of the
VP35 immunosuppressi g function. The antibodies were further characterized using
bioinformatic modelling to ascertain antibody-antigen interaction properties. The ability to

identify clones from a naive library highlights the flexibility of the library.

2. Materials and methods

2.1 Recombinant VP35 protein (rVP35) expression and purification



PET-45b(+) plasmid carrying EBOV VP35 gene [23] was transformed to Escherichia
coli C41(DE3) (Lucigen). A colony was grown overnight at 37°C, 200 rpm in 5 mL of 2xYT
medium (16 g tryptone, 10 g yeast extract, 5 g NaCl per litre) supplemented with 2% (w/v)
glucose and 100 pg/mL of ampicillin (2xYT-amp/glu). On the next day, the overnight culture
was inoculated in 500 mL of 2xYT supplemented with 0.1% (w/v) glucose and 100 pg/mL of
ampicillin. The culture was grown at 37°C, 200 rpm until ODggonm 0f 0.6 before induced with
isopropyl B-D-1-thiogalactopyranoside (IPTG) at 1 mM final concentration. The induced
culture was continued to culture overnight at 25°C, 160 rpm b2*are harvest at 8000 x g for 10

minutes (min) at 12°C.

The harvested cell pellet was resuspended in 1o mL lysis buffer (50 mM NaH,PQy,
300 mM NacCl, 10 mM imidazole, pH 7.4) with ?1 ag/mvL of lysozyme and incubated on ice
for 1 hour (h). The cell suspension was sonic.ted and subsequently centrifuged at 10000 x g
for 10 min at 12°C. The lysate was remov. 1, and the pellet was lysed with 5 mL urea buffer
(200 mM NaH,PQ4, 10 mM Tris-HZ! &:1 urea, pH 8.0) for 1 h at room temperature (RT).
The cell suspension was subseqten./ centrifuged at 10000 x g for 10 min. The supernatant
was loaded to 1 mL Ni-NT.,* ayarose (QIAGEN) pre-equilibrated with binding buffer (50
mM NaH,PO4, 300 mM N”I, 1 mM 2-mercaptoethanol, 10% glycerol, 20 mM imidazole,
pH 7.0), and incubated wth rotation at RT for 1 h. The column was washed with 30 mL of
wash buffer (50 mM NaH,PO,4, 300 mM NaCl, 1 mM 2-mercaptoethanol, 10% glycerol, 70
mM imidazole, pH 7.0) and eluted with elution buffer (50 mM NaH,PO,4, 300 mM NacCl, 1
mM 2-mercaptoethanol, 10% glycerol, 1 M imidazole, pH 7.0). Eluate collected at 1 mL
fraction was analysed on 12% SDS-PAGE and validated with western blot before proceeding

to biopanning. The protein concentration was determined using Bradford assay.



2.2 Biopanning on rVP35

Naive Human AntibodY LibrarY (HAYLY) ver 2.0 [24] was used for screening of
monoclonal antibodies against rVP35 protein. The panning was carried out as described
previously with some modifications [24]. 10 pg of rVP35 protein (reduced to 5 pg for round
2 panning) was diluted in 100 pL of coating buffer (15 mM Na,COs3, 35 mM NaHCOs, pH
9.4) and coated overnight in 4°C on Corning 96-well clear polystyrene high bind Stripwell™
microplate. On the next day, the antigen-coated well was washed three times with PBST
(phosphate buffered saline, pH 7.4 containing 0.1% (v/v) Tv een 20) and blocked with PTM
(2% (w/v) skimmed milk in PBST) for 1 h at RT with ¢=ntl¢ agitation. In parallel, another
well blocked overnight with PTM was used for ptage pre-incubation. 10'* cfu of library
phage was diluted in 100 pL of PBS (or 100 pL ~f amplinied phage for round 2 panning) and
incubated with 100 uL of PTM for 1 h at R7 witn gentle agitation. After three PBST wash,
the phage mixture was transferred to the . tigen-coated well for binding at RT for 2 h with
gentle agitation. The well was washeZ 10 times with PBST (increased to 20 washes for round
2 panning) and bound phages were 'uted with 100 pL of trypsin (10 pg/mL) at 37°C for 30
min. The eluted phages were '1se to infect 100 pL of TG1 (Lucigen) at exponential growth
phase (ODgoonm = 0.5) fur 9 min at 37°C. Ampicillin (final concentration 100 pg/mL) and
glucose (final concentrati yn 2% (w/v)) were added to the culture and subsequently grown for
2 hr at 37°C with shaking. 10° cfu of M13KO7 helper phage were added to infect the cells for
30 min at 37°C. The culture was then pelleted down and resuspended with 220 puL of 2xYT
medium containing 100 pg/mL of ampicillin and 60 pg/mL of kanamycin (2xYT-amp/kan).
The culture was grown overnight at 30°C with constant shaking. On the next day, the culture
was pelleted down and the supernatant containing phages were collected for subsequent

round of panning and polyclonal ELISA.



2.3 Polyclonal phage ELISA

After two rounds of panning, the amplified phages were analysed with polyclonal
ELISA. rVP35 were coated as described above. In parallel, additional wells were coated with
same amount of bovine serum albumin (BSA) to serve as background control. On the next
day, the wells were blocked with PTM for 1 h at RT with shaking. After three PBST wash, 50
ML of phages were diluted with 50 puL of PTM and added to the well for binding at RT for 1 h
with shaking. The wells were washed three times with PBST #nd subsequently incubated for
1 h at RT with 100 pL of anti-M13 horseradish peroxidase ("1R:") (1:5000 dilution in PTM).
The wells were then washed three times with PBST an! developed with 100 uL of 2,2°-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) dizmn.onium salt (ABTS). The wells were

incubated in dark with shaking and the absorbanc~ a. OD40s,m Were measured within 30 min.

2.4 Monoclonal scFv isolation

10 pL of the rescued phegye~ were serial diluted and used to infect XL1-Blue MRF’
(Agilent Technologies) (OD¢ngn, = 0.5) at 37°C for 30 min. The infected cells were plated
out on 2xYT-amp/glu 85" pidte. 92 single colonies were picked to inoculate 200 pL of
2xYT-amp/glu and grov.n overnight at 37°C with shaking. On the next day, 10 pL of the
overnight culture were used to inoculate 190 pL of 2xYT-amp/glu and culture for 2 h at 37°C
with shaking. 10 pL of M13KO7 (10° cfu) were added to infect the cell at 37°C for 30 min.
The culture was pelleted down and resuspended with 220 pL 2xYT-amp/kan and grown
overnight at 30°C with shaking. On the next day, the culture was pelleted and the phage
containing supernatant was collected for phage ELISA using method as described for

polyclonal phage ELISA (section 2.3). Clones that showed binding to the rVP35 were



analysed with colony PCR and the sequences were confirmed with sequencing. The sequence

of the clones was analysed on IMGT/V-QUEST bioinformatic tool [25, 26].

2.5 Soluble scFv expression and purification in Escherichia coli

scFv clones were transformed to E. coli HB2151 (Agilent Technologies) or SHuffle
T7 (NEB) and plated out on 2xYT amp/glu agar plate. 100 mL of scFv were expressed as
described in section 2.1. On the next day, the culture was harveste™ at 10000 x g, 10 min. For
clone G3, the pellet was resuspended with 2 mL of ice-col~ c=niplasmic extraction buffer (0.2
M Tris-HCI, 0.5 mM EDTA, 0.5 M sucrose, pH 8.0) fo.!rwed with 3 mL of ice-cold diluted
periplasmic extraction buffer (1:5 dilution) and incubaw. -1 on ice for 1 h before pelleted down
at 10000 x g, 10 min. For A2 and A5, the roteins were isolated using the protocol as
described in section 2.1. For all the e'.trared protein, the supernatant was collected and
added to 1 mL of Ni-NTA resin pre-ecilibrated with binding buffer (20 mM NaH,PQO,4, 500
mM NaCl, 20 mM imidazole, pH 7.4\. After 1 h incubation on rotator, the resin was washed
with 20 mL of binding buff~- and eluted at 1 mL fraction with elution buffer (20 mM
NaH,PO,4, 500 mM NaCl, 200 mM imidazole, pH 7.4). The eluate was analysed on 12%

SDS-PAGE. The prcee:n veicentration was determined using Bradford assay.

2.6 Soluble scFv expression and purification in Leishmania tarentolae

scFv clones were subcloned to pLTEX-5.2 plasmid modified from pLTEX-5 [27] for
expression in Leishmania tarentolae strain P10 (Jena Bioscience). First, pLTEX-5.2 was
constructed by replacing the 6xHis-tag with His-myc-tag amplified from pLABEL. His-myc-
tag was cloned into pLTEX-5 at Nhel and Notl restriction site. Subsequently, the scFv gene

sequence were amplified and cloned into pLTEX-5.2 at Ncol and Nhel restriction site.



After subcloning, transfection and clonal selection were carried out as described in
manufacturer’s protocol. Briefly, 200 ng of linearized plasmid were electroporated to L.
tarentolae cells (ODgoonm = 1.0) at 450 V and 450 pF. Positive transfectants were selected on
LEXSY BHI agar plate supplemented with 100 pg/mL of nourseothricin (NTC) and
incubated at 26°C for 5 to 7 days until defined colonies appeared. Single colony was picked
to inoculate 0.2 mL of LEXSY BHI medium supplemented with 100 pg/mL NTC. The
culture was expanded to 1 mL NTC-supplemented BHI after 24 h and subsequently expanded
to 10 mL after 48 h. For large scale expression, 100 mL =f L=XSY BHI medium was
inoculated with a dense starter culture (starting ODgoonm = U.2) and allowed to grow at 26°C,
130 rpm for 48 h to 72 h. The culture was harvested »* 170 x g, 20 min and the supernatant
was re-centrifuged at 2500 x g, 10 min to remove a1y . "maining cells. The supernatant was
diluted 1:1 with PBS and subjected to purificau »» using Ni-NTA resin as described above.
Purified scFv proteins were analysed with, 12% SDS-PAGE, followed by concentration

quantification with Bradford assay.

2.7 ELISA

For titration =. 'S, 1 pg of rVP35 protein was coated as described in 2.2. On the
next day, the wells were washed three times with PBST and blocked with PTM for 1 h at RT
with gentle agitation. The wells were subsequently washed three times with PBST followed
by binding of scFv (10 pg or two-fold serial dilutes) at RT for 2 h with gentle agitation. The
wells were washed three times and incubated with anti-c-myc HRP (1:5000 dilution in PTM)
for 1 h at RT with gentle agitation. The binding was detected with ABTS incubated in dark
for 30 min. The absorbance reading at ODg4gs,m Was recorded. The ELISA was performed in

triplicate and plotted as mean and standard deviation.



For specificity testing, 5 pg of rVP35, BSA, ubiquitin, enhanced green fluorescent
protein (EGFP) and HSP16.3 proteins were coated. The ELISA was carried out using the
same method as above. 10 pg of scFvs were used for binding. The BSA (Sigma-Aldrich) was
prepared at 1 mg/mL and dissolved in PBS. Ubiquitin, EGFP and HSP16.3 proteins were
expressed using E. coli. Briefly, pRSET-bH6 plasmid carrying respective gene were
transformed into BL21 and selected on ampicillin agar plate. A single colony was picked for
expression using same protocol as described in 2.1. On the next day, the pellet was harvested
and resuspended in lysis buffer (50 mM NaH,PQO,4, 300 mM N271, 20 mM imidazole, pH 7.4)
with 20 pg/mL of lysozyme and incubated on ice for 1 h Feicre proceeded to sonication. The
cell suspension was then centrifuged at 10000 x g for 1uv min at 12°C. The supernatant was
loaded to 1 mL Ni-NTA agarose pre-equilibrated wi*a u:nding buffer (20 mM NaH,PO,4, 500
mM NaCl, 20 mM imidazole, pH 7.4). After " 1, irLubation on rotator, the resin was washed
with 20 mL of binding buffer and elued at 1 mL fraction with elution buffer (20 mM
NaH,PO4, 500 mM NaCl, 500 mM midazole, pH 7.4). The protein concentration was

determined using Bradford assay.

2.8 Luciferase reporter aen: assay for interferon (IFN) promoter activation

scFv clones were subcloned to pcDNA3.1. Luciferase reporter gene assay was
adapted from a protocol described previously [28, 29]. Briefly, HEK293T cells (1.5 x 10°
cells/well) were seeded in 96 well plate 24 h before transfection. Cells were transfected using
T-Pro P-Fect Transfection-III Reagent, according to the manufacturer’s protocol. Plasmids
were mixed with the transfection reagent in Opti-MEM | Reduced Serum Medium (Gibco)
and incubated 15 min at RT. Transfection complexes were then gently added into individual

wells of the 96 well plate. 24 h after transfection, cells were stimulated with 1AV-RNA



(obtained as reported previously [30]) pre-mixed with the transfection reagent in Opti-MEM |
Reduced Serum Medium, and incubated for 24 h at 37 °C in 5% CO,. Cells were harvested
with lysis buffer (50 mM Na-MES, 50 mM Tris-HCI, 1 mM dithiothreitol, 0.2% (v/v) Triton
X-100, pH 7.8), and the lysates were added to luciferase assay buffer (125 mM Na-MES, 125
mM Tris-HCI, 25 mM magnesium acetate, 2.5 mg/mL ATP, pH 7.8). Immediately after
addition of 50 pL of Luciferin buffer (25 mM D-luciferin, 5 mM KH,PO,), the luminescence
was measured in Victor3 luminometer (Perkin Elmer). The luminescence was measured again
after addition of 50 pL of Coelenterazine assay buffer (125 m** N..-MES, 125 mM Tris-HCI,
25 mM magnesium acetate, 5 mM KH,PO, and 10 uM Cueicterazine, pH 7.8). The relative
light units (RLU) of Luciferase signal were norm=tizcd to Renilla luciferase and over
unstimulated controls. Each assay was performed 'n .iplicate. Results were presented as
folds of IFN promoter induction over the erip.’ *ector and plotted as mean and standard
deviation of replicates with GraphPad F.isr, 6.01. Data were analysed with an unpaired two

tailed t-test using a 95% confidence in-val.

2.9 Epitope prediction of VVPsl

The epitopes of .35 was predicted using BepiPred-2.0 [31], SVMTriP [32],
CBTope [33], Discotope [34] and antibody epitope prediction under IEDB server [35-37].

The epitopes were identified via the consensus prediction results.

2.10 Structure prediction of scFv clones

The 3D structure of scFv clones were modelled using MODELLERv10.1 [38-41].

The built structures were then evaluated using QMEAN score in SWISS-MODEL server,



PROCHECK Ramachandran Plot [42, 43] and Verify3D [44, 45] to determine the ideal

structure.

2.11 Docking of scFv clones (A2, A5 and G3) against VP35 protein

The scFv clones were docked against VP35 protein using HADDOCK server [46, 47]
by restraining the docking region at the CDR regions of scFvs and the epitopes of VP35. The
docked complex of scFv-VP35 was further assessed using jsP1S,* [48], PRODIGY [49, 50]

and MM/GBSA calculation in HawkDock [51-54].

2.12 Molecular dynamics (MD) simulation of .7 v-VP35 complex

The dynamics of scFv in compiexed with VP35 were further studied using MD
simulation. The ff14SB force field [E51 in AMBER18 [56] via CUDA-enabled Particle Mesh
Ewald Molecular Dynamics (PMEN.D.cuda) were applied. Chloride ions were added to
neutralize the charges of the sv.te:> The scFv-VP35 complex was solvated with at least 10 A
octahedral TIP3P water mcdel vom each direction. The complex was minimized with 4000
steps steepest desront minimization followed with 4000 steps conjugate gradient
minimization. The distaiice of non-bonded interaction was set at 10 A cut off. Next, the
complex was heated to 300 K in 100 ps with SHAKE constraint. The complex was then
equilibrated with 2 kcal/mol/A2 restraint for 100 ps, followed by constant pressure
equilibration for 15 ns. A total of 300 ns MD simulation with 0.1 ns interval for each frame
was conducted. The final 10 ns of the simulation with 100 ps interval was used for free
binding energy (AG) calculation, computational alanine scanning and pairwise energy
decomposition using molecular mechanic Poisson Boltzmann (MMGBSA)/ Generalized Born

(MMPBSA) surface area calculations [57]. In computational alanine scanning, the difference



in free binding energy (AAG) after alanine mutation was calculated as deduction of free

binding energy after alanine mutation from free binding energy of wild type complex.

Hotspot residue was defined as residue in CDR with AG or AAG < -1 kcal/mol in both

MMGBSA and MMPBSA calculations. The analysis was performed using UCSF Chimera

version 1.15 [58]. The figures were prepared using PyMol [59].

3. Results

3.1 Identification of human monoclonal antibody again:t E30V rVP35

VP35 protein of EBOV was expressed in E. ¢2li und purified as described previously
[23] with some modification. Purified recomt irart VP35 (rVP35) was analysed on 12%
SDS-PAGE and verified using western b!ut 1 efu.e proceeding to biopanning. A specific band
at approximately 40 kDa was observcd in Coumassie Blue-stained gel and the same band was
detected by anti-His antibody in ~:siern blot indicating the EBOV rVP35 protein was

successfully expressed (Fig. S1).

In order to obtain nin.oav.-displayed monoclonal antibodies binding to rVVP35 protein,
an existing in-house na.*/e scFv Human AntibodY LibrarY (HAYLY ver 2.0) with a diverse
repertoire was used [24]. The scFv population against r\VP35 was enriched over two rounds
of biopanning and polyclonal ELISA demonstrated in Fig. 1 (a) showed increment of the
absorbance reading at 405nm (OD4osnm) from 0.103 to 1.431 with low background signal of
0.084 and 0.096 for round 1 and 2, respectively. The signal over noise ratio (S/N) is 1.226
and 14.906 for round 1 and 2 respectively, indicating successful enrichment of r\VP35 binders

over 2 panning rounds.



Subsequent to polyclonal ELISA, round 2 phage was serial diluted and plated out for
monoclonal selection. 92 colonies were picked randomly, and several hits were obtained as
shown in Fig. 1 (b). The absorbance reading of the sample (coated with rVP35) were divided
with the background reading (coated with BSA) and was presented as S/N ratio in a heatmap.
Clones with higher S/N ratio after 30 min incubation were identified for further evaluation as
prospective leads. In total, there were 36 clones that demonstrated a S/N above 2 and these
clones were further examined with colony PCR to ensure full scFv inserts were present (Fig.
S2). Based on the colony PCR, all clones showed a band siz> oy approximately 1200 base
pair (bp), which corresponds to the band size of a full scr ¢ Insert. Finally, a total of ten
colonies with the highest readings in monoclonal EL 'S~ (A2, A5, B2, D1, E10, E11, E12,
G1, G3, H9) were sequenced. The sequencing result-; si.~wed several clones having identical
sequences which is common due to the enric’in, 0% of clones from the panning rounds. The
sequences were grouped to identify thre urique clones, namely A2, A5 and G3. The V(D)J
genes of each clone were analysed in h."GT/V-QUEST [25, 26] and a summary of the results
are demonstrated in Table 1. Botk ~lc~ A2 and A5 have the same V-gene families which is
IGHV3 with differences in D- »nd 4-gene of heavy chain. Clone A2 sequence shows the use
of IGHD2-8 and IGHJ5 whereus clone A5 used IGHD3-22 and IGHJ2. The light chain for
both clone A2 and Ac were similar with IGKV2 and IGKJ2 being used. Clone G3 was
unique with a V(D)J combination of IGHV4, IGHD3-10 and IGHJ6 being used together with

IGLV3 and IGLJ2,

3.2 Characterization of soluble anti-VP35 scFv clone expression

We also wanted to investigate the role of sequence variation on soluble scFv

expression in different host systems. In this case, we wanted to see if the expression of



soluble scFv would be comparable between standard E. coli and L. tarentolae expression
systems. The scFv clones were transformed into E. coli HB2151 and SHuffle T7 using
standard procedures as a standard control. The clones were first expressed in E. coli HB2151,
but only clone G3 was expressed and successfully extracted from the periplasmic fraction
(Fig. S3 (a)). Clone A2 and A5 were transformed to E. coli SHuffle T7 and majority of the
protein were found in the pellet even after periplasmic and cytoplasmic extraction (Fig. S3
(b)). Hence the proteins were extracted using 8 M urea buffer. The extracted protein of all
three clones were later subjected to immobilized metal affi~ity chromatography (IMAC)
purification using the same protocol which utilizes phrsp: ate buffer with imidazole. As
shown in Fig. 2 (a) and (b), a band size of approxim=tei,” 35 kDa was visible indicating the
three scFv clones were expressed, extracted, and puihicd from E. coli. The same anti-VP35
clones were subcloned to pLTEX-5.2 for exore<ion in L. tarentolae. Plasmid pLTEX-5.2
was modified from pLTEX-5 [27] to hcbedr a myc-tag fusion to the scFv for downstream
detection as the clones A2 and A5 1.»m light chain family IGKV2 were not able to be
detected by Protein L HRP. Fig ? () showed the Coomassie Blue-stained SDS-PAGE of
clone A2 and G3 purified using Ni-NTA resin. Interestingly, clone A5 could not be expressed
in L. tarentolae after severai cttzmpts showing a potential influence of sequence bias between
the expression tolerance o1 the two hosts. However, clones A2 and G3 were expressed well

on L. tarentolae.

Binding of the anti-VP35 clones expressed in E. coli and L. tarentolae to r\VP35 were
tested. Fig. 3 (a) showed A2 and A5 expressed from E. coli have stronger binding signal
compared to G3. The specificity of the clones was tested by coating other proteins such as
BSA, ubiquitin, enhanced green fluorescent protein (EGFP) and HSP16.3 as target and the
results showed the scFv clones were all binding specifically to the rVP35 only. Titration

curves of different amount of scFv (10 pug, 5 pg, 2.5 pg, 1.25 pg, 0.625 pg and 0 pg) against



fixed amount of rVP35 (1 pg) were assayed (Fig. 3 (b)). All the clones showed direct
correlation between the increase of the binding signal and the amount of scFv. A similar trend
was observed when the clones expressed in L. tarentolae were used for titration curve, where

A2 showed a slightly higher signal compared to G3 (Fig. 3 (c)).

3.3 Assessment on the inhibitory effect of anti-VP35 scFv clones to VP35 in vitro

It is known that EBOV VP35 impairs the host’s innate 1.~mune system by blocking
the production of IFN. To study the ability of A2, AZ anu G3 in reverting the IFN
antagonistic function of VP35, a luciferase reporter genc assay was carried out as described
previously [5]. The scFv genes were subcloned to 1cDNA3.1 and co-transfected with
pcDNA3-VP35 to HEK293T cells which were s*ni lated with IAV-RNA later to activate the
IFN-B promoter for concurrent product’on f IFN and luciferase. The lysates of harvested
cells were then tested in luciferase 2ssay where the induction of IFN-B promoter was
implicated in relative light units (RLU) »f luciferase signal. The result is demonstrated in Fig.

4 as folds of IFN promoter ind' ctiu.> over empty vector.

All 3 clones show.. tu, most of the conditions tested a statistically significant level of
inhibition on VP35 (Ta.'e S1) as higher fold of IFN promoter induction was detected as
compared to the control transfected with VP35 plasmid only. However, the expression of the
IFN was not restored fully as demonstrated in the control without VVP35. The inhibition did

not show a consistent trend when the amount of scFv plasmid transfected was increased.

3.4 Molecular Docking of anti-VP35 A2 to VP35



VP35 interferes the IFN production through the interferon inhibitory domain (11D).
Thus, prediction of the potential epitope was conducted on the C-terminal IID of VP35
protein between residues 215 to 340. The analysis (Table 2) has suggested that there were 29
residues as possible epitopes along VP35 C-terminal 1ID. Literatures showed that residues
298-322 and 329-338 [60, 61] as well as residue 339 [61] are involved in the interactions
with dsSRNA when blocking expression of IFN. Thus, residues 298-322 and 329-339 were

used as the active regions in the docking with scFv clones.

Then, the 3D structure of scFvs tertiary structure was oun* and assessed in term of the
model compatibility to its sequence (Verify3D), quali*v estimation on the geometrical
analysis (QMEAN) and the statistical distribution o tue model’s backbone ¢ and y angles
(Ramachandran plot). Analysis showed that the nrauictive structure of A2, A5 and G3 are in
good quality. A2 has Verify3D profile score < 98.55%, QMEAN score of 0.7 and 91.2% of
residues in the most favoured regions o the Ramachandran plot. A5 also showed high
Verify3D profile score (97.78%), 0 22 v7 QMEAN score and 88% of residues in the most
favoured regions on the Ramaclian'van plot. The structure of G3 scFv contains 85.2% of
residues in the most favourec rey‘ons on the Ramachandran plot, QMEAN score of 0.62 and
94.44% Verify3D profilr. score. All three models of scFvs contain 0.5% of residue located in
the disallowed regions o1 the Ramachandran plot, which is equivalent to one residue in each
modelled scFv. The residue in disallowed region of A2, A5 and G3 was A213, V120 and S62,
respectively. However, these residues were not a major concern as they are not located in the

scFv CDR regions which are responsible for the interaction with VP35.

Subsequent to VP35 epitope prediction and anti-VP35 scFvs structural modelling,
docking study was carried out. The docked conformations of scFv-VP35 were evaluated

based on the binding free energy (AG), interface area and dissociation constant (Kd). Results



indicated that A2, A5 and G3 are favourable to bind with VP35 with their binding free

energies, large interfacial areas and low Kd values (Table S2).

3.5 Molecular dynamics (MD) simulation of scFv-VP35 complex

A total of 300 ns molecular dynamics simulation was conducted on three scFv-VP35
complexes namely A2-VP35, A5-VP35 and G3-VP35. All scFv-VP35 complexes showed
stable RMSD and RMSF throughout the simulations (Fig. S4). "IMGBSA and MMPBSA
binding free energy calculations using the last 10 ns of “e simulation revealed that A2
interacted VP35 with AG of -10.58 + 5.28 kcal/mol ana 22.34 + 7.66 kcal/mol, respectively,
while G3-VP35 complex was AG of -12.33 + 5.24 « al/mol and -30.05 + 7.37 kcal/mol,
respectively (Table 3). However, A5-VP35 shver a higher AG of -51.99 + 8.37 kcal/mol
and -51.34 + 10.04 kcal/mol accordiry tr MMGBSA and MMPBSA calculations. The
MMGBSA and MMPBSA analysis ais> suggested that the interactions between A2 and VP35
were mainly driven by favourable van der Waals energy. The van der Waals interactions
between A2-VP35 complex wuild have antagonized the unfavourable electrostatic
interactions resulting in an ~verall favourable AG. In contrast, A5 and G3 showed higher
favourable electrostuu > w.teractions with VP35, although they required higher solvation

energy.

3.6 CDRs analysis for anti-VP35 A2

Due to the better in vitro binding activity of A2 with VP35 protein compared to the
other scFvs, computational alanine scanning (CAS) was conducted using A2-VP35 complex
as a reference in compared to other scFvs. CAS analysis suggested that among the CDRs, A2

heavy chain CDR3 and light chain CDR1 contributed the most to the favourable binding with



VP35. A2 heavy chain CDR3 and light chain CDR1 exhibited AAGroa -6.64 and -6.42
kcal/mol, respectively, in MMGBSA calculation, while MMPBSA calculation showed
AAGroia Of -2.36 and -4.72 kcal/mol for A2 heavy chain CDR3 and light chain CDR1,
respectively (Table 4). Amongst the residues in A2 heavy chain CDR3, Y106 was the
principal contributor to AAGre With -6.56 and -2.13 kcal/mol from MMGBSA and
MMPBSA, respectively. While H184 and Y190 are the most important residues in A2 light
chain CDR1, MMGBSA and MMPBSA estimated H184 AAGtqa Of -2.78 and -2.17 kcal/mol,

respectively, whereas Y190 AAGrow Of -3.4 and -1.99 kcal/me!, re_nectively.

From the pairwise decomposition analysis, A2 heavy chain CDR2 demonstrated the
most negative AGre Of -24.57 and -18.47 kcanvor in MMGBSA and MMPBSA
calculations, respectively (Table 5). This was fo''awed by A2 light chain CDR3 with -14.25
and -12.84 kcal/mol for MMGBSA and MM:'BSA calculations, respectively. The A2 heavy
chain CDR3 and light chain CDR1 wei. also showing favourable AGrq, although less
favourable than CDR2 of heavy cha’:x an.' CDR3 of light chain in the scFv. Their respective
AGrota Were -10.44 and -10.96 kco!/mol for MMGBSA calculation, and -6.33 and -9.79

kcal/mol for MMPBSA calcu!atien.

The average Az VP.)5 conformation from the last 10 ns of MD simulation was
depicted in Fig. 5 (a). W:.nin heavy chain CDR2, four hotspot residues were exhibited AGrotal
< -1 kcal/mol in both MMGBSA and MMPBSA calculations (Fig. 5 (b)). Y56 showed the
lowest AGroal, followed by G58, G57 and T60 in MMGBSA calculation with the respective
AGrot Of -8.89, -6.24, -3.97 and -1.37 kcal/mol. Similar trend was found using MMPBSA
calculation with AGrog Of -6.54, -4.91, -3.57 and -2.21 kcal/mol, respectively. Three hotspot
residues were found in light chain CDR3 (Fig. 5 (c)). L250 shows the most negative AGotal
of -6.62 and -6.46 kcal/mol in MMGBSA and MMPBSA calculations, respectively. The other

two hotspot residues, Q251 and T252 have the respective AGretg Of -4.03 and -2.51 kcal/mol



using MMGBSA calculation and, -3.23 and -1.26 kcal/mol using MMPBSA calculation.
H184 and Y190 were the hotspot residues in light chain CDR1 whereas only one hotspot
residue (Y106) was found in heavy chain CDR3. MMGBSA estimated AGre 0f H184 and
Y190 were -4.41 and -4.66 kcal/mol, respectively. MMPBSA indicated comparable AGroa Of
-2.77 and -5.06 kcal/mol for H184 and Y190, respectively. AGrow In heavy chain CDR3
mainly contributed by Y106 with AGre Of -9.42 and -6.13 kcal/mol in MMGBSA and

MMPBSA calculations, respectively.

Compared to A2, all CDR except for CDR2 in A5 li jht ~hain interacted with VVP35.
An interaction was noticed between A5 heavy chain CDI 1 ard VP35 with AGro Of -24.62
kcal/mol and -24.03 kcal/mol from MMGBSA ard 1."MPBSA calculations, respectively
(Table 5). The pairwise decomposition analysis ctiygested that A5 heavy chain CDR1 S30,
R31 and D33 have a AGrea Of -2.91 kcl/mol, -3.88 kcal/mol and -17.46 kcal/mol,
respectively based on MMGBSA calcui.-ions. MMPBSA calculation estimated that the
AGroa Of these residues were -..79 kcal/mol, -1.84 kcal/mol and -19.83 kcal/mol,
respectively.

Besides, pairwise decomynsition also suggested that the interactions of A5 heavy and
light chain CDR3 with v.*35 were stronger with -34.71 kcal/mol and -20.67 kcal/mol,
respectively from MMCBSA calculation. A similar data was observed via MMPBSA
calculations, where the AGro 0Of A5 heavy and light chain CDR3 were -36.46 kcal/mol and -
19.46 kcal/mol, respectively. E98, V100, D101, E103 and H108 were among the hotspot
residues in A5 heavy chain CDR3 with AGre@ -15.71 kcal/mol, -5.14 kcal/mol, -3.03
kcal/mol, -3.5 kcal/mol and -4.93 kcal/mol, respectively from MMGBSA analysis. The
MMPBSA calculation indicated that the hotspot residues have AGroa Of -21.47 kcal/mol, -
2.52 kcal/mol, -4.04 kcal/mol, -3.71 kcal/mol and -3.66 kcal/mol, respectively. However,

MMGBSA and MMPBSA calculations indicated that A5 heavy chain CDR3 Y102 has a



lower AGrota Of -0.57 kcal/mol and -0.3 kcal/mol, respectively, compared to A2 heavy chain
CDR3 Y106.

Similarly, A5 light chain CDR3 L246, E247 and T248 are favourable with VP35 with
AGrota -1.07 kcal/mol, -11.86 kcal/mol and -7.33 kcal/mol, respectively from MMGBSA
calculation. MMPBSA calculation estimated the AGroa for these hotspot residues, which
were -0.98 kcal/mol, -10.83 kcal/mol and -6.93 kcal/mol, respectively. Although most of A5
heavy and light chains CDR showed an increase in AGrom When interacting with VP35 in
comparison with the same region in A2 scFv, with the heav;’ ci.oin CDR2 and light chain
CDR1 giving decreased interactions with VP35 with on’y -*6.43 kcal/mol of AGria from
MMGBSA calculation. The respective AGrotg N this remen were -1.47 kcal/mol (G52), -3.54
kcal/mol (T53), -1.64 kcal/mol (G54) and -8.72 kc7l/m.~l (D56). The MMPBSA calculated
AGrota for these hotspot residues were -1.64 «c.!/ra0l, -1.96 kcal/mol, -1.38 kcal/mol and -
8.03 kcal/mol, respectively, which cont.ibr.ed to the major interactions in A5 heavy chain
CDR2 with AGro -14.88 kcal/mol. ikewise, A5 light chain CDR1 has a lower AGrotal
compared to A2 with -9.69 kca''mc! and -8.3 kcal/mol from MMGBSA and MMPBSA
calculations, respectively. Fro..» MIMIGBSA and MMPBSA calculations, the hotspot residue
in this region is D182 (AGq,_: -6.91 kcal/mol and -7.45 kcal/mol, respectively). However,
H180 and Y186 have oruy AGrom -0.56 kcal/mol and -0.31 kcal/mol from MMPBSA
calculation.

In G3 scFv, the CDR regions that interacted with VP35 protein were lesser than the
other scFvs. Only CDR1 and CDR3 of the heavy chain, and CDR2 of light chain have AGrotal
lower than -1 kcal/mol and their respective MMGBSA and MMPBSA calculated AGrota Were
-8.9 kcal/mol and -8.23 kcal/mol for heavy chain CDR1, -34.17 kcal/mol and -28.47 kcal/mol
for heavy chain CDR3, and -8.35 kcal/mol and -9.63 kcal/mol for light chain CDR2. Based

on the MMGBSA and MMPBSA calculation of pairwise decomposition in CDR 1 of G3



heavy chain, the hotspot residues were S30 (AGrow -1 kcal/mol and -1.36 kcal/mol,
respectively), G31 (AGrot -1.76 kcal/mol and -1.25 kcal/mol, respectively), Y32 (AGrota -
2.02 kcal/mol and -1.31 kcal/mol, respectively) and Y33 (AGrow -3.22 kcal/mol and -2.4
kcal/mol, respectively). Whereas for G3 heavy chain CDR3, MMGBSA estimated that the
hotspot residues Q100, V102, Y103, Y104 and Y105 have AGroi Of -7.78 kcal/mol, -2.89
kcal/mol, -5.31 kcal/mol, -8.11 kcal/mol and -8.53 kcal/mol, respectively. Similarly,
MMPBSA calculated AGro in these hotspot residues were -6.49 kcal/mol, -2.58 kcal/mol, -
6.46 kcal/mol, -5.31 kcal/mol, -6.09 kcal/mol and -1.3 kcal/m~l, 2spectively. Compared to
A2 and A5, G3 light chain CDR2 were distinct and this nuw vaction with VP35 protein was
only formed with G3. This could be due to D198 that ~on."ibuted AGrota -6.38 kcal/mol and -
7.89 kcal/mol according to MMGBSA and MMPBS A colculations, respectively. In addition,
A197 has also contributed AGrota -1.64 kca!/n.*! and -1.89 kcal/mol with VP35 based on
MMGBSA and MMPBSA calculations, . 2sp sctively.

A comparison of the scFv resiu'tes in CDR regions has been performed in order to
further study the interactions bet*ee~ (he scFvs with VP35. Analysis suggested that there
were numerous identical resiu 'es vetween the isolated scFvs (Table 6). In particular, the
hotspot residues were identic! between A2 and A5 with only Y56T mutation in A5 heavy
chain CDR2 and As i.7hu chain CDR3 Q251E. On the other hand, G3 has no identical
residues in the light chain compared to A2, but the heavy chain still resembled A2 with only
Y56Q and G57S mutation in G3 heavy chain CDR2. Additionally, the identical hotspot
residues found in both A5 and G3 scFvs were also structurally located at the similar location

as in A2 (Fig. 6)

4. Discussion



A large outbreak of EVD that persistent for three years in 2014 — 2016 has raised
huge concern amongst healthcare institutions resulting in the quest to find more effective
therapy and diagnostic measures for the management of EVD. In October and December of
2020, two monoclonal antibody therapies were approved by USFDA, namely and Inmazeb
and Ebanga. Inmazeb is an antibody cocktail containing three monoclonal antibodies -
atoltivimab, maftivimab, and odesivimab-ebgn, whereas Ebanga is a single monoclonal
antibody [9]. Both therapies target the GP of EBOV. Although there are no mAbs against
VP35 in the market, it is an interesting and promising target “ecouse of its role as an IFN
antagonist. Interference of VP35 on IFN production haripes the host cell innate immune
response to the virus. Additionally, efficient IFN pror'ic.ian can be restored upon inhibition

of VP35 IFN antagonism, bocking viral replication [79.

In this study, we have utilized hume:> naive scFv library to identify mAbs against
EBOV VP35. A combinatorial naive libra. # with a repertoire diversity as large as 10° clones
should, in theory be diverse enough t> o.tain antibody binders against any target [21]. Here
we successfully obtained three uniy'te clones from the naive library, of which two of the
clones, A2 and A5 are from g=ne family of IGHV3 and IGKV2, whereas another clone G3 is
from IGHV4 and IGLV" (. apble 1). Although A2 and A5 show similarity in the heavy and
light chain gene families combination, the CDRs are the unique regions responsible for the
antibody-antigen interaction. This could explain the difference in the binding affinity of the

A2, A5 and G3 on the in vitro ELISA assay.

The 3 unique clones were then expressed in soluble form using two different
expression systems, E. coli and L. tarentolae. We wanted to see if the sequence variation
between the clones would interfere with the expression outcomes in E. coli and L. tarentolae.
The three clones were well expressed in E. coli but clone A5 was not expressed in L.

tarentolae. Although clones A2 and A5 were of IGHV3 and IGKV2 family sequence, the



expression patterns in L. tarentolae were different. This could indicate the influence of the D
and J segments on the expression profiles of antibody clones in L. tarentolae. A previous
study showed the influence of secretary peptides on the expression of several scFv clones in
L. tarentolae [27]. The study showed the suitability of pelB as a leader peptide for expression.
However, the clones used were of a similar framework based on an optimized semi-synthetic
antibody scaffold for expression. Although L. tarentolae is touted as a potential alternative
expression host for scFv expression [27], the conditions and parameters for antibody
expression in L. tarentolae with diverse framework seo:~nces would require further
understanding. Even so, the data indicating that the three r.101.~s were binding to the target by

phage and E. coli was sufficient to investigate the 3 cl~ne. for functionality.

In the luciferase reporter gene assay, the three clones showed a significant inhibition
of VP35 interferon antagonism function, as ¢emonstrated on the signal of luciferase which
implicates activation of IFN promoter for :2-expression of luciferase and IFN. Although the
ELISA showed binding of the clones 1 r\'P35, the inhibition effect in cell assay was not high.
It could either be because of the sci™s are binding to region outside of the VP35 11D or the
expression of the antibodiec w.ve not optimum in intracellular setting. Since the clones
originated from a naive cumbinatorial library, the sequence combination might affect the
efficiency of protein tr.nscription and translation. In fact, the expression level of a
recombinant protein, as well as the protein structure and folding are influenced greatly by the
codon usage bias of the expression host [62, 63]. As demonstrated in the two expression
systems utilized in this study, the expression result for A5 was significantly different when
using E. coli compared to L. tarentolae. A5 was not able to express in L. tarentolae but was
produced in higher amounts in E. coli. The scFvs expressed in L. tarentolae were analysed on
non-reducing SDS-PAGE and the band pattern is different from the control scFv expressed

using E. coli. This might indicate potential post-translational modification on the scFv. The



possible post-translational modification might also affect the binding in vivo as a result of
structural changes [64]. However, clone A2 showed the most promising inhibition pattern of
the three clones. Therefore, clone A2 was further evaluated structurally to predict the

interaction patterns of the clone.

The interaction of the clone A2 with EBOV VP35 was modelled computationally.
The docking of A2 on VP35 C-terminal 11D domain indicated favourable binding affinity.
Structural analysis from A2-VP35 MD simulation suggested t'iat the complex was relatively
stable throughout the simulation as indicated in the RMSD na RMSF. Binding free energy
calculation using MMGBSA and MMPBSA approache. fur her evidenced the interaction
between A2 and VP35 driven mainly by favouriole van der Waals interactions. Both
computational alanine scanning and pairwise de~omposition obtained from A2-VP35 MD
simulation trajectories suggested that A2 Y376 in heavy chain CDR3, H184 and Y190 in
light chain CDR1 are among the hotspo. esidues in the interactions with VP35. Pairwise
decomposition analysis also showed that .A\2 heavy chain CDR2 and light chain CDR3 were
contributed to AG compared wit1 heavy chain CDR3 and light chain CDR1. A2 Y56, G58,
G57 and T60 in heavy chain “U:"2 and, L250, Q251 and T252 in light chain CDR3 were the

hotspot residues involvirg i interacting with \VP35.

Likewise, residu~s comparison in CDRs of all three scFv clones suggested that the
identified hotspot residues were playing an important role in interacting with VP35. The
conserved hotspot residues among the three scFv clones also indicated that all scFv clone

might interact in a similar manner to VP35.

There are several limitations to our current study. One of the main limitations is the
ability of the clones to function intracellularly which could be overcome by engineering [65].

Additionally, the absence of performing the assay using actual viruses is something that could



be addressed in the future. Even so, the mAbs isolated could also be develop as a diagnostic
tool in addition to the therapeutic potential. EVD being a highly contagious disease that
spread through direct contact of body fluid. Therefore, early detection and quick response to
contain infected individuals are critical to break the transmission chain. Current diagnostics
are carried out using RT-PCR and antigen tests using mAbs from immunized mice for
detection of viral GP, NP, and VP40 which are essentially the shell of the EBOV.
Considering the setting of EVD outbreaks are often concentrated at rural areas of Africa
where access to RT-PCR is limited and time-consuming, rap’< nu:nt-of-care detection using
antigen-antibody capture such as lateral flow assay cou'd > more advantageous for rapid

diagnosis for EVD.

5. Conclusion

In brief, three scFv clones against =BOV VP35 originated from human naive phage-
displayed library were identified. ~hr, clones showed binding affinities in ELISA, the
luciferase reporter gene as~ay oanly showed certain level of inhibition on VP35.
Computational modelling h.= siiggested favourable interaction of the clones with VP35 1ID,
further studies coulu e cunducted to optimize the clone for better binding extra- and
intracellularly. It is likely that the clones would have to undergo further affinity engineering

or format conversion for improved inhibition activity.
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Fig. 1. Monoclone selection from naive phage display library. (a) Polyclonal ELISA for two
rounds of panning against r\VP35 showed higher signal on rVVP35 coated well compared to the
background control well coated with BSA. (b) Several hits of monoclonal antibodies against
rVP35 were demonstrated and presented in the heatmap as signal over noise (S/N) ratio.
Clone with higher S/N is showed in darker colour. H5 and H11 were positive control, H6 and
H12 were negative control of the ELISA. For both experiments, the absorbance reading at

405 nm was recorded after 30 min of incubation in dark.

Fig. 2. Coomassie Blue-stained SDS-PAGE of purified anti-vVP<5 A2, A5 and G3 expressed
in (a,b) E. coli and (c) L. tarentolae. The band of the sctvs v/ere approximately 35 kDa. M
represents Opti-Protein XL Marker (abm); FT, flow -thicugh of crude lysate passed through

Ni-NTA resin; E, elution fraction; ctrl, in-house ~Fv proauced from E. coli.

Fig. 3. The binding properties of clone A7, .*5 «nd G3 to rVP35 on in vitro ELISA assay. (a)
The clones expressed and extracted from E. coli showed different level of binding activity.
A2 and A5 showed stronger bindirg s >nal compared to G3. All clones showed specificity
towards rVP35 compared to othe.” oroteins such as BSA, ubiquitin, EGFP and HSP16.3. 5 ug
of protein was coated and 10 p,: of scFv was used for binding. Titration curves of the clones
expressed in (b) E. coli ano (c) L. tarentolae were also tested. For all clones, the binding
signal increase when th~ amount of the scFv increase. The amount of rVP35 coated was kept
constant at 1 pg. All data were plotted as mean of triplicate. Error bars indicate the mean *

SD of three independent ELISA.

Fig. 4. Inhibition effect of A2, A5 and G3 on VP35 as tested in luciferase reporter gene assay.
EV represented negative control transfected with empty vector pcDNA3 only, VP35
represented positive control transfected with pcDNA3-VP35 only. The relative light units

(RLU) of Luciferase signal were normalized to Renilla luciferase and over unstimulated



controls. Each assay was performed in triplicate. Results were presented as folds of IFN
promoter induction over the empty vector and plotted as mean and standard deviation of
replicates with GraphPad Prism 6.01. Error bars indicate the mean £ SD of two independent

experiments. *P< 0.05 and **P< 0.01, two-tailed unpaired Student’s t-test (Table S1).

Fig. 5. (a) The average conformation of A2-VP35 obtained from the last 10 ns of MD
simulation. Green and yellow surfaces represent A2 and VP35, respectively. (b) Interactions
of A2 heavy chain CDR2 (green ribbon and stick presentation) with VP35 (yellow ribbon and
surface presentation). (c) Interactions of heavy chain CDF3 c«nd, light chain CDR1 and
CDR3 A2 (green ribbon and stick presentation) with \VVP:5 yellow ribbon and surface
presentation). Only A2 CDR hotspot residues with A G ~tal < -1 kcal/mol were shown here.

Figure is prepared using PyMol [59].

Fig. 6. Structure alignment of anti-VP3F J'oncs A2, A5 and G3 (a) Structure comparison
between A2 and A5, in green and yallow 1.obon and surface presentation, respectively. (b)
Structure comparison between A’ a:u G3 in green and orange ribbon and surface
presentation, respectively. Lahe!'ed residues indicate the locations of the same residue
between scFv clones. The resiu.es are numbered according to A2 clone. The locations of the
hotspot residues in A5 axd ¢ 3 were similar to the A2 clone. Figure is prepared using PyMol

[59].



List of Tables

Table 1. V(D)J gene analysis of the anti-VP35 clones.

Clone Heavy chain Light chain
V-gene D-gene J-gene V-gene J-gene
IGKV2-28*01 F/
_A0* _Q% * *,
A2 IGHV3-49*03 F | IGHD2-8*02 F | IGHJ5*02 F IGK\/2D-28%01 F IGKJ2*01 F
IGKV2-28*01 F/
A5 IGHV3-13*01 F | IGHD3-22*01 F | IGHJ2*01 F IGKV2D-28%01 F IGKJ2*01 F
IGLJ2*01 F/
G3 IGHV4-34*01 F | IGHD3-10*01 F | IGHJ6*02 F | IG’' VV3-9*01 F IGLJ3*01 F/
IGLJ3*02 F

Table 2. Prediction of potential epitope regions in

C-terminal 11D of VP35 using five

different servers. An epitope is identified from th2 cunsensus of at least four servers predicted

a residue as an epitope.
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Table 3. MMGBSA and MMPBSA binding free energy calculations (AG) between scFvs (A2, A5 and G3) and VP35 using the last 10 ns of

molecular dynamics simulation. Data was represented in mean + SD.

MMGBSA (AG; kcal/mol)

MMPBSA (AG; kcal/mol)

sckv A2 A5 G3 A2 A5 G3
VDWAALS -71.55 £ 6.62 -62.75+ 6.03 -50.15+ 4.29 -71.55 £ 6.62 -62.75+ 6.03 -50.15+ 4.29
EEL 64.36 + 37.16 -583.41+ 43.23 -196.15+ 33.49 64.36 = 27.16 -583.41+ 43.23 -196.15+ 33.49
EGBmaeesa)/ EPBwmpasa) 5.96 +36.59 605.08+ 37.92 240.99+ 32.31 -1€ 26 - 3..79 603.48+ 38.50 222.17+ 32.33
ESURF umcesa)/ ENPOLARMmpesA) -9.36 +£0.91 -10.91+ 0.60 -7.02+ 0.60 3..9 - 0.69 -8.67+ 0.43 -5.92+ 0.39
AGgss -7.19 + 38.49 -646.15+ 42.08 -246.30+ 35.14 -7.19 + 38.49 -646.15+ 42.08 -246.30+ 35.14
AGgy -3.39+£36.19 594.17+ 37.64 233.96+ 31 b -25.15 + 36.61 594.81+ 38.31 216.24+ 32.08
AG Total -10.58 £ 5.28 -51.99+ 8.37 -12.33+ 5..1 -32.34 £ 7.66 -51.34+ 10.04 -30.05+ 7.37

Note: VDWAALS represents van der Waals energy of complex, EEL represents electrost .cic 3ner§y “f complex, EPB/EGB represents electrostatic energy contributed to

solvation free energy, ESURF/ENPOLAR represents non-polar energy contributed o sc'vat. :n fr2e energy.



Table 4. Computational alanine scanning of A2 CDR for hotspot residues identification for
the interaction with VVP35. The analysis was performed using UCSF Chimera version 1.15
[56]. Computational alanine scanning was calculated on CDR residues in the last 10 ns of

A2-VVP35 MD simulation.

A2 CDR Alanine scanning, AAGro (Kcal/mol)
Residue MMGBSA MMPBSA
Heavy chain 1 -0.05 -0.86
Heavy chain 2 -0.14 -0.92
Heavy chain 3 -6.64 -2.36
T99 0.00 0.00
R100 0.09 0.59
Y101 -0.05 0.17
V103 0.02 0.00
P105 -0.40 0.08
Y106 -6.56 -2.13
Q107 0.27 -0.06
P108 -0.01 -0.03
R109 630 0.22
E110 -u.NC -0.70
N111 c 00 0.02
W112 -0.08 0.03
F113 -0.02 0.06
D114 -0.03 -0.53
P115 A 0.00 -0.07
Light chain 1 -6.42 -4.72
Q180 -0.26 -0.33
S181 -0.04 0.05
L182 0.02 -0.06
180 -0.02 -0.01
4181 -2.78 -2.17
S185 0.28 0.02
186 -0.19 -0.16
Y188 -0.04 -0.08
N189 0.01 0.00
Y190 -3.40 -1.99
Light chain 2 -0.02 -0.12
Light chain 3 -1.54 -0.22

AAGTotaF AGWT* AGmutamt



Table 5. Pairwise decomposition energies (AG) of scFv-VP35 complex by MMGBSA and MMPBSA using the last 10 ns of MD simulation.
Only the CDR within scFv was calculated.

MMGBSA (AG; kcal/mol)

Chain A2 AGrota  AGside AGgp | A5 AGrotal AGside AGgp | G3 AGrotar  AGside AGsgp
CDR CDR CDR
Residue Residue ~|_Residue

Heavy 1 -0.04 -0.06 0.04 1 -24.62 -8.98 -1552 |1 -8.90 -6.78 -2.09
G26 0.00 0.00 0.00 G26 -0.01 -0.00 -1.0n G26 -0.01 -0.01 -0.00
F27 0.00 0.00 0.00 F27 -0.06 -0.02 -r.03 E27 -0.62 -0.60 -0.02
T28 0.00 0.00 0.00 T28 -0.29 -C 20 -0.08 S28 -0.28 -0.27 -0.00
F29 0.00 0.00 0.00 F29 -0.12 2.0 -0.03 F29 -0.01 -0.02 0.01
G30 0.00 -0.01 0.00 S30 -2.91 -1.73 -1.18 S30 -1.00 -1.04 0.04
D31 -0.03 -0.05 0.03 R31 -3.38 -2.27 -1.62 G31 -1.76 -1.43 -0.32
Y32 0.00 0.00 0.00 S32 ©.J9 -0.26 0.35 Y32 -2.02 -1.88 -0.13
A33 0.00 0.00 0.01 D33  -.7.46 -4.42 -13.04 | Y33 -3.22 -1.54 -1.67

Heavy 2 -2457  -13.37 -11.13 |2 -16.43 -15.15 -1.24 2 -0.97 -0.87 -0.08
151 -0.01 -0.05 0.05
R52 -1.73  -1.48 -0.22
S53 0.04  -0.02 091 |
K54 -0.11 -0.02 -L 0O/ 151 -0.74 -0.25 -0.49 151 -0.01 -0.02 0.02
A55 -0.77 -0.70 3.06 G52 -1.47 -1.40 -0.07 N52 -0.48 -0.46 -0.02
Y56 -8.89 -3.82 -5.07 T53 -3.54 -3.38 -0.16 Q53 -0.36 -0.31 -0.04
G57 -3.97 -2.13 -1.83 G54 -1.64 -1.44 -0.20 S54 -0.08 -0.04 -0.03
G58 -6.24 -2.96 -3.28 G55 -0.19 -0.15 -0.03 G55 0.00 0.00 -0.00
T59 -1.43 -0.95 -0.47 D56 -8.72 -8.43 -0.28 S56 -0.05 -0.03 -0.01
T60 -1.37 -1.21 -0.15 T57 -0.12 -0.10 -0.02 T57 -0.01 -0.01 -0.00

Heavy 3 -10.44 -6.18 -4.23 3 -34.71 -30.22 -4.42 3 -34.17 -27.85 -6.26
T99 0.00 0.00 0.00 A96 0.01 -0.00 0.01
R100 0.02 0.04 -0.01 A96 0.05 0.02 0.03 R97 0.21 0.19 0.03
Y101 -0.08 -0.04 -0.03 R97 0.37 0.12 0.25 V98 0.14 0.05 0.10




G102 0.00 -0.01 0.01 E98 -15.71 -12.72 -2.99 V99 -0.19 -0.32 0.13
V103 -0.17 -0.16 0.00 M99 -0.82 -1.05 0.24 Q100 -7.78 -6.64 -1.13
G104 -0.01 -0.03 0.01 V100 -5.14 -3.92 -1.21 G101 -1.02 -1.10 0.09
P105 -0.44 -0.21 -0.23 D101 -3.03 -2.67 -0.34 V102 -2.89 -2.36 -0.53
Y106 -9.42 -5.60 -3.82 Y102 -0.57 -0.4 -0.16 Y103 -5.31 -5.13 -0.17
Q107 -0.24 -0.12 -0.12 E103 -3.50 -3.45 -0.05 Y104 -8.11 -7.08 -1.02
P108 -0.04 -0.02 -0.02 S104 -0.08 -0.06 -0.02 Y105 -8.53 -4.90 -3.63
R109 0.02 0.04 -0.02 S105 -0.00 -0.00 0.00 Y106 -0.33 -0.24 -0.08
E110 -0.02 -0.04 0.01 G106 0.04 0.01 0.73 G107 -0.09 -0.07 -0.02
N111 0.00 0.00 0.00 W107 0.08 0.10 -1 M108 -0.03 -0.02 -0.01
W112 -0.04 -0.02 -0.02 H108 -4.93 -4.89 -r.03 D109 -0.25 -0.22 -0.03
F113 -0.01 0.00 0.00 F109 -1.16 -2 03 -0.13 V110 -0.01 -0.01 0.00
D114 -0.01 -0.02 0.01 D110 -0.29 0.5 -0.04
P115 0.00 0.00 0.00 L111 -0.02 -0.0z 0.00

Light 1 -10.96 -6.99 -3.95 -J.by -8.51 -1.16 -0.54 -0.40 -0.12
Q180 -0.76 -0.75 0.00 K176 ©.U6 0.05 0.01 N174 -0.04 -0.03 -0.01
S181 -0.05 -0.06 0.01 S177 -..01 -0.01 -0.00 1175 0.01 -0.01 0.01
L182 -0.09 -0.08 0.00 L178 -0.02 -0.02 0.00 G176 -0.13 -0.12 -0.01
L183 -0.04 -0.04 0.00 Li7t -0.01 -0.01 0.00 G177 -0.11 -0.09 -0.02
H184 -4.41 -3.31 -1.0¢ 1180 -1.11 -0.82 -0.29 K178 -0.03 0.02 -0.05
S185 -0.21 -0.15 -0.96 S181 -0.19 -0.16 -0.03 N179 -0.24 -0.19 -0.04
N186 -0.60 -0.37 -L 23 D182 -6.91 -6.30 -0.61
G187 -0.01 0.00 2.00 G183 -0.03 -0.02 -0.01
Y188 -0.17 -0.10 -0.06 Y184 -0.37 -0.35 -0.02
N189 0.03 0.02 0.01 N185 0.01 0.00 0.01
Y190 -4.66 -2.14 -2.52 Y186 -1.11 -0.89 -0.22

Light 2 -0.03 -0.02 -0.02 -0.15 -0.14 -0.00 -8.35 -8.21 -0.14
L208 -0.03 -0.02 -0.01 L204 -0.15 -0.14 0.00 Al197 -1.64 -1.64 0.01
G209 0.00 0.00 0.00 G205 0.00 0.00 0.00 D198 -6.38 -6.25 -0.13
S210 0.00 0.00 0.00 S206 0.00 0.00 0.00 S199 -0.33 -0.32 -0.01

Light 3 -14.25  -12.96 -1.25 -20.67 -19.78 -0.871 -0.69 -0.58 -0.08
M247 0.01 0.00 0.01 M243 -0.00 -0.01 0.00 Q236 0.01 -0.00 0.02




Q248 -0.04 -0.08 0.04 Q244 0.03 0.02 0.02 V237 -0.01 -0.01 0.00
A249 -0.43 -0.45 0.03 A245 -0.18 -0.19 0.01 W238 -0.52 -0.43 -0.09
L250 -6.62 -6.42 -0.19 L246 -1.07 -1.05 -0.02 H239 -0.05 -0.04 -0.01
Q251 -4.03 -3.91 -0.12 E247 -11.86 -11.76 -0.10 S240 -0.07 -0.06 -0.01
T252 -2.51 -1.63 -0.88 1248 -7.33 -6.71 -0.62 S241 -0.03 -0.02 -0.00
P253 0.01 -0.06 0.07 P249 -0.04 0.06 -0.1 A242 -0.02 -0.01 0.00
P254 -0.53 -0.34 -0.18 Y250 -0.21 -0.14 -0.07 V243 -0.00 -0.01 0.00
Y255 -0.07 -0.05 -0.02 T251 -0.02 -0.01 -0.00 V244 -0.01 -0.01 -0.00
1256 -0.04 -0.03 -0.02 "\
MMPBSA (AG; keal/mol)
Chain A2 AGtotar  AGsige  AGgp | A5 AGrotal AGside Aspp | G3 AGrota  AGside AGgp
CDR CDR CDR

Residue Residue o~ Residue

Heavy 1 -0.42 -4458  44.18 1 -24.03 -N.82 -2318 |1 -8.23 -72.25  64.06
G26 0.00 -0.08 0.08 G26 -0.70 -0.34 0.34 G26 -0.02 -0.51 0.49
F27 0.01 0.30 -0.29 F27 7.0 1.13 -1.12 E27 -1.24 -62.18  60.94
T28 -0.01 -0.36 0.35 T28 -L.42 -0.80 0.39 S28 -0.37 -1.12 0.76
F29 -0.02 -0.84 0.82 F2¢ -0.35 -1.10 0.75 F29 -0.28 -1.45 1.18
G30 -0.01 -1.04 1.03 S57 -1.79 -1.90 0.12 S30 -1.36 -2.99 1.63
D31 -0.40 4353 4312 ' 31 -1.84 81.34 -83.18 | G31 -1.25 -0.95 -0.31
Y32 0.02 0.11 098 | S32 0.19 -0.16 0.36 Y32 -1.31 -1.93 0.62
A33 0.00 087  -L8&¢ D33 -19.83 -78.99 59.16 Y33 -2.40 -1.13 -1.26

Heavy 2 -18.47  105.67  -.24.10 |2 -14.88 -93.45 78.60 2 -0.72 4.67 -5.36
151 -0.12 0.57 -0.69
R52 0.08 66.86 -66.77
S53 0.01 0.39 -0.37
K54 0.21 48.27 -48.05 | 151 -0.76 0.14 -0.89 151 -0.11 -0.44 0.34
A55 -0.46 0.97 -1.42 G52 -1.64 0.33 -1.97 N52 -0.39 3.15 -3.54
Y56 -6.54 -4.85 -1.69 T53 -1.96 -1.31 -0.65 Q53 -0.22 -2.62 241
G57 -3.57 1.40 -4.97 G54 -1.38 -0.60 -0.78 S54 0.01 2.83 -2.82
G58 -4.91 -2.22 -2.68 G55 -0.48 0.77 -1.25 G55 0.05 1.27 -1.22
159 -0.96 0.14 -1.09 D56 -8.03 -91.49 83.47 S56 -0.12 -0.15 0.04




T60 -2.21 -5.84 3.64 157 -0.63 -1.29 0.66 157 0.05 0.63 -0.57

Heavy 3 -6.33 7.74 -14.04 -36.46 -259.50  223.12 -28.47 -22.88  -5.53
T99 -0.02 -0.72 0.70 A96 -0.01 -0.06 0.05
R100 0.42 41.17 -40.75 | A96 0.20 0.28 -0.08 R97 1.36 64.35 -62.98
Y101 0.03 1.03 -1.00 R97 1.58 60.34 -58.76 | V98 -0.06 -0.21 0.15
G102 -0.02 -0.32 0.31 E98 -21.47 -90.80 69.33 V99 -0.17 -2.99 2.82
V103 -0.24 -1.30 1.06 M99 -0.80 -1.36 0.56 Q100 -6.49 -7.98 1.49
G104 0.05 0.53 -0.48 V100 -2.52 -1.86 -0.66 G101 -0.86 -0.23 -0.62
P105 -0.38 0.78 -1.16 D101 -4.04 -81.73 77.70 V102 -2.58 -1.83 -0.74
Y106 -6.13 -3.59 -2.53 Y102 -0.30 2.08 RS Y103 -6.46 -9.10 2.64
Q107 -0.20 -0.24 0.04 E103 -3.71 -83.0¢ 7.38 Y104 -5.31 -2.17 -3.14
P108 -0.04 -1.09 1.05 S104 0.30 241 -2.01 Y105 -6.09 -0.95 -5.13
R109 0.88 45.55 -44.67 | S105 0.10 1.6 -1.54 Y106 -0.21 2.25 -2.45
E110 -0.41 -40.93 40.53 G106 0.10 -1.34 1.45 G107 -0.17 -2.01 1.84
N111 0.00 -0.18 0.18 w107 -U.36 -0.85 0.17 M108 -0.05 -0.07 0.03
W112 0.00 0.53 -0.52 H108 -5.66 -6.45 2.79 D109 -1.30 -60.86  59.56
F113 0.03 0.55 -0.51 F109 0.27 1.70 -1.43 V110 -0.07 -1.02 0.95
D114 -0.29 -33.41 33.12 D1.0 -1.68 -59.60 57.92
P115 -0.02 -0.62 060 | Lity -0.13 -0.79 0.65

Light 1 -9.79 -7.44 234 1 -8.30 -46.30 38.04 0.33 43.68 -43.32
Q180 -0.68 -0.92 0.24 | K176 0.52 43.74 -43.22 | N174 -0.08 -1.04 0.97
S181 -0.17 -2.27 2.0 S177 -0.04 -1.26 1.22 1175 -0.19 -1.75 1.57
L182 -0.11 -0.81 2.69 L178 -0.08 -1.42 1.33 G176 -0.20 -2.09 1.89
L183 -0.15 -1.53 1.38 L179 0.00 -0.02 0.02 G177 -0.13 -1.79 1.66
H184 -2.77 -2.23 -0.54 H180 -0.56 1.37 -1.93 K178 0.46 50.41 -49.95
S185 -0.15 0.87 -1.02 S181 -0.12 0.16 -0.27 N179 0.46 -0.07 0.53
N186 -0.47 0.58 -1.04 D182 -1.45 -88.77 81.32
G187 0.00 0.88 -0.88 G183 0.02 0.59 -0.57
Y188 -0.17 -1.00 0.83 Y184 -0.20 -0.22 0.03
N189 -0.04 -0.10 0.06 N185 -0.08 -0.30 0.22
Y190 -5.06 -0.89 -4.17 Y186 -0.31 -0.18 -0.13

Light 2 0.10 2.03 -1.93 0.08 2.31 -2.22 -9.63 -69.75  60.14




L208 0.06 092 -0.86 | L204 0.02 1.00 097 | AL97 189 -136  -0.53
G209 003 053 050 | G205 0.03 0.81 -0.77 | D198 789 -69.02 6113
5210 001 058 -0.57 | S206 0.02 0.50 -0.48 | 199 016  0.63 -0.47
Light 3 1284 -1519 238 |3 1946 9936 7991 |3 -0.67 204  1.39
M247 -0.03  0.06 -0.08 | M243 -0.14 -1.23 1.09 | Q236 0.0 -011  0.02
Q248 043 -152 109 | Q244 -0.06 096 090 | V237 003  0.99 -0.96
A249 051  -197 146 | A245 -0.29 -1.81 152 | w238 -0.38  0.72 -1.10
L250 646 838 192 | L246 -0.98 363 264 | H239 005 052 047
Q251 323 <190  -1.32 | E247 -10.83  -8345  70.65 | S240 012 215 203
T252 126 043 -112 | T248 -6.93 747 L2 | s241 004 016  0.12
P253 036 056 020 | P249 -0.14 0.60 046 | A242 001  -059 057
P254 -0.34 0.8 052 | Y250 -0.04 0.45 -0.38 | V243 007  0.76 -0.69
Y255 003 039 036 | T251 -0.05 NDL7 052 | V244 007 099 093
T256 020 059  0.39 Yy %

AGrota = total free binding energy for a residue
AGsige = free binding energy of side chain with other residues in the cZinplex
AGgyp = free binding energy of backbone with other residues in ti'e con.plex



Table 6. Sequence comparison of CDRs in scFv clones A5 and G3 against A2. The residues
in CDR of A5 and G3 were aligned with A2 CDR to identify the sequence similarity between
the CDRs. A5 and G3 heavy chain CDR2 and CDR3 in were similar to the respective A2

CDR, whereas A5 light chain CDR1 and CDR3 were similar to respective A2 CDR.

Clone Heavy chain
CDR1 CDR2 CDR3
A5 GFTFSRSD IGTGGDT AREMVD YESSGWHFDL
||| |
A2 GFTFGDYA IRSKAYGGTT TRYGVGPYQPRENWFDP
| | I
G3 GESFSGYY INQSGST AVANQGVYYYYGMDV
Light chain
Clone CDR1 CDR2 CDR3
A5 KSLLHSDGYNY LGS MQALETPYT
| | | |
A2 QSLLHSNGYNY LGS MQALQTPPYT
G3 NIGGKN AD¢ QVWHSSAVV
Note: The A2 hotspot residues (ACro. <~ -1 kcal/mol) identified using pairwise
decomposition analysis were in grey. ‘|” -aarked the residues in A5 and G3, which were

identical to the hotspot residues in A2
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