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Preface

Filoviruses (viruses of the genera Marburgvirus and Ebolavirus in the family Filoviridae)
are enveloped, negative-stranded RNA viruses. These viruses are known to cause severe
hemorrhagic fever in humans and/or nonhuman primates with high mortality rate up to 90% and
over 1,900 people died in total. Since the first outbreak of Marburg virus (MARV) infection in
nonhuman primates in 1967, sporadic outbreaks of filovirus infection have been reported mainly
in central Africa (51). The severity, combined with the absence of treatment and vaccination
options licensed for human use, makes filoviruses biosafety level-4 agents and biothreat
pathogen of category A. While the transmission route of filoviruses to human and nonhuman
primates remains inconclusive, extensive epidemiological studies have implicated fruit bat
species as likely natural reservoir hosts of filoviruses (34, 45, 46, 61, 72). Indeed, MARVS were
isolated from apparently healthy cave-dwelling Egyptian fruit bats (Rousettus aegyptiacus) in
Uganda and recently suggested to circulate among these fruit bats (2, 63).

To date, there is one known species in the genus Marburgvirus, consisting of two distinct
viruses, Marburg virus and Ravn virus. On the other hand, five viruses (Ebola virus, Sudan virus,
Tai Forest virus, Bundibugyo virus, and Reston virus) are known within the genus Ebolavirus,
representing the distinct virus species, Zaire ebolavirus, Sudan ebolavirus, Tai Forest ebolavirus,
Bundibugyo ebolavirus, and Reston ebolavirus, respectively. Recently, a novel bat-derived
filovirus, named Lloviu virus, was found in Cueva del Lloviu, Spain, and tentatively classified
into the newly proposed genus Cuevavirus in the family Filoviridae (31, 42), but its
pathogenicity for humans and/or nonhuman primates remains to be elucidated.

Filovirus particle consists of at least seven structural proteins, including the only envelope

spike protein glycoprotein (GP). The GP precursor assembles as a trimer and is modified by



N-glycosylation in the endoplasmic reticulum. Trafficking of GP precursor to the Golgi
apparatus leads to the refinement of N-glycosylation and the addition of O-glycans to the region
described mucin-like region (MLR) that is highly divergent among filovirus GPs (8, 19).
Subsequently, GP precursor undergoes proteolytic cleavage via ubiquitous host convertase furin
and its family members in the trans-Golgi network, resulting in the production of two subunits,
GP1 and GP2, which are linked by a single disulfide bond (28, 64, 66). GP1 contains a putative
receptor-binding region, glycan cap containing N-glycans, and MLR that has a number of
potential N- and O-linked glycosylation sites (18, 32, 33). GP2 has a transmembrane domain,
cytoplasmic tail, and internal fusion loop (Fig. 1) (51). Following modification, GPs are
transported to and compartmentalized with the other viral proteins at the cholesterol- and
glycosphingolipids-rich microdomains designated as lipid raft (7). Despite extensive research,
the molecular basis for the pathogenicity of filovirus remains elusive. Various studies have
shown that while viral envelope GP is not the sole determinant of filovirus pathogenicity, it
contributes significantly to the filovirus virulence (23, 24, 39, 54, 58, 70).

GPs have been known to be involved not only in filovirus replication cycle such as entry
and budding, but in the activation of primary target cells as well (e.g., macrophages and
dendritic cells) (13, 37, 68, 71). Furthermore, it has been reported that GP expression on the cell
surface leads to loss of cell-cell interaction as well as cell rounding and detachment from the
culture dish (15, 59, 70). Though these phenomena can be observed in various types of cells, the
subsequent results of GP expression are different among cell types (54). While human cardiac
microvascular endothelial cells were reported to undergo anoikis and detachment-mediated
apoptosis upon GP expression (47), transient expression of GP did not cause death in human
embryonic kidney cells (54). GP-mediated downregulation of the host cell surface proteins such

as integrin B1 was proposed to be the molecular mechanism for morphological changes of host



57 149 227 651 672676

313 464 11 53
o [ o [T
f

Furin cleavage

Viral membrane

Fig. 1. Structure of Ebola virus (EBOV) envelope GP. Schematic diagram of EBOV GP is shown (A).
SP; signal peptide, RBR; putative receptor-binding region, GC; glycan cap, MLR; mucin-like region, IFL;
internal fusion loop, TM; transmembrane domain, CT; cytoplasmic tail. The crystal structure of trimeric
EBOV GP (PDB code 3CSY) is prepared by using PyMOL (DeLano Scientific LLC) (B). The predicted

position of MLR is shown in orange spheres. A hetero dimer composed of GP1 (yellow) and GP2 (Red) is

shown.



cells described above (54, 59). However, a recent study demonstrated that these host proteins
were indeed expressed but sterically masked by GP on the cell surface (21). It was proposed that
the MLR of GP, which is highly glycosylated and spatially occupies a very large region, formed
a steric shield over host proteins including integrin B1, major histocompatibility complex class 1
(MHC 1), and other immune molecules on the surface of GP-expressing cells. Then, it was
hypothesized that functional impairment of host molecules via steric shielding might be a
mechanism determining the severity of filovirus infection.

