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Preface

Ebolaviruses, members of the family Filoviridae, cause severe hemorrhagic
fever in humans and nonhuman primates, with human case fatality rates of up to 90% 2.
The latest epidemic of Ebola virus disease (EVD) in West Africa, ebolaviruses pose a
significant public health concern. However, an effective prophylaxis or treatment for
EVD is not yet commercially available. Five distinct species are known in the genus
Ebolavirus; Zaire ebolavirus, Sudan ebolavirus, Tai Forest ebolavirus, Bundibugyo
ebolavirus, and Reston ebolavirus, represented by Ebola virus (EBOV), Sudan virus
(SUDV), Tai Forest virus (TAFV), Bundibugyo virus (BDBV), and Reston virus
(RESTV), respectively 3. In the last decade, EBOV, SUDV, and BDBV have caused EVD
outbreaks with increased frequency in Central and West Africa 124,

Ebolaviruses express a single transmembrane glycoprotein (GP) that is
responsible for both receptor binding and membrane fusion. GP undergoes proteolytic
cleavage by host proteases such as furin, resulting in two subunits, GP1 and GP2, which
are linked by a disulfide bond *®. The GP1 subunit (amino acids 33-501) contains the core
of the glycoprotein, a receptor binding domain (RBD), a glycan cap, and a large mucin-
like region (MLR) that extends around the RBD ’. The GP2 (amino acids 502-676)
subunit contains the internal fusion loop (IFL), heptad repeats 1 and 2 (HR1 and HR2),
the transmembrane region (TM), and the cytoplasmic tail (CT) & EBOV entry is initiated
by viral attachment to cell surface molecules such as T-cell immunoglobulin and mucin
domain 1 (TIM-1) and C-type lectins °*°, followed by internalization of the virus particle
into cells via micropinocytosis 2, In the late endosome, EBOV GP is cleaved by host
proteases such as cathepsins L and B ***° and then binds to the receptor, Niemann-Pick

C1 (NPC1), followed by membrane fusion 81619,



Since GP is the only surface protein of ebolaviruses and essential for viral entry
into host cells, it is the sole target of neutralizing antibodies. In the past, many GP-specific
monoclonal antibodies (MAbs) including neutralizing antibodies, have been generated 2%
23, Previous studies have shown that neutralizing antibodies against EBOV GP reduce
virus infectivity through blocking receptor binding (i.e., interaction between GP and
NPC1), cathepsin proteolysis, or membrane fusion 24%. Importantly, passive
immunization with some GP-specific MAbs protects experimental animals, such as
rodents and nonhuman primates, from lethal EBOV infection 263, Indeed, a human MAb
cocktail against EBOV GP was used for the treatment of EVD in patients during the latest
outbreak in West Africa 323, However, most of the previously tested MAbs are EBOV-
specific and MAb therapy against other members of the genus Ebolavirus (i.e., SUDV
and BDBV) is not yet available.

On the other hand, some GP-specific MAbs reportedly induce antibody-
dependent enhancement (ADE), a phenomenon in which viral infectivity is increased by
virus-specific antibodies. ADE has been observed in vitro for a large number of viruses
3638 and it has interfered with vaccinations against some viruses. In addition, some human
sera convalescent from EVD contain ADE antibodies 2. ADE of EBOV infection
depends on the cross-linking of virus-antibody complexes to the cellular Fcy receptor lla
(FcyRlIIa) or complement component C1q and its ligand 2223, These receptors are
known to activate various signaling pathways that lead to the reorganization of the actin
cytoskeleton and membrane remodeling “%4!. However, little is known about the
molecular mechanisms underlying ADE of EBOV infection.

In this study, | describe two MADbs with different functions: neutralization and

ADE. In chapter I, a broadly cross-reactive GP-specific MAb, 6D6, was generated and



analyzed for its neutralization mechanism and protective potential. In chapter I, the
contribution of FcyRIla-mediated signaling to EBOV ADE was investigated, and the

function of the signaling pathway was analyzed.



Chapter I:

Discovery of an antibody for pan-ebolavirus therapy

Introduction

Several studies have demonstrated that administration of EBOV GP-specific
antibodies protects nonhuman primates from lethal EBOV infection and may constitute a
leading treatment option for EVD in humans 26, During the West African EVD outbreak,
EBOV GP-specific MADb cocktails (e.g., ZMapp) % were used to treat several patients 32
3. However, most of characterized therapeutic MADbs to date are EBOV GP-specific and
cross-neutralizing activity against any other ebolavirus species (e.g., SUDV and BDBV)
has not been demonstrated due to antigenic differences among the species “2. Since SUDV
and BDBV have also shown their potential to cause public health emergencies during
several outbreaks in Central Africa, it is difficult to determine the priority for
development of countermeasure against those ebolaviruses.

In chapter I, | demonstrated generation of a broadly cross-reactive GP-specific
MADb. This MAb, 6D6, recognizes the putative epitope in the highly conserved IFL and
neutralizes infectivity of representative isolates of all known ebolavirus species by
inhibiting the membrane fusion. | further demonstrated its protective potential as a

therapeutic antibody in mouse models of EBOV and SUDV infections.



Materials and Methods

Viruses and cells. Variants Yambuku (EBOV1976), Makona (EBOV2014), Nzara
(SUDV), Butalya (BDBV), Pauléoula (TAFV), Philippines89 (RESTV) and Angola
(MARV), and mouse-adapted EBOV *® were propagated in African green monkey Kidney
Vero E6 cells and stored at -80 °C. Virus titters were determined as focus forming units
(FFU) by immunoplaque assays. All infectious work with filoviruses was performed in
the biosafety level 4 laboratories at the Integrated Research Facility of the Rocky
Mountain Laboratories, Division of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Hamilton, Montana, USA.
Replication-competent recombinant vesicular stomatitis virus (rVSV/EBOV GP,
rvVSV/SUDV GP, and rVSV/RESTV GP) and replication-incompetent pseudotyped
vesicular stomatitis viruses (VSVs) containing green fluorescent protein (GFP) instead of
the VSV G gene were generated as described previously 2°44, Infectious units (1Us) of
replication-incompetent pseudotyped VSVs were determined using Vero E6 cells as
described previously *4. Vero E6 cells and human embryonic kidney (HEK) 293T cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma). The media were
supplemented with fetal calf serum (FCS) (Cell Culture Bioscience) and 100 U/ml

penicillin, 0.1 mg/ml streptomycin (Gibco).

Purification of virus-like particles (VLPs) for immunization. HEK293T cells were
transfected with equal amounts of the expression plasmids encoding GP, matrix protein
(VP40), and nucleoprotein (NP) of EBOV or SUDV using TransIT LT-1 reagent (Mirus)
according to the manufacturer's instructions. Forty-eight hours later, the culture

supernatant was harvested and centrifuged at 3,500 rpm for 15 min to remove cell debris.



VLPs were purified from culture supernatants by ultracentrifugation at 28,000 rpm with
an SW32Ti rotor (Beckman) at 4 °C for 2 h with a 25% sucrose cushion. The VLP pellets
were suspended in phosphate-buffered saline (PBS) and fractionated through a 20-50%
sucrose gradient in PBS at 28,000 rpm with an SWA41 rotor (Beckman) at 4 °C for 2 h.
Then the VLP fractions were diluted with PBS and sedimented by ultracentrifugation at
28,000 rpm with an SWA41 rotor at 4 °C for 2 h. Finally, the VLP pellets were resuspended

in PBS.

Generation of MAb 6D6. Fifteen-week-old female BALB/c mice were immunized
intraperitoneally with 100 pg of EBOV VLPs. At 2 and 5 weeks after the first
immunization, the mice were intraperitoneally immunized with 100 ng of EBOV VLPs.
At 10 weeks after the first immunization, the mice were immunized with 100 pg of SUDV
VLPs. Two weeks after the last immunization, the mice were boosted intraperitoneally
with 100 ng of EBOV VLPs. Three days later, the mice were euthanized and spleen cells
and mouse myeloma P3U1 cells were fused and maintained according to a standard
procedure®. The mice were treated daily with 75 pg/kg rapamycin intraperitoneally
starting 1 week prior to the primary immunization until euthanasia. Hybridomas were
screened for secretion of EBOV GP-specific MAbs by a neutralization test with VSV
pseudotyped with EBOV GP and hybridomas producing MAbs were cloned twice by
limiting dilution of the cells. Hybridomas producing neutralizing MAbs were further
screened for the cross-reactivity to the other filovirus GPs. MAb 6D6 (IgG1) was found
to be a broadly cross-neutralizing MAb and was purified from mouse ascites using protein
A agarose columns (Bio-Rad). Animal studies were carried out in strict accordance with

the Guidelines for Proper Conduct of Animal Experiments of the Science Council of



Japan. The protocol was approved (13-0136) by the Hokkaido University Animal Care

and Use Committee.

Neutralization tests. To evaluate the neutralizing activity a focus forming assay was used.
EBQV, SUDV, TAFV, BDBYV, RESTV, and MARV was appropriately diluted to yield 20-
100 FFUs and mixed with purified MAb 6D6 for 1 h at 37 °C and inoculated into
confluent Vero EG6 cells grown in 96-well tissue culture plates. After incubation for 3 days,
the cells infected with filoviruses were fixed and stained with a mixture of anti-GP (mouse
anti-EBOV GP ZGP42/3.7 or anti-MARV GP rabbit serum FS0505) and anti-NP (mouse
anti-EBOV NP ZNP74/7 or anti-MARV NP rabbit serum FS0609) primary antibodies “°
followed by goat anti-mouse 1gG/Alexa Fluor 488 (Invitrogen) and goat anti-rabbit
IgG/Alexa Fluor 488 (Invitrogen) secondary antibodies. Virus infectivity was quantified
by counting the number of fluorescent foci. VSV pseudotyped with filovirus GPs were
appropriately diluted to yield 300 to 1,500 IUs and mixed with purified MAb 6D6,
ZGP133/3.16, or ZGP226/8.1 for 1 h at room temperature, and inoculated into confluent
Vero EG6 cells grown in 96-well plates. At 20 h post-inoculation, GFP-positive cells were
counted using IN Cell Analyzer 2000 (GE Healthcare). To reduce the background
infectivity of the parent VSV G, pseudotyped viruses were treated with a neutralizing
MADb to VSV G protein (VSV-G[N]1-9) before use. The relative percentage of infectivity
was calculated by setting the number of cells infected in the absence of MAb 6D6 to

100%.

Enzyme-linked immunosorbent assay (ELISA). GP-based ELISA was performed as

described previously #2. Soluble forms of EBOV GP were purified and used as antigens.
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MADs were serially diluted with PBS containing 0.05% Tween 20 and 1% skim milk.
Bound antibodies were visualized with horseradish peroxidase-conjugated goat anti-
mouse IgG (H+L) (Jackson ImmunoResearch) and 3,3’,5,5’-tetramethylbenzidine
(Sigma). The reaction was stopped by adding 1 M phosphoric acid, and the optical density

at 450 nm (ODaso) was measured using SoftMax Pro 6.2.1 software (Molecular Devices).

Selection of escape mutants and identification of the putative epitope. Tenfold serial
dilutions of rVSV/EBOV GP, rVSV/SUDV GP, and rVSV/RESTV GP were incubated
with 10 pg/ml MAb 6D6 for 1 h at room temperature and inoculated into confluent Vero
E6 cells grown in 6-well tissue culture plates. After adsorption for 1 h, the cells were
overlaid with Eagle’s minimal essential medium (Invitrogen) containing 0.8% Bacto Agar
(BD), 0.3% bovine serum albumin (BSA) (Sigma), 100 U/ml penicillin, 0.1 mg/ml
streptomycin, and 10 pg/ml 6D6, and then incubated for 2 days at 37 “C. Mutant viruses
growing in the presence of MAb 6D6 were purified from single isolated plaques at the
highest dilution of the virus and propagated in Vero E6 cells. Viral RNAs were extracted
from the supernatant, the nucleotide sequences of the GP genes of the parent viruses and
the escape mutants were determined. The deduced amino acid sequences were compared
among these viruses. The IFL amino acid sequences of EBOV, SUDV, BDBV, TAFYV,
RESTV, and MARV were obtained from GenBank (Accession numbers, U23187.1,
U28134.1, NC_014373.1, U28006.1, AF522874.1, and KY047763, respectively). The
substituted amino acid positions were mapped on the trimeric structure of GPs
constructed using Discovery Studio 4.1 (Biovia) based on the crystal structure of EBOV
GP (PDB code: 3CSY). The SUDV and RESTV GP structures were generated by

homology modelling based on the EBOV GP structure. From 100 models of the GP trimer,
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the model with the best score for probability density function (PDF) and total energy was

chosen. The model was evaluated using Profiles-3D *7.

Purification and fluorescent-labeling of VLPs. For purification of VLPs, equal
amounts of the expression plasmids for EBOV GP, VP40, and NP were transfected into
HEK293T cells by using TransIT LT-1 (Mirus). Forty-eight hours post-transfection, the
culture supernatant was harvested and centrifuged at 3,500 rpm for 15 min to remove cell
debris. VLPs were precipitated through a 25% sucrose cushion by centrifugation at 11,000
rpm for 1 h at 4 °C with an SW32Ti rotor (Beckman). Precipitated VVLPs were suspended
in PBS, and fractionated through a 20-50% sucrose gradient in PBS at 27,000 rpm with
an SW41 rotor (Beckman) for 2.5 h at 4 °C. One ml of fractionated VLPs (1 pg/ml) was
incubated with 0.6 pl of 100 pM stock solution of 1,1'-dioctadecyl-3,3,3',3"
tetramethylindocarbocyanine perchlorate (Dil) (Invitrogen) in the dark for 1 h at room

temperature with gentle agitation 2.

Imaging of attachment, internalization and membrane fusion of Dil-labeled VLPs.
Vero EG6 cells expressing enhanced GFP fused to Rab7 (eGFP-Rab7) were cultured in 35
mm glass-bottom culture dishes (MatTek Corporation). Dil-labeled VLPs were treated
with 20 ug/ml 6D6 or control IgG (CTR 1gG) (mouse IgG1,x; BD Biosciences) for 1 h at
room temperature. The cells were then washed with 1 ml of phenol red-free DMEM
(Invitrogen) and incubated with either MAb 6D6-treated, CTR IgG-treated or untreated
VLPs in the same medium on ice for 30 min. Following this, the cells were washed with
the same medium to remove unbound VLPs and incubated with 200 pl of phenol red-free

DMEM containing 2% FCS and 4% BSA at 37 °C for 0, 2, and 6 h to analyze attachment,

12



internalization and membrane fusion, respectively. In this assay, the fluorescent signal is
enhanced once the Dil-labeled VLP envelope fuses with the endosomal membrane . To
count the number of Dil-labeled VLPs, the cells were fixed in 4% paraformaldehyde for
15 min at room temperature. Then nuclei were stained using 1 pug/ml of 4',6-diamidino-
2-phenylindole, dihydrochloride (DAPI) for 10 min at room temperature (Thermo Fisher
Scientific). Images were acquired with a 63 x oil objective lens on a Zeiss LSM700
inverted microscope and ZEN 2009 software (Carl Zeiss). For measurement of the
number of Dil-labeled VLPs, images of 4-20 optical sections were acquired in 0.5-1
micron steps. The number of Dil signals was determined in approximately 100 individual
cells (approximately 1-20 dots/cell) and the average number per cell was calculated for
each condition. For colocalization analysis, the percentage of Dil-labeled VLPs that
colocalized with eGFP-Rab7 (Both Dil- and eGFP-positive pixels/Dil-positive pixels x
100) was measured using the Coloc module in ZEN 2010 software (Carl Zeiss). The
number, size, and fluorescence intensity of Dil signals were analyzed with MetaMorph
software (Molecular Devices). The relative sizes and intensities of Dil signals were

determined by defining the value of untreated cells as 1.

Passive immunization and protective efficacy in mice. BALB/c mice (female, 6-8
weeks old) were inoculated with mouse-adapted EBOV (1,000 FFU) by intraperitoneal
injection in a total volume of 200 pl. One day after infection, the mice were treated with
100 pug of MAD 6D6 intraperitoneal in a volume of 200 pl. To investigate the potential of
6D6 to protect mice from EBOV and SUDV infection, C57BL/6 IFNAR” mice were
chosen for this study as they are known to be susceptible to EBOV and SUDV infection.

BDBYV did not cause clinical symptoms in IFNAR”- mice (data not shown). IFNAR”"mice

13



(male and female, 5-8 weeks old) were treated with 100 pg of MAb 6D6 intraperitoneal
in a volume of 200 pl one day after infection with EBOV1976 (1,000 FFU) or SUDV
(1,000 FFU). The animals were monitored for signs of illness and weighed daily.
Surviving mice were euthanized 28 days after infection, and serum was collected for
serology. Research was approved and conducted in compliance with the guidelines of the
National Institute of Allergy and Infectious Diseases/Rocky Mountain Laboratories
Institutional Animal Care and Use Committee. The facility where this research was
conducted is fully accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care International and has an approved Office of Laboratory Animal
Welfare Assurance (#A4149-01). All procedures were conducted by trained personnel
under the supervision of veterinarians, and all invasive clinical procedures were
performed while animals were anesthetized. Early endpoint criteria, as specified by the
Institutional Animal Care and Use Committee approved scoring parameters, were used to

determine when animals should be humanely euthanized.

Statistical analysis. All data were analyzed using the GraphPad Prism v6.0 software. For
the viral attachment, internalization, and membrane fusion experiments, Student’s t-test
was used to evaluate differences between 6D6 and CTR IgG. To assess the weight loss of
mice, | performed a 2-way repeated-measures analysis of variance (ANOVA), followed
by multiple t-tests comparing the average weights of 6D6-treated and untreated (control)
mice at each time point, using the Holm-Sidak method. P values less than 0.05 were

considered to be statistically significant.

14



Results

In vitro properties of MAb 6D6. The cross-reactive MAb 6D6 was selected by screening
mouse hybridoma supernatants thoroughly for the cross-neutralizing activity of GP-
specific MAbs. MAb 6D6 was found to be GP-specific and to efficiently neutralize the
infectivity of VSV pseudotyped with GPs of all known ebolavirus species (EBOV, SUDV,
TAFV, BDBYV, and RESTV), including the variant that caused the latest outbreak in West
Africa (EBOV2014), but not Marburg virus (MARV) which a related filovirus and causes
human disease similar to EVD (Fig. 1A). The 50% inhibitory concentrations (ICso) of
6D6 for VSVs bearing EBOV1976, EBOV2014, SUDV, TAFV, BDBV, and RESTV GPs
were 0.05, 0.12, 0.19, 0.33, 0.24, and 0.62 ug/ml, respectively. | then confirmed that 6D6
effectively neutralized the infectivity of representative authentic isolates of all known
ebolavirus species (Fig. 1B). Furthermore, binding experiments to EBOV GP and
neutralization assays with EBOV GP-pseudotyped VSV revealed that 6D6 possessed
higher binding and neutralizing abilities than EBOV GP-specific MAbs ZGP133/3.16 and
ZGP226/8.1 (Fig. 1C and D), which have shown promising protective efficacy in animal

models of lethal EBOV infection 2848,

Identification of the putative 6D6 epitope. To determine the putative epitope of MAb
6D6, | utilized replication-competent recombinant VSV containing the EBOV, SUDV, or
RESTV GP gene ?°. The putative epitopes of ZGP133/3.16 and ZGP226/8.1 have been
successfully determined by identifying the amino acid substitutions observed in the
antigenic variants escaping from neutralization by the antibodies %24, | cloned 6 escape
mutants of EBOV GP and found that each mutant had a single amino acid substitution,

Gly-to-Arg (5/6) or Gly-to-Glu (1/6), at amino acid position 528 within the IFL sequence

15
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Fig. 1. Neutralizing properties of MAb 6D6 against ebolaviruses. (A) VSV
pseudotyped with the indicated GPs or (B) infectious EBOV, SUDV, TAFV, BDBYV,
RESTV, and MARV were incubated with purified MAb 6D6 followed by inoculation into
confluent Vero EG6 cells. (C) Binding activities of MAbs 6D6 (red), ZGP133/3.16 (orange)
and ZGP226/8.1 (blue) were examined by ELISA using EBOV GP as the antigen. (D)
Neutralizing activities of MAbs 6D6 (red), ZGP133/3.16 (orange), and ZGP226/8.1
(blue) against VSV pseudotyped with EBOV GP are shown. The mean and standard
deviation of three independent experiments are shown.
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in the GP2 subunit (Fig. 2A). One of the six SUDV GP escape mutants had a Gly-to-Arg
substitution at position 528, and other 5 SUDV GP escape mutants had an Ala-to-Thr
substitution at position 530 (Fig. 2A). Two of the six RESTV GP escape mutants had a
Gly-to-Glu substitution at position 529, which corresponded to position 528 of EBOV GP.
A total of 3 amino acid changes were found in the other 4 RESTV GP escape mutants
(Fig. 2A). Using a reverse genetics approach | verified that the Leu-to-Trp substitution at
position 530 was critical for escape from 6D6 neutralization (Fig. 3). These amino acid
positions, which are located at the tip of the IFL structures of EBOV, SUDV, and RESTV
GPs, indicate that the loop structure including these residues is important to form the
recognition site of 6D6 (Fig. 2B). | confirmed that 6D6 did not bind to the chimeric Ebola
GP whose IFL region was replaced with that of MARV; however, 6D6 showed no binding
activity to the synthetic peptide corresponding to the amino acids of the IFL of EBOV GP
(not shown), suggesting that the 6D6 epitope may partly include other conformational
structures. Importantly, the amino acid sequence of the IFL region is highly conserved
among all currently known ebolaviruses (Fig. 2A), providing a novel target for universal
antibody therapy against EVD caused by human-pathogenic ebolaviruses (EBOV, SUDV,

TAFV, and BDBV).

Mechanism of the neutralizing activity of 6D6. Since the IFL is crucial for GP-mediated
membrane fusion, | assumed that 6D6 directly inhibited the fusion step during the entry
process of ebolaviruses into cells. To confirm this, | analyzed the inhibitory effects of 6D6
on viral attachment, internalization, and membrane fusion using Dil-labeled VLPs t. The
number of 6D6-treated VVLPs attached to the surface of Vero E6 cells was not significantly

different from that of untreated or CTR IgG-treated VLPs, indicating that 6D6 did not
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Fig. 2. Identification of the putative epitope of MAb 6D6. (A) Structure of GP and
amino acid sequences of the internal fusion loop (IFL). The GP1 subunit contains the
receptor binding domain (RBD), a glycan cap and a mucin-like domain (MLD). The GP2
subunit contains the IFL, heptad repeats 1 and 2 (HR1 and HR2), the transmembrane
region (TM), and the cytoplasmic tail (CT). Amino acid substitutions found in the EBOV,
SUDV, and RESTV GP escape mutants selected under MAb 6D6 pressure are shown in
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red. (B) The amino acid residues (green, blue, and yellow spheres represent Gly, Ala, and
Leu, respectively) critical for escape from the MAb 6D6 neutralization are mapped on the
trimeric structure of GPs. GP1 (blue) and GP2 (red) monomers are shown as ribbon
models.
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Fig. 3. Identification of the key amino acid residue on the escape mutant RESTV GP
selected by MAb 6D6. Two RESTV GP mutants had the same Gly-to-Glu substitution at
position 529, which is the corresponding position of the EBOV GP mutants, whereas three
amino acid changes were found in the other 4 mutants of RESTV GP: Tyr at position 517,
Val at position 522, and Leu at position 530 were replaced with His, Ala, and Trp,
respectively (Fig. 2B). To clarify which amino acid change was critical for escaping from
the 6D6 neutralization, | generated RESTV GP mutants with single amino acid
substitutions for each position (Y517H, V522A, and L530W), and investigated the
neutralizing activity of MAb 6D6 against VSV pseudotyped with these single amino acid

mutants of RESTV GP. The mean and standard deviation of three independent
experiments are shown.
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interfere with VLP attachment (Fig. 4A and D). Likewise, the number of VLPs that
colocalized with eGFP-Rab7, a late endosome marker, was similar, suggesting that 6D6
did not affect subsequent uptake into cells (Fig. 4B and E). Finally, | analyzed membrane
fusion efficiency by detecting dequenched Dil fluorescence 4%, | observed remarkably
enlarged and enhanced Dil signals colocalizing with Rab7 in cells incubated with
untreated and CTR IgG-treated VLPs, indicating that membrane fusion occurred
efficiently in the endosomes (Fig. 4C left and middle panels). In contrast, the size and
intensity of Dil signals from 6D6-treated VVLPs were significantly reduced, indicating that

6D6 prevented GP-mediated membrane fusion (Fig. 4C right panels and F).

Protective efficacy of MAb 6D6 in mouse models. Finally, I investigated the potential
of 6D6 to protect mice from ebolavirus infections (Fig. 5). Immunocompetent BALB/c
mice were infected with a lethal dose of mouse-adapted EBOV and treated 24 h later with
100 ug of 6D6. The treated animals survived without clinical symptoms, whereas
untreated mice succumbed to infection within 9 days (Fig. 5A). | further evaluated the
cross-protective potential of 6D6 against wild-type EBOV and SUDV infections (Fig.
5B). Since immunocompetent mice do not develop disease upon infection with these
wild-type ebolavirus isolates, interferon a/p receptor knockout (IFNAR”) C57BL/6 mice
were used for this purpose. | found that both EBOV and SUDV caused severe weight loss
in untreated mice, whereas only EBOV uniformly caused a lethal infection. Treatment
with 6D6 24 h after infection delayed the onset of the disease caused by these ebolaviruses
and significantly reduced the weight loss in this immunocompromised mouse strain. All

6D6-treated mice survived the EBOV infection.
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Fig. 4. Effect of MAb 6D6 on virus entry. (A-C) Fluorescent images of attachment and
internalization of VLP. (D-F) Quantified fluorescent signals of VLP and Rab7. Untreated
(Control), CTR 1gG (CTR 1gG)- or 6D6-treated Dil-labeled VVLPs were inoculated into
confluent Vero E6 cells expressing eGFP-Rab7 and incubated for 30 min on ice. After
adsorption, the cells were incubated for 0 (Aand D), 2 (B and E) and 6 h (C and F) at 37
°C. Dil signals on the cell surface (A) and in the cytoplasm (B and C) were monitored by
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confocal laser scanning microscopy. The number, size, and fluorescence intensity of Dil
signals were quantified. Scale bars represent 10 pm. The means and standard deviations
of three independent experiments are shown. Statistical analysis was performed using
Student’s t-test (*p<0.05).
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Fig. 5. Protective efficacy of MAb 6D6 in mice. (A) BALB/c mice (n = 8) were
intraperitoneally infected with a lethal dose of mouse-adapted EBOV. (B) IFNAR” mice
(n = 6) were intraperitoneally infected with EBOV1976 (upper panels) or SUDV (bottom
panels). Twenty-four hours after infection, animals were treated intraperitoneally with
either 100 pg of MAD 6D6 or a vehicle control (PBS). The animals were then monitored
for 14 days for clinical signs of infection and weighed daily. Body weight (left panels)
and survival curves (right panels) are shown. Error bars indicate standard error of the
mean. Significant differences are indicated by asterisks (*p<0.05).
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Discussion

Neutralizing antibody-based therapies have been tested in animal models and
clinical trials with particular attention given to highly lethal viral diseases “°. Passive
immunization with convalescent serum has also been tested for EBOV-infected patients
%051 Recent studies have demonstrated the effectiveness of MAb treatments in nonhuman
primate models of EVD 2628305253 'and GP-specific MADb cocktails, ZMapp and ZMADb,
were used in clinical cases during the 2014 EVD outbreak caused by EBOV (belonging
to Zaire ebolavirus) ®22°. However, these MAb cocktails are not expected to be cross-
protective against the other antigenically distinct ebolaviruses. On the other hand, highly
cross-reactive MADbs against all known ebolaviruses have been generated previously, but
none of those has neutralizing activity *>54, In this study, | generated the novel MAb 6D6,
which has cross-neutralizing activity against all known ebolaviruses.

| showed that 6D6 reduced infectivities of all known ebolaviruses in vitro with
higher neutralizing and binding activities than the EBOV GP-specific MADbs
ZGP133/3.16 and ZGP226/8.1. Indeed, the 1Cso values of 6D6 were equal to or lower
than those of previously reported neutralizing MAbs %7, suggesting its protective
capacity as a therapuetic MAb. By analyzing the amino acid substitution observed in the
antigenic variants escaping from 6D6, | determined the putative epitope of 6D6 in the IFL
on the GP molecule, which may overlap that of a partially cross-reactive GP-specific
MADb reported recently °. Accordingly, 6D6 directly inhibited the membrane fusion
induced by EBOV VLPs in endosomes/lysosomes. The IFL structure is highly conserved
in all species of ebolaviruses, indicating that this region can be targeted for both vaccine
and therapeutic development against ebolaviruses. Since the putative epitope of 6D6 is

different from those previously reported for other GP-specific MAbs used in passive
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immunization studies 2%°6°%62_ 6D6 may provide a promising option as a component of
antibody cocktails in combination with other previously tested MADs.

| further demonstrated that passive immunization with 6D6 protected both
BALB/c and IFNAR” C57BL/6 mice from lethal infection by EBOV (i.e., mouse-
adapted and wild-type EBOV, respectively). However, the cross-protective potential of
6D6 could only be evaluated for disease severity using IFNAR”- C57BL/6 mice since
mouse-adapted SUDV causing lethal infection in immunocompetent mice is not currently
available and SUDV did not uniformly cause lethal infection even in this
immunocompromised mouse strain. | found that passive immunization with 6D6
significantly reduced the weight loss in SUDV-infected mice, although the extent was not
as prominent as in EBOV-infected mice. The less significant protective effects seen in
SUDV-infected mice might have been due to the higher 1Cso value of 6D6 against SUDV
than against EBOV. Thus, these results supported the in vitro characteristics of 6D6 and
demonstrated the effectiveness of the 6D6 treatment in vivo against multiple species of
ebolaviruses. A previous study demonstrated that immunocompromised mice treated
several times with 500 ug of MAb SUDV-specific MAbs were protected from SUDV
infection %3 whereas mice were treated once with 100 ug of 6D6 in this study. Thus, |
assume that the protective effect against SUDV could be improved by increased doses of
6D6.

The broadly cross-neutralizing antibody 6D6 recognizing the common epitope
shared among all currently known ebolaviruses, converted into a human-mouse chimeric
MADb 28 is a promising therapeutic candidate. On the other hand, the generation of 6D6
escape mutants in vitro speaks against monotherapy with this MAb and may favor the

development of antibody cocktails including 6D6 for future pan-ebolavirus therapy. For
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other viruses, it has indeed been reported that combination of MAbs helps to avoid the
appearance of escape variants if these MAbs recognize distinct epitopes 64¢, While the
detailed mechanisms underlying antibody-mediated protection from ebolavirus infection
need to be further elucidated, the discovery of this highly cross-reactive neutralizing
antibody and its putative epitope reported here provides a promising option for the
development of a universal EVD therapy and will accelerate the design and
implementation of improved therapeutics and vaccines that can selectively elicit cross-

neutralizing antibodies against multiple species of ebolaviruses.
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Summary

During the latest outbreak of EVD in West Africa, MAD therapy (e.g., ZMapp)
was utilized to treat patients. However, due to the antigenic differences among the five
ebolavirus species, the current therapeutic MADs are only effective against viruses of the
species Zaire ebolavirus. Although this particular species has indeed caused the majority
of human infections in Central and, recently, West Africa, other ebolavirus species (e.g.,
Sudan ebolavirus and Bundibugyo ebolavirus) have also repeatedly caused outbreaks in
Central Africa and thus should not be neglected in the development of countermeasures
against other ebolavirus species. Here I report the generation of an ebolavirus GP-specific
MADb that effectively inhibits cellular entry of representative isolates of all known
ebolavirus species in vitro and show its protective efficacy in mouse models of ebolavirus
infections. This novel neutralizing MADb targets a highly conserved IFL in the GP
molecule and prevents membrane fusion of the viral envelope with cellular membranes.
The discovery of this highly cross-neutralizing antibody provides a promising option for
broad-acting ebolavirus antibody therapy and will accelerate the design of improved
vaccines that can selectively elicit cross-neutralizing antibodies against multiple species

of ebolaviruses.
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Chapter II:
Fcy-receptor lla-mediated Src signaling pathway is essential for the

antibody-dependent enhancement of Ebola virus infection

Introduction

It has been demonstrated that EBOV exploits some GP-specific antibodies for
its entry into cells, leading to increased infectivity in vitro 223, This phenomenon has
been described for a number of viruses and is known as ADE 3528, For some of these
viruses, ADE has become a great concern to disease control by vaccination. Particularly,
convalescent human sera have been shown to contain ADE antibodies 22%°, raising
concerns about potential detrimental effects of passive immunization with convalescent
human sera, which is currently under consideration for treatment of EVD. Two distinct
pathways of EBOV ADE, one mediated by Fc receptors and the other by complement
component C1q and its ligands, are known 222, In particular, the FcyR is commonly
involved in ADE of virus infections 878, However, the molecular mechanisms underlying
ADE-mediated virus entry through FcyR are not fully understood.

Three classes of FcyR, FcyRI (CD64), FcyRII (CD32), and FcyRIII (CD16), are
expressed in various human immune cells such as dendritic cells, monocytes, and B
lymphocytes . Among these FcyRs, FcyRIl is a key molecule for EBOV ADE of
infection in human leukemia K562 cells 2. Human FcyRII exists in two isoforms, FcyRlla
and FcyRIlIb, which differ in their signal peptides and cytoplasmic tails. FcyRIIa is the
active form of FcyRII and contains an immunoreceptor tyrosine-based activation motif
(ITAM) in its cytoplasmic tail 8. The cytoplasmic tail of FcyRIIa is known to contribute

to the activitation of two structurally and functionally distinct protein-tyrosine kinase
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(PTK) classes, the sarcoma (Src) family PTKs 7%’ and spleen tyrosine kinase (Syk) "2. In
addition, Syk is reported to participate in activation of enzymes such as rat sarcoma (Ras),
phosphatidylinositol 3-kinase (P13K), and Bruton’s tyrosine kinase (Btk) %3, These
signaling pathways are known to be important for the induction of phagocytic and
endocytic processes to internalize immune complexes %7374,

In the chapter II, | focused on the role of FcyRIla and investigated the
contribution of FcyRIla-mediated signaling to the ADE of EBOV infection. | show that
Src family PTKs are essential for EBOV ADE-mediated entry. My data indicate that
binding of antibody-virus complexes to the cell surface FcyRIlIa triggers phosphorylation
of Src family PTKs and activates subsequent signaling pathways, leading to enhanced

viral uptake through phagocytosis and/or macropinocytosis.
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Materials and Methods

Viruses and cells. EBOV expressing GFP " was propagated in Vero E6 cells and stored
at -80 °C. Replication-incompetent VSV pseudotyped with EBOV GP containing GFP
instead of the VSV G gene (VSV-EBOV GP) was generated as described previously 2044,
Virus titers were determined as 1Us by counting GFP-positive cells. All infectious work
with EBOV was performed in the biosafety level 4 laboratory at the Integrated Research
Facility of the Rocky Mountain Laboratories, Division of Intramural Research, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton,
Montana, USA. Vero E6 cells and HEK 293T cells were grown in DMEM (Sigma), and
human chronic myelogenous leukemia K562 cell line and K562 cell lines stably
expressing dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN) or human
macrophage galactose-type C-type lectin ("MGL) "®"7 and human leukemic Jurkat T cells
were grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma). These
media were supplemented with 10% FCS (Cell Culture Bioscience), 100 U/ml penicillin,

and 0.1 mg/ml streptomycin (Gibco).

Generation of FcyRIIa- or FcyRITaACT-expressing Jurkat T cells. The FcyRIla gene
was PCR-amplified from a full-length cDNA library prepared from K562 cells using the
primers, EcoRI-FcyRIla (5’-GGGAATTCGGATGACTATGGAGACCCAA-3’) and
FeyRIIa-Xhol (5’-ATTTCTCGAGTTTGTCATCCACTCAGCAAG-3’). Mutant FcyRIla
lacking its cytoplasmic tail (amino acid positions 241-317) (FcyRIIaACT) was generated
using a PrimeSTAR Mutagenesis Basal Kit (Takara). After sequence confirmation, these
PCR products were cloned into a murine leukemia virus-based retroviral vector, pMXs-

Puro Retroviral Vector (Cell Biolabs). To generate the retrovirus, 293T-derived Platinum-
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GP (Plat-GP) cells (Cell Biolabs) were cotransfected with pMXs-puro encoding FcyRIla
or FcyRITIaACT and the expression plasmid pCAGGS encoding the VSV G protein using
Lipofectamine 2000 (Invitrogen). Forty-eight h later, the culture supernatants containing
retroviruses were collected, clarified through 0.45 um filters, and then used to infect
Jurkat T cells. Jurkat T cell lines stably expressing FcyRIla or FcyRITaACT were selected
with RPMI medium containing 10% FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin,
and 10 pg/ml puromycin (Sigma-Aldrich). For some experiments, each Jurkat T cell line
was cloned by limiting dilution to enrich the population of FcyRIIa-expressing cells. To
check the expression levels of FcyRIIa and FcyRI1aACT, these cells were incubated with
a mouse anti-CD32 monoclonal antibody (GeneTex) for 1 h at room temperature. After
washing 3 times with PBS, binding of the primary antibody was detected with Alexa647-
conjugated F(ab")2-goat anti-mouse 1gG (H+L) (Jackson ImmunoResearch). After further
washing 3 times with PBS, the fluorescent intensity of the cells was analyzed using a

FACS Canto flow cytometer (BD Biosciences) and FlowJo software (Tree Star).

ADE assays. EBOV was appropriately diluted to yield 50-100 IUs in K562 cells and then
incubated for 30 min-1 h at 37 °C with or without 10 pg/ml MADbs. The anti-EBOV GP
MADb ZGP12/1.1 (1gG2a), which is known to enhance EBOV infection in vitro, was used
as the ADE MAb %, S139/1 (1gG2a), a MADb specific to influenza A virus hemagglutinin,
was used as the control 1IgG (CTR IgG) 8. K562 and Jurkat T cells were inoculated with
EBOV alone or EBOV/MAb mixtures and incubated for 72 h. Virus infectivity was
measured by counting the number of GFP-positive cells in FACS and analyzed using
FlowJo software. VSV-EBOV GP was appropriately diluted to yield 50-100 1Us in K562

cells and incubated for 1 h at room temperature with or without 1 ug/ml MAbs, and then
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inoculated into K562 and Jurkat T cells. Twenty-four h later, GFP-positive cells were
counted using an IN Cell Analyzer 2000 (GE Healthcare). To reduce the background (i.e.,
residual) infectivity of the parent VSV, VSV-EBOV GP was treated with a neutralizing

MAD to VSV G protein (VSV-G[N]1-9) before use.

Purification and Dil-labeling of VLPs. For purification of VLPs, HEK293T cells were
transfected with equal amounts of the expression plasmids encoding EBOV or SUDV GP,
VP40, and NP using TransIT LT-1 (Mirus) according to the manufacturer's instructions.
Forty-eight h after transfection, the culture supernatant was harvested and centrifuged at
3,500 rpm for 15 min at 4 °C to remove cell debris. VLPs were precipitated through a
25% sucrose cushion by centrifugation at 11,000 rpm for 1 h at 4 °C with an SW32Ti
rotor (Beckman). Pelleted VVLPs were suspended in PBS, and fractionated through a 20-
50% sucrose gradient in PBS at 28,000 rpm with an SW41 rotor (Beckman) for 2 h at 4
°C. One ml of 1 pg/ml fractionated VLPs was incubated with 0.6 pl of 100 uM Dil

(Molecular Probes) in the dark for 1 h at room temperature with gentle agitation .

Imaging of attachment and internalization of Dil-labeled VLPs. The eGFP-Rab7
fusion protein gene was cloned into a Moloney murine leukemia virus-based retrovirus
plasmid 7° and recombinant retroviruses for the expression of eGFP-Rab7 were
produced and used to infect K562 cells as described above. K562 and Jurkat T cell lines
were cultured in 35 mm glass-bottom dishes (MatTek Corporation) precoated with borate
buffer containing 0.1 mg/ml poly-L-lysine (Sigma). The cells were washed with phenol
red-free RPMI (Gibco) and inoculated with 100 pl of 1 pg/ml Dil-labeled VLPs treated

with 20 pg/ml ZGP12/1.1 or CTR 1gG for 1 h at room temperature, followed by
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incubation for 30 min on ice. They were then washed twice with the same medium to
remove unbound Dil-labeled VLPs and incubated with phenol red-free RPMI containing
2% FCS and 4% BSA for 0 and 2 h at 37 °C to analyze Dil-labeled VLP attachment and
internalization, respectively. To count the number of Dil-labeled VLPs, the cells were
fixed with 4% paraformaldehyde for 15 min at room temperature. Then the nuclei were
stained with 1 ug/ml DAPI (Molecular Probes) for 10 min at room temperature.
Microscopic images were acquired with a 63 x oil objective lens on a Zeiss LSM780
inverted microscope and ZEN 2010 software (Carl Zeiss). For measurement of the
number of Dil-labeled VLPs, images of 4-20 optical sections were acquired in 1 micron
steps. The number of Dil-labeled VLPs was determined in approximately 100 individual
cells using MetaMorph software (Molecular Devices) and the average number per cell
was calculated for each condition. For colocalization analysis, the percentage of Dil-
labeled VVLPs that colocalized with eGFP-Rab7 (Both Dil- and eGFP-positive pixels/Dil-
positive pixels x 100) was measured in approximately 100 individual cells using the

Coloc module in ZEN 2010 software (Carl Zeiss).

Dextran uptake assays. One ug/ml Dil-labeled VLPs were treated with 20 pg/ml CTR
IgG or ZGP12/1.1 for 1 h at room temperature. K562 and Jurkat T cell lines were cultured
in poly-L-lysine-coated glass-bottom culture dishes and incubated with 100 pl untreated,
CTR IgG-, or ZGP12/1.1-treated Dil-labeled VLPs for 30 min on ice. The cells were
washed twice with phenol red-free RPMI and then incubated with phenol red-free RPMI
containing 2% FCS, 4% BSA, and 0.5 mg/ml Dextran, Alexa Fluor 647, 10,000 MW
(Alexa647-labeled Dx10) (Molecular Probes) for 1-2 h at 37 °C. After washing twice with

phenol red-free RPMI to remove surface-unbound Dil-labeled VLPs and Alexa647-
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labeled Dx10, and the cells were fixed with 4% paraformaldehyde for 15 min at room
temperature. Then, the nuclei were stained with 1 pg/ml DAPI for 10 min at room
temperature. Internalized Dil-labeled VVLPs and Alexa647-labeled Dx10 were analyzed
by confocal laser scanning microscopy as described above. The percentage of Dil-labeled
VLPs that colocalized with Alexa647-labeled Dx10 (Both Dil- and Alexa647-positive
pixels/Dil-positive pixels x 100) was measured in approximately 100 individual cells
using the Coloc module in ZEN 2010 software. The number and size of Dx10-positive

vesicles were analyzed with MetaMorph software.

Inhibitor treatments. For infection assays, the Syk inhibitor R788 (Santa Cruz), Src
family PTK inhibitor PP2 (Tocris), BTK inhibitor LFM-A13 (Focus Biomolecules), PI3K
inhibitor LY294002 (Wako), and Ras inhibitor Manumycin A (Santa Cruz) were used for
treatments of K562 cells. R788, LFM-A13, and LY 294002 were used at 0.15-40 uM. PP2
and Manumycin A were used at 0.15-10 uM. For imaging analysis, K562 cell lines were
cultured in 35 mm glass-bottom dishes precoated with poly-L-lysine, and then treated
with 20 uM PP2 for 1 h at 37 °C. PP2-treated cells were washed with phenol red-free
RPMI and inoculated with untreated, CTR 1gG-, or ZGP12/1.1-treated Dil-labeled VLPs
for 30 min on ice in the presence of 20 uM PP2 in the same medium. The cells were then
washed twice with the same medium and incubated with phenol red-free RPMI containing
2% FCS, 4% BSA, and 20 uM PP2 for 0 and 2 h at 37 °C. Then they were fixed and
analyzed by confocal laser scanning microscopy as described above. Dimethyl sulfoxide

(DMSO, Sigma-Aldrich) or ethanol (Kanto Chemical) was used as a solvent control.

Generation of Src or Syk knockdown K562 cells. Plat-GP cells were cotransfected with
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PRS (retroviral plasmids) encoding human Src or Syk shRNA (ORIGENE) and the

expression plasmid pCAGGS encoding the VSV G protein using Lipofectamine 2000

(Invitrogen). ShSrc target sequences were: shSrcl:5’-
GGAGGCTTCAACTCCTCGGACACCGTCAC-3’, shSrc2: 5-
AAGAAAGGCGAGCGGCTCCAGATTGTCAA-3, shSrc3: 5-
GCAGTTGTATGCTGTGGTTTCAGAGGAGC-3’, shSrc4: 5’-

CTGGAGGCAATCAAGCAGACATAGAAGAG-3’. ShSyk target sequences were:
shSyk1:5°- GAATATGTGAAGCAGACATGGAACCTGCA-3’, shSyk2: 5-
GGAGGAGGCAGAAGATTACCTGGTCCAGG-3’, shSyk3: 5’-
TGTCATTCAATCCGTATGAGCCAGAACTT-3’, shSyk4: 5-
CTCTGGCAGCTAGTCGAGCATTATTCTTA-3’. After incubation for 48 h, culture
supernatants containing the retroviruses expressing human Src or Syk shRNAs were
collected, clarified through 0.45-pum filters, and then used to infect K562 cells.
Transduced K562 cell lines were selected with RPMI medium containing 10% FCS, 100
U/ml penicillin, 0.1 mg/ml streptomycin, and 5 pg/ml puromycin (Sigma-Aldrich). To
check the knockdown efficiency for Src and Syk, cells were collected and washed once
with PBS and treated with lysis buffer (0.1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA,
10 mM Tris HCI, pH 7.8) in the presence of a protease inhibitor cocktail, Complete mini
(Roche). Then the lysates were mixed with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (Bio-Rad) with 5% 2-mercaptoethanol
(Wako) and boiled for 5 min. The samples were electrophoresed by SDS-PAGE on 5 to
20% gradient polyacrylamide gel, SuperSep Ace (Wako), and separated proteins were
blotted on a polyvinylidene difluoride membrane (Millipore). The membrane was

blocked for at least 1 h at room temperature with Tris-buffered saline containing 0.1%
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Tween 20 (TBST) and 1% BSA. Then the membrane was incubated with a rabbit anti-
Src antibody (36D10: Cell Signaling) or mouse anti-Syk antibody (4D10.1: Abcam) in
TBST containing 1% BSA, followed by incubation with horseradish peroxidase-
conjugated donkey anti-rabbit 1gG (H+L) or horseradish peroxidase-conjugated goat anti-
mouse IgG (H+L) (Jackson ImmunoResearch), respectively, and visualization by
Immobilon Western (Millipore). Band intensities were analyzed with a VersaDoc Imaging

System (Bio-Rad) and quantified with Image Lab version 3.0 software (Bio-Rad).

Phosphorylation assay. One pg/ml purified VLPs were treated with 20 ug/ml ZGP12/1.1
or CTR IgG for 1 h at room temperature. K562 cells were incubated with DMSO or 20
uM PP2 for 1 h at 37 °C. Untreated or PP2-treated K562 cells were inoculated with
untreated, CTR IgG-, or ZGP12/1.1-treated VLPs and incubated for 0, 10, 30, or 60 min
at 37 °C. At each time point, cells were collected and washed once in PBS and treated
with lysis buffer (0.1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 10 mM Tris HCI, pH
7.8) in the presence of a protease inhibitor cocktail, Complete mini (Roche), and a
phosphatase inhibitor cocktail, PhosSTOP (Roche). Then the lysates were mixed with
SDS-PAGE sample buffer (Bio-Rad) with 5% 2-mercaptoethanol (Wako) and boiled for
5 min. The samples were electrophoresed by SDS-PAGE on 5 to 20% gradient
polyacrylamide gel, SuperSep Ace (Wako), and separated proteins were blotted on a
polyvinylidene difluoride membrane (Millipore). The membrane was blocked for at least
1 h at room temperature with TBST and 1% BSA. Then the membrane was incubated
with a rabbit anti-phospho-Src family (Tyr416) antibody (Cell Signaling) in TBST
containing 1% BSA, followed by visualization using horseradish peroxidase-conjugated

donkey anti-rabbit 1gG (H+L) (Jackson ImmunoResearch) and Immobilon Western
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(Millipore). Band intensities were analyzed with a VersaDoc Imaging System (Bio-Rad)

and quantified with Image Lab version 3.0 software (Bio-Rad).

Statistical analysis. All data were analyzed using Excel software. In all experiments,

Student’s t-test was used to evaluate statistical differences. P values of less than 0.05 were

considered to be significant.
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Results

Cytoplasmic tail of FcyRlIlIa is required for ADE of EBOV infection. To investigate
the role of FcyRIla and, in particular, the importance of its cytoplasmic tail in EBOV
ADE, | compared the functions of wild-type FcyRIla and FcyRIIaACT which is a deletion
mutant of FcyRlIla lacking its cytoplasmic tail. Both molecules were expressed on Jurkat
T cells, which are known to be poorly permissive for EBOV infection & and lack this Fc
receptor 8. Jurkat T cells were transduced with full-length FcyR1I1a or FeyRIIaACT genes
using a retrovirus vector (Fig. 6A and B) and subsequently infected with VSV-EBOV GP
and infectious EBOV in the presence or absence of the GP-specific MAb ZGP12/1.1,
which is known to induce EBOV ADE % (Fig. 6C and D). | found that viral infectivity
was almost undetectable in naive and control vector-transduced Jurkat T cells but the
expression of wild-type FcyRIIa significantly enhanced the infectivity of VSV-EBOV GP
and EBOV in the presence of ZGP12/1.1, though not CTR IgG. Interestingly, the infection
rate of FcyRITaACT-expressing cells was significantly lower than that of cells expressing
wild-type FcyRIIa. These results indicated that the FcyRITa-MAb complex functioned as
a receptor-like molecule on this poorly permissive cell line and efficiently promoted
infection through the ADE of EBOV entry. More importantly, the results suggested that
signaling pathways via the FcyRlIIa cytoplasmic tail were likely involved in the ADE of

EBQV entry into cells.

Cytoplasmic tail of FcyRIla is important for enhanced viral uptake. FcyRlIla is
known to modulate phagocytosis/macropinocytosis through signaling pathways via its
cytoplasmic tail 828, Therefore, to analyze viral binding and intracellular uptake in more

detail, | produced Dil-labeled VVLPs consisting of the major EBOV structural proteins,
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Fig. 6. Importance of FcyRIIa and its cytoplasmic tail in EBOV ADE. (A) Schematic
representation of FcyRIla and FcyRIIaACT. TM, transmembrane region; CT, cytoplasmic
tail. (B) Cell surface expression of the FcyRIla ectodomain on Jurkat T cell lines. Jurkat
T cells stably expressing FcyRIla and FcyRIIaACT were stained with an anti-CD32
antibody and analyzed by flow cytometry. Black lines represent vector-transduced,
FcyRlIla-, and FcyRITaACT-expressing cells. Gray shading represents naive Jurkat T cells.

(C and D) Infectivity of VSV-EBOV GP and EBOV in Jurkat T cell lines. VSV-EBOV
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GP (C) and EBOV (D) were incubated with medium alone (Control), CTR 1gG, or
ZGP12/1.1, followed by inoculation into each Jurkat T cell line. At 24 h (C) and 72 h (D)
after inoculation, GFP-positive cells were counted. The relative percentage of infectivity
in each cell line was calculated by setting the 1U value of untreated (Control), CTR IgG-,
and ZGP12/1.1-treated viruses in naive Jurkat T cells to 100%, respectively. The mean
and standard deviation of three independent experiments are shown. Statistical analysis
was performed using Student’s t-test (*p<0.05).
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GP, VP40, and NP, and monitored the localization of VLPs in each transduced Jurkat T
cell line (Fig. 7). The number of VLPs attached to the surface of naive and empty vector-
transduced Jurkat T cells was not significantly different irrespective of the presence of
CTR IgG and ZGP12/1.1 (Fig. 7A and C). In contrast, the attachment of VLP was
significantly enhanced to similar extents in Jurkat T cells expressing FcyRIla and
FcyRITaACT in the presence of ZGP12/1.1 but not CTR 1gG (Fig. 7Aand C), suggesting
that the FcyRIla ectodomain expressed on Jurkat T cells had the ability to increase the
VLP attachment mediated by ZGP12/1.1. Next, | assessed the number of VLPs
incorporated into intracellular vesicles along with Alexa Fluor 647-labeled dextran Mw
10,000 (Alexa647-labeled Dx10), a specific probe for visualizing phagocytotic and
macropinocytotic vesicles 4 After incubation for 2 h, ZGP12/1.1-treated VLPs
efficiently colocalized with Dx10 in Jurkat T cells expressing wild-type FcyRIIa, but not
in cells expressing FcyRITaACT (Fig. 7B and D). Viral uptake was not observed
drastically in the absence of FcyRIIa and ZGP12/1.1. Furthermore, the number and size
of Dx10-positive vesicles incorporated into Jurkat T cells expressing FcyRIIaACT were
significantly smaller than those in cells expressing FcyRlIIa, indicating the importance of
the FcyRIIa cytoplasmic tail in activating the phagocytosis/macropinocytosis (Fig. 7B
and E). These data suggested that the ADE infection of FcyRIIa-expressing Jurkat T cells
was associated with enhanced viral uptake into cellular vesicles, most likely due to the

activation of FcyRIla-mediated signaling via its cytoplasmic tail.

Intracellular signaling via Src family PTKSs contributes to ADE of EBOV infection.
To identify the intracellular signaling pathway involved in the ADE of EBOV entry, |

analyzed the effects of different inhibitors of signaling pathways in K562 cells, which
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into cells. (A and B) Fluorescent images of attachment and internalization of VLP. (C-E)
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Quantified fluorescent signals of VLP and Dx10. Untreated (Control), CTR 1gG-, and
ZGP12/1.1-treated Dil-labeled VLPs were inoculated into each Jurkat T cell line and
incubated for 30 min on ice. After adsorption, the cells were incubated for 0 h (A and C)
or incubated with Alexa647-labeled Dx10 for 2 h at 37 °C (B, D, and E). VLPs (red) on
the cell surface (A and C) and VLPs (red) and Dx10 (green) in the cytoplasm (B, D, and
E) were monitored by confocal laser scanning microscopy. Scale bars represent 10 pum.
Nuclei of cells are visualized with DAPI (blue). The number of VLPs attached to the cell
surface (C), the colocalization of VLP (Dil) and Dx10 (Alexa647) signals (D), and the
number and size of Dx10 (E) were quantified. The number and size were calculated by
setting the value of FcyRIla-expressing Jurkat T cells in the presence of ZGP12/1.1-
treated VLPs to 100%. The mean and standard deviation of three independent
experiments are shown. Statistical analysis was performed using Student’s t-test
(*p<0.05).
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naturally express FcyRIla. Consistent with previous studies 277, K562 cells were
permissive to VSV-EBOV GP and EBOV infections, and viral infection rates were
significantly enhanced in the presence of ZGP12/1.1 (Fig. 8). I then tested inhibitors of
Syk and Src family PTK (R788 and PP2, respectively) as these PTKs are known to be
principally involved in signaling pathways downstream of FcyRlIla, and in particular to
play important roles in inducing FcyR-mediated phagocytosis/micropinocytosis 48, |
found that the ADE of VSV-EBOV GP infection was significantly reduced in K562 cells
treated with these inhibitors in a dose-dependent manner. In contrast, only a limited
reduction was seen in non-ADE infection at the highest concentrations of the inhibitors
(Fig. 9). The ADE-specific inhibitory effect was more prominent in cells treated with PP2
than in those treated with R788.

Since Syk is reported to participate in the activation of signaling through PI3K,
Btk, and Ras, | further examined which pathways downstream of Syk contributed to the
ADE of VSV-EBOV GP infection using specific inhibitors of PI3K (LY294002), Btk
(LFM-A13), and Ras (Manumycin A) (Fig. 9). However, both ADE and non-ADE
infections by VSV-EBOV GP were dose-dependently reduced by LY294002 and
Manumycin A, respectively. LFM-A13 showed little effect on the infectivity of VSV-
EBOV GP. Subsequently, I confirmed the effects of these inhibitors using infectious
EBOV. Consistent with the data for VSV-EBOV GP, PP2 selectively reduced the ADE,
but not the non-ADE infection. Interestingly, R788 showed no effects on the ADE of
EBOQV infection and rather enhanced the non-ADE infection. LFM-A13 slightly reduced
both the ADE and the non-ADE infections, whereas LY294002 and Manumycin A did
not inhibit the ADE infection, though Manumycin A slightly inhibited the non-ADE

infection.
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Fig. 8. EBOV ADE in K562 cells. K562 cells were infected with VSV-EBOV GP or
EBOQV following incubation with CTR 1gG or ZGP12/1.1 for 30 min-1 h at 37 °C. After
incubation for 24 (VSV-EBOV GP) or 72 (EBOV) h, GFP-positive cells were counted
and IUs of viruses were determined. The relative percentage of infectivity was calculated
by setting the 1U value of the viruses in CTR 1gG-treated cells to 100%. The mean and
standard deviation of three independent experiments are shown.
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Fig. 9. Identification of FcyRIIa-mediated signaling pathway for EBOV ADE. K562
cells were treated with the indicated concentrations of R788, PP2, LFM-A13, LY294002,
or Manumycin A for 1 h at 37 °C and inoculated with VSV-EBOV GP or EBOV
preincubated with CTR IgG, or ZGP12/1.1. The relative percentage of infectivity was
calculated by setting the 1U value of the viruses in DMSO or ethanol-treated cells to 100%.
The mean and standard deviation of three independent experiments are shown. Statistical
analysis was performed using Student’s t-test (*p<0.05).
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To further investigate the role of Src- and Syk-mediated signaling in EBOV ADE,
| generated Src and Syk knockdown K562 cells. K562 cells were transduced with
retroviral vectors expressing small hairpin RNAs (shRNAs) for silencing Src or Syk
genes (Fig. 10A and B) and infected with VSV-EBOV GP in the presence or absence of
ZGP12/1.1 (Fig. 10C). | found that transduced cells stably expressing Src shRNAs
(shSrc3 and shSrc4) showed approximately 50% reduction in protein levels (Fig. 10A)
and ZGP12/1.1-mediated ADE was significantly decreased in these cell lines (Fig. 10C).
In contrast, no significant difference was seen between ADE (ZGP12/1.1) and non-ADE
(CTR 1gG) infections in Syk knockdown cells although 2 of the Syk shRNAs (shSyk3
and shSyk4) significantly reduced the expression of the Syk protein (Fig. 10B and C).

These results demonstrated that FcyRIIa-mediated signaling through the
activation of Src family PTKs contributed to the ADE of EBOV infection, but Syk-related
signaling including PI13K, Btk, and Ras did not seem to be specifically involved. | further
tested the effect of PP2 in K562/DC-SIGN or K562/hMGL, both of which have been
shown to act as attachment receptors for EBOV 778 and found that PP2 had limited

effects on the infectivity of VSV-EBOV GP in these cell lines (Fig. 11).

VLP-MADb complexes activate phosphorylation of Src in K562 cells. To directly detect
the activation of Src family PTKSs, I quantified the phosphorylation levels of Src in K562
cells (Fig. 12). I found no significant difference in the cells inoculated with intact VLPs
alone at each time point. Likewise, inoculation of CTR IgG-treated VLPs did not enhance
Src phosphorylation levels. However, a significant increase of the Src phosphorylation
was detected at 30 and 60 min after K562 cells were exposed to ZGP12/1.1-treated VLPs

(Fig. 12 left). Furthermore, the enhanced phosphorylation was completely blocked by the
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Fig. 10. Effects of Src and Syk knockdown on EBOV ADE. (A and B) Validation of
knockdown efficiency of Src and Syk in K562 cell lines. (C) Relative infectivity of VSV-
EBOV GP in K562 cell lines. Src (A) and Syk (B) proteins in each cell line were detected
by Western blotting. The band intensity of Src and Syk was standardized with that of the
B-actin band for each cell line. Relative intensities of the Src and Syk bands were then
calculated by setting the intensity of naive K562 cells to 100%. These cell lines were
infected with VSV-EBOV GP preincubated with CTR 1gG or ZGP12/1.1 (C). The relative
percentage of infectivity was calculated by setting the 1U value of the viruses in naive
K562 cells to 100%. The mean and standard deviation of three independent experiments
are shown. Statistical analysis was performed using Student’s t-test (*p<0.05).
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Fig. 11. Effects of PP2 on the VSV-EBOV GP infectivity in K562 cell lines stably
expressing C-type lectin. K562/DC-SIGN, K562/hMGL, and mock control K562 cells
were treated with DMSO or PP2 for 1 hat 37 °C and infected with VSV-EBOV GP in the
presence of the inhibitor. After incubation for 24 h, GFP-positive cells were counted. The
relative percentage of infectivity was calculated by setting the 1U value of the virus in
DMSO-treated cells to 100%. The mean and standard deviation of three independent
experiments are shown.
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Fig. 12. Increased phosphorylation of Src in K562 cells exposed to the VLP-
ZGP12/1.1 complex. Purified VLPs were preincubated with medium alone (Control),
CTR IgG, or ZGP12/1.1 and inoculated into K562 cells pretreated with DMSO or PP2
for 1 h at 37 °C. At 0, 10, 30, and 60 min post-inoculation, phosphorylation of Src at
Tyr416 (p-Src) was detected by Western blotting. The band intensity of p-Src was
standardized with that of the f-actin band at each time point. Relative intensities of the p-
Src bands were then calculated by setting the intensity of control cells (0 h) to 100%. The
mean and standard deviation of three independent experiments are shown. Statistical
analysis was performed using Student’s t-test (*p<0.05).
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Src family PTK inhibitor, PP2 (Fig. 12 right). These findings suggested that Src were

activated by the interaction of the VLP-ZGP12/1.1 complex with FcyRlIla.

The ADE of EBOV entry depends on phagocytosis and/or macropinocytosis
mediated by Src family PTKSs. To further characterize the role of the Src family PTK-
dependent signaling in the ADE of EBOV infection, | analyzed the effect of PP2 on the
attachment and uptake of Dil-labeled VLPs using K562 cells. | first compared the number
of VLPs attached to the cell surface among untreated, CTR 1gG-, and ZGP12/1.1-treated
VLPs. Since the overexpression of FcyRIla in Jurkat T cells increased the attachment of
VLPs to the cell surface in the presence of ZGP12/1.1 (Fig. 7), | hypothesized that
ZGP12/1.1 would enhance the VLP attachment to K562 cells. However, the number of
VLPs attached to the cell surface was not significantly different in the presence or absence
of ZGP12/1.1 (Fig. 13A left and D), and was not affected by the PP2 treatment (Fig. 13A
right and D), indicating that EBOV ADE in K562 cells did not result from increased viral
attachment to the cell surface. For the visualization of the VLP uptake into endosomes,
K562 cells expressing eGFP-Rab7, a late endosome marker, were used to analyze
colocalization of eGFP-Rab7 and internalized VLPs. | found that ZGP12/1.1-treated
VLPs were efficiently colocalized with eGFP-Rab7 in K562 cells, whereas only 10-20%
colocalization was seen in the cells inoculated with untreated or CTR 1gG-treated VLPs
(Fig. 13B and E). | further found that the enhanced colocalization of eGFP-Rab7 and
ZGP12/1.1-treated VLPs was clearly blocked by the PP2 treatment (Fig. 13C and E).
These results indicated that the ADE of EBOV entry into K562 cells was dependent on
the Src family PTK activation leading to increased uptake of viral particles into cells.

Finally, I investigated whether the ADE of EBOV entry into K562 cells
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depended on phagocytosis/macropinocytosis, which have been shown to be major
pathways of the EBOV entry through non-ADE pathways 23, | used Dx10 to visualize
phagocytotic and macropinocytotic vesicles in K562 cells and analyzed its colocalization
with VLPs. | found that approximately 70% of the ZGP12/1.1-treated VVLP signals were
overlapped with Dx10 in intracellular vesicles (Fig. 14A and C). Furthermore, the
colocalization of Dx10 and ZGP12/1.1-treated VLPs was significantly blocked by the
PP2 treatment (Fig. 14B and C). To confirm that these observations were EBOV-specific,
| further analyzed Dil-labeled SUDV VLPs and found that ZGP12/1.1 affected neither
attachment/uptake of SUDV VLPs nor Dx10 uptake. (Fig. 15). These results suggested
that the surface-bound VLP-ZGP12/1.1 complex was incorporated into cells through Src
family PTK-dependent phagocytosis and/or macropinocytosis during the ADE of EBOV

entry.
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Fig. 13. Enhanced VLP uptake into endosomes in K562 cells during ADE. (A-C)
Fluorescent images of attachment and internalization of VLP. (D and E) Quantified
fluorescent signals of VLP and Rab7. K562 cells expressing eGFP-Rab7 were incubated
with DMSO (A and B) or PP2 (Aand C) for 1 hat 37 °C. Untreated (Control), CTR IgG-,
and ZGP12/1.1-treated Dil-labeled VVLPs were inoculated into cells and VLPs (red) on
the cell surface at 0 h (Aand D) and VVLPs (red) and eGFP-Rab7 (green) in the cytoplasm
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at 2 h (B, C and E) after adsorption were monitored by confocal laser scanning microscopy.
Scale bars represent 10 pum. Nuclei of cells are visualized with DAPI (blue). The number
of VLPs on the cell surface (D) and the colocalization of VLPs (Dil) and eGFP-Rab7
signals (E) were quantified. The mean and standard deviation of three independent
experiments are shown. Statistical analysis was performed using Student’s t-test
(*p<0.05).
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Fig. 14. Colocalization of Dx10 and ZGP12/1.1-treated VLPs. (A and B) Fluorescent
images of internalization of VLP and Dx10. (C) Quantified fluorescent signals of VLP
and Dx10. K562 cells were incubated with DMSO (A) or PP2 (B) for 1 h at 37 °C.
Untreated (Control), CTR 1IgG-, and ZGP12/1.1-treated Dil-labeled VLPs were
inoculated into cells and incubated for 30 min on ice. After adsorption, cells were
incubated with Alexa647-labeld Dx10 for 1 h at 37 °C in the presence of DMSO (A) or
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PP2 (B). VLPs (red) and Dx10 (green) in the cytoplasm were monitored by confocal laser
scanning microscopy. The colocalization of VLP (Dil) and Dx10 (Alexa647) signals was
quantified (C). Scale bars represent 10 um. Nuclei of cells are visualized with DAPI
(blue). The mean and standard deviation of three independent experiments are shown.
Statistical analysis was performed using Student’s t-test (*p<0.05).

61



A Control CTR IgG ZGP121.1

(s9)

O
m

Number of SUDV VLPs/cell
©c o ©
(=T T N
X . i p y . )
o
(&
Colocalizationof SUDV VLPs

100 ~

-
@D 0 O
o O o

with Dx10 (%)
N
= }

with eGFP-Rab7 (%)
N
o

o
Colocalization of SUDV VLPs

N

o o
&
(Q

{\ < &

& c’}%\i&'@\ S (}q}i ¢ S
Fig. 15. Attachment, uptake, and localization of Dil-labeled SUDV VLPs. Untreated
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represent 10 um. Nuclei of cells are visualized with DAPI (blue). The number of SUDV
VLPs on the cell surface (D) and the colocalization of SUDV VLPs (Dil) and eGFP-Rab7
(E) or Dx10 (F) signals were quantified. The mean and standard deviation of three
independent experiments are shown. Statistical analysis was performed using Student’s
t-test (*p<0.05).
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Discussion

It is well established that after the attachment of virus particles to cell surface
receptors a variety of signaling pathways are activated through tyrosine and
phosphoinositol kinases, and the subsequent cellular events such as endocytosis,
including macropinocytosis and phagocytosis, are important for the entry of viruses 8/,
Likewise, it has been suggested that signaling pathways via FcyR are involved in ADE of
virus infections ®8. However, there is limited information on the detailed molecular
mechanisms of intracellular signaling pathways required for ADE of virus infection. It
has been shown that the non-ADE entry of EBOV requires host factors such as PI3K, the
Rho family, and protein kinase C 112#° although the virus-specific receptor molecules
involved in these signaling pathways are not yet identified. In the present study, | focused
on the ADE of EBOV entry and found that the FcyRIla-mediated signaling pathway was
essential for this process, which is distinct from those required for the non-ADE entry.

The FcyRlIla cytoplasmic tail has been shown to be essential for ADE of dengue
virus entry and the involvement of Syk cascade in ADE entry has been reported %92,
These data indicate that the cytoplasmic tail of FcyRIIa is crucial for the ADE of EBOV
infection and that Src family PTK-dependent signaling is important to enhance viral
uptake into cellular vesicles during ADE-mediated entry of EBOV. Src family PTKs are
non-receptor tyrosine kinases involved in the regulation of diverse cellular functions like
proliferation, differentiation, adhesion, and phagocytosis %4, Importantly, this signaling
pathway is known to regulate endocytic machinery by triggering the reorganization of the
actin cytoskeleton and membrane remodeling ®%4 Indeed, previous studies have
demonstrated that Src family PTK-dependent signaling is required for the non-ADE entry

of some viruses into host cells ®>%. These data indicate that this signaling is also used to
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promote viral particle uptake during the FcyRIla-mediated ADE of EBOV entry.

It was noted that there was a significant increase (approximately 400%) in
infectivity of VSV-EBOV GP when FcyRIIaACT is expressed on Jurkat T cells, although
it was not as high as wildtype FcyRIla. This observation suggest that the binding provided
by the external portion of FcyRIIa may also have some importance and that the signaling
function provided by the cytoplasmic portion of FcyRIla further enhances the ADE effect.
It might also be possible that the FcyRIla associated with lipid rafts activates some
FcyRITa-mediated signals through its transmembrane domain as described previously 7.

Interestingly, | found that the Syk inhibitor R788 reduced the ADE efficiency of
VSV-EBOV GP but not EBOV. While the VSV pseudotype system is widely used to study
EBOV GP functions, it has been suggested that pseudotyped VSV and authentic EBOV
can utilize different entry pathways since the particle size and structure of pseudotyped
VSV do not accurately recapitulate those of EBOV %8, Thus, it may be possible that the
EBOV entry primarily relies on macropinocytosis as shown previously 3, whereas
VSV-EBOV GP can also be incorporated into smaller vesicles. |1 assume that this
difference could influence the effect of the inhibitor since Syk-dependent signaling might
be associated with caveolin-mediated endocytosis °%1%°, Another difference found
between VSV-EBOV GP and authentic EBOV was that while the Syk inhibitor did not
affect EBOV ADE, non-ADE infection was significantly enhanced in the presence of this
inhibitor, an effect not observed for VSV-EBOV GP. This might be due to the effect on
post-entry mechanisms such as antiviral cellular responses, as proposed by a recent study
demonstrating that dengue virus-antibody complexes decreased type-l interferon-
stimulated gene expression triggered by the FcyR-mediated signaling pathway through

Syk, leading to enhanced replication of the virus . Since such an antiviral response could
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be different between VSV- and EBOV-infected cells, it is possible that the Syk inhibitor
specifically affected the replication of EBOV, but not VSV, RNA genomes.

Previous studies have demonstrated that cellular C-type lectins such as DC-
SIGN and hMGL serve as attachment receptors and promote the entry of EBOV into cells
107786 These C-type lectins, as well as Fc receptors, are thought to initiate phagocytic
pathways for uptake of microorganisms, cell debris, and apoptotic cells 01102
Interestingly, both C-type lectins and ADE-antibodies, including ZGP12/1.1, mainly bind
to the mucin-like region of EBOV GP, which has a number of N- and O-linked
glycosylation sites in the middle portion of the protein 23778 suggesting a similarity in
the mechanism of the virus entry mediated by C-type lectins and ADE. However, the Src
family PTK inhibitor PP2 showed limited effects on the infectivity of VSV-EBOV GP in
the cell lines expressing DC-SIGN or hMGL. Taken together, my data suggest that the
FcyRIla-mediated EBOV ADE principally depends on signaling pathways distinct from
those for C-type lectin-mediated entry, while both C-type lectins and ADE-antibody-
FcyRIla complexes are assumed to serve as attachment receptors and subsequent
processes for membrane fusion (i.e., cathepsin cleavage and NPCL1 binding) appear also
to be similar.

In conclusion, these data indicate that EBOV ADE is not simply dependent on
increased viral attachment through interaction between FcyRIla and virus-antibody
complexes, and that the induction of FcyRIla-mediated signaling associated with the
activation of Src family PTKs is essential for EBOV ADE. This signaling pathway most
likely promotes macropinocytosis, the major entry pathway of EBOV, and leads to
enhanced viral uptake into cells. The contribution of Src family PTKs to FcyRlIla-

mediated ADE of virus entry has not been demonstrated previously. Discovery of this
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ADE mechanism provides a novel perspective for the general understanding of ADE of
virus infection. Although the impact of ADE on disease progression remains unclear for
many viruses, my findings may offer a potential new target to develop treatments for
ADE-associated diseases such as dengue hemorrhagic fever and possibly Zika virus
infection 38103105 'since signaling pathways are known to be essential for virus entry into
cells and some signaling inhibitors have been considered to be potential treatment options
for virus infections 19619 However, since non-ADE entry mechanisms of these viruses
are different from EBOV, it is required to investigate whether the Src family PTK-
mediated ADE mechanism can be generally applied for other viruses known to utilize

ADE entry into cells.
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Summary

ADE of EBOV infection has been demonstrated in vitro, raising concerns about
the detrimental potential of some anti-EBOV antibodies. ADE has been described for
many viruses and mostly depends on the cross-linking of virus-antibody complexes to
cell surface Fc receptors, leading to enhanced infection. However, little is known about
the molecular mechanisms underlying this phenomenon. Here | show that FcyRlIla-
mediated intracellular signaling through Src family PTKSs is required for ADE of EBOV
infection. | found that deletion of the FcyRIla cytoplasmic tail abolished EBOV ADE due
to decreased virus uptake into cellular endosomes. Furthermore, EBOV ADE, but not
non-ADE infection, was significantly reduced by inhibition of the Src family PTK
pathway, = which ~was also found to be important to  promote
phagocytosis/macropinocytosis for viral uptake into endosomes. | further confirmed a
significant increase of the Src phosphorylation mediated by ADE. These data suggest that
antibody-EBOV complexes bound to the cell surface FcyRIla activate the Src signaling
pathway that leads to enhanced viral entry into cells, providing a novel perspective for

the general understanding of ADE of virus infection.
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Conclusion

GP-specific neutralizing antibodies are known to play an important role in
protection against EBOV infection. However, the existing protective MADs are ebolavirus
species-specific. Furthermore, some GP-specific antibodies increase EBOV infection in
vitro; indeed, ADE is considered a potential problem for the development of vaccines and
antibody therapy for EVD.

Thus, in chapter I, | developed and described MAb 6D6 which reduced
infectivities of representative isolates of all known ebolavirus species in vitro. Antigenic
variants escaping from 6D6 had amino acid substitutions within the IFL region which is
highly conserved in GPs of all ebolavirus species. MAb 6D6 inhibited the VLP-mediated
membrane fusion in endosomes, but did not affect the attachment and internalization of
VLPs. Furthermore, passive immunization with 6D6 showed protective effects against
EBOV and SUDV in mouse models. The discovery of this cross-neutralizing antibody
provides a promising option for broad-acting ebolavirus antibody therapy.

In chapter 11, | demonstrated that FcyRIIa-mediated intracellular signaling is a
key factor for ADE of EBOV infection. The antibody-virus complex bound to the cell
surface FcyRlIla triggered the phosphorylation of Src family PTK that activated signaling
pathways leading to enhanced viral uptake into cells through phagocytosis and/or
macropinocytosis. These findings provide new insights into the mechanism of ADE-
mediated viral infections.

The present study provides important information useful for the design and
implementation of improved therapeutics and vaccines whose antiviral effects depend on
neutralizing antibodies. Furthermore, since for some viruses ADE has become a great

concern to disease control by vaccination and passive immunization, this study
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demonstrates the novel perspective for the general understanding of ADE and it may also

offer a potential new cellular target to develop treatments for ADE-associated diseases.
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TRTUANAIL, 74004 VAFHIR L, b M2 EOBEREMICE
B HmE A S ZTHEERTH D, 7 1 1 U A VAR, LRI
TRITUANAE, ~— VT NVNITTIANRE, BLOF a7 UA VAR
HEND, v— VI NITIANZBBLOF 22U 7 VALV ZABITITENEIL L
FEDOBDBH BN TNDDIZR L, =R T 7 A /L A J&IX 5 f(Zaire ebolavirus, Sudan
ebolavirus, Tai Forest ebolavirus, Bundibugyo ebolavirus 33 JX U Reston ebolavirus)
2531 BT b, 2000 LI, Zaire ebolavirus, Sudan ebolavirus 5 & Of
Bundibugyo ebolavirus (Z X 5 =R Z 7 A /L AJFHEVD)T 7 VU J THEIZHAEL
T2, INHD T A NVATHURIIIRE < B> TR Y | BRI H 5 VITFER T
RAENST D0 IS EOFENRRNERT D, =R T IA NIk T 5T - 18
- DWNEDOHREIZE > TR L R > T 5, 2014 FFOPET 7 U A TD Zaire
ebolavirus (= & % EVD ¥it4T DERIZ 1T ARAGEEL 72 23 & HUARRIE N FEhi S 7223,
i S N7=F / 7 v —F LRI Zaire ebolavirus |2 & 5 EVD (Zxt L CORH L)
Th D,

5% 1 ¥ ClEL, £7 . Zaireebolavirus 3 & O Sudan ebolavirus ™ 7 A /L 2 £k
i (VLP) CHfE L7= BALB/c ~ 7 ZADififz T, 5 FEO TR T 7 A /L A%
TuEFFTHHEROIEH 2R ATz, 741U A )V ADREIEEH(GP) % - 7=
FHHFENE D 20— R Z A TORIAPER 2 7 A )L Z (VSRS D RIS I 2 FR AR I
PURIEANA T Y R—~ER/ B2 A7 )V —=U T LIERER, 2 TOZRT Y
A VAR L TEmWHRRTEEZ R 3E /) 7 v —F LHR(6D6) 23 & b vz, Ik
(2. 6D6 f£{E FC. Zaire ebolavirus @ GP {1 % b OBty =2 — & 4 7
VSV 2T 5 2 LICk o T Ay =7 I a— X FEBIRL . GP DT X /i

BeAZ R i L7 A, 2 A —T I 2—Z 2 FOGPIZIX, & TOHOxTR
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T A INVAFEIZB W TEEIZRE STV S Internal fusion loop(IFL)D T 2/ fig
BLFINICER N R ONTZZ LD, ZOMHEBNTE h—7"Th o L HLE I N,
A RBAISEE 2 O CEDE(DIl) 7~V L7z VLP Ol ~DOW g « BUGAZ - JEfl

PURTEIE T L OFETA(E T Tl L7-A5 58, 6D6 137 A /L2 OHIFL(R B
RIS DIEEE ZHET L 2 B Lz, S 512, 6D6 Z{REmICH& G- L
~ U A% Zaire ebolavirus OBEFERYEGLIZ % L 100%23E5% L7z, F72. Sudan
ebolavirus &G S H 7=~ 7 2 2BV TH, 6D6 OF 5T L D IEEENEBD
Nz, ZhHDOFERIZE T 6D6 DFEEPEID TR T 7 A )L ZITHR L TEIR
HTHDHZ LR LT,

— T, TR T UAVAD GP X L THE S DR D—EIL, invitro
TUANADERZHEIRT H 2 & BH BTV D (FUR KA MR B 5
ADE), =R T 7 A L AJEIZ BT D Z OBARIL, GP 1Tk B HUAN Foy 2RI
lla(FcyRlla)& 5 \\M& Clq & Clg A EE N L THifln e U A VA &2 L8ET 5 2
LIZE-oTHIEEHZIEIND EBZXHNTNDN, ADE OFEA7R A J1 = X L3 H
el Ty, 2 TiE, FeyRlla %95 ADE 2% H L. FeyRlla T
WD 7 F e ADE & OEHEIZOWTREF Lz, £7. =R 7 U A VA
PR A (Qurkat FAR) 2 VN C L FeyRlla £ 7213 % OB IR 2 K e S E 7= B BAR
(FcyRHAACT) Z il F Bl S W 7o Mifu 2 /EH L. ADE (T L 2 B h R % b LTz,
Z DfER, FeyRlla OHIEPITEAY ADE ICEETHDH Z LVH Lz, WiZ,
FeyRlla Z fEH AYIC R EL L T\ % K562 filfZ2 VT FeyRIla Fiiio&fEs 7
VELEARI DR R A T~ ADE \Z KBRS 7 IV DR E kA d= & Z 5, Srcfamily
PTK R HIBHEAITH 5 PP2 23, AP @ Src family PTK © U U ek 2 BRE 3
52 LIZE > TADE 241 LT D 2 BIE I E T2 Z S I LT, &tk

(2, L SREAMEE 2 H T Dil 7L L7z Zaire ebolavirus @ VLP O #fifd~D %
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BN PR S ZORER, YRR E R Z SN TWH I EBRH L E R
-7z,

AFFETIE, BEROETHOTZRT 7 A VAR L TRETEEZ L
DITE ) 7o —F PR E IR TR L7z, S 612, 20 h—T%
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S>THEE 725 ADE O A ) = X L%t L. Srcfamily PTKs 41 L7 7 ) v
CERENEECTHL AR L, Zhbomiix, 4% EVD OB - if
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