The present thesis consists of two chapters. In chapter I, | compared the efficiency of steric
shielding by GPs against MHC 1 and integrin B1 molecules among filoviruses and found that
shielding efficiency was correlated with the differential pathogenic potential of the filovirus
species or strains. It was also found that while MLR is indispensable for steric shielding, the
overall properties (e.g., stability and flexibility) of GP molecule, but not the primary structure of
MLR itself, was important for efficient shielding of host molecules. In chapter 11, to investigate
whether steric shielding indeed interferes with the function of host molecules on the cell surface,
| analyzed the Fas-mediated apoptosis in cells expressing GPs and found that filovirus GPs

formed a steric shield over Fas molecule and suppressed Fas-mediated apoptotic signal.



Chapter I
Differential potential for envelope glycoprotein-mediated steric shielding

of host cell surface proteins among filoviruses

Introduction

Among filoviruses, the differential pathogenicity in human has been reported (23, 36) . In
the genus Marburgvirus, the Angola strain caused the largest outbreak with the presumably
highest case fatality rate (90%) among MARVs (5, 6, 16, 22, 55). Ebola virus (EBOV)
representing the species, Zaire ebolavirus, is thought to be the most pathogenic among the five
known species in the genus Ebolavirus with case-fatality rates of up to 90%, whereas Reston
virus has never caused lethal infection in human to date. However, the molecular basis
explaining this differential pathogenicity of filoviruses remains elusive, although previous
studies suggested that GP may play important roles (23, 24, 39, 54, 58, 70).

It was reported that the ability of MLR in GP to mask MHC | and other molecules on the
cell surface, coupled with the inhibitory effect of MLR on cell-cell adhesion through the
molecules like integrin f1, may be a strategy for avoiding CD8 T cell-mediated killing of
EBOQV infected cells (21). Then, it should be noted that the sequence of amino acids in MLR is
highly divergent among species and strains of filoviruses. Therefore, the possibility is raised that
this phenomenon designated steric shielding may be involved in the pathogenicity of filoviruses
with the differential shielding efficiency among species and strains of filovirus.

In this study, to investigate the possibility that the steric shielding by GP can be a factor

determining the pathogenicity of filovirus, | compared the shielding efficiency against MHC |



and integrin 1 among species and strains of filoviruses having different pathogenicities. It was
found that shielding efficiency against integrin B1 was significantly correlated with the
differential pathogenic potential of filoviruses. In addition, I mapped a single amino acid

involved in the difference of shielding efficiency between MARYV strains.



Materials and Methods

Plasmids

For GP expression, complementary DNAs (cDNAs) encoding full-length GPs of strains
Mayinga-76 (Zaire), Reston-89 (Reston), Angola, and Musoke were used. By using the primers
containing the desired sequences and the class IIS restriction enzyme (BsmBl), the
MLR-deletion mutant (ZAmuc and AAmuc), chimeric GP constructs (ZZR, ZRR, RRZ, RZZ,
AAM, AMM, MMA, and MAA), and mutant GPs with a single substitution (A/H504Y,
AIG547V, AIA596T, A/R618K, M/Y504H, M/V547G, M/T596A, and M/K618R) were
generated as described previously (39). Wild-type and all mutant GPs were cloned into the
mammalian expression plasmid pCAGGS and then used for transfection. All cloned genes were

sequenced to ensure that no errors were introduced.

Transfection

Human embryonic kidney (HEK) 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum and
penicillin/streptomycin at 37°C with 5% CO,. HEK 293T cells were plated in 6-well plates one
day before transfection. Cells were transfected with 2 pg of plasmids by TransIT (Mirus)
according to the manufacturer’s directions. For analyses of the shielding effects of wild-type
Zaire, Reston, and their mutant GPs, cells were cotransfected with 2 pg of plasmids encoding
enhanced green fluorescent protein (eGFP) and GPs. For analyses of the shielding effects of
MARYV GPs, cells were transfected with plasmids encoding wild-type or mutant MARV GPs.
Forty hours posttransfection, cells were collected, washed once in fluorescence activated cell

sorter (FACS) buffer containing 0.5% fetal calf serum (FCS) and 0.05% sodium azide in



phosphate buffered saline (PBS), and used for flow cytometric analyses.

Monoclonal antibodies to GPs

A mouse monoclonal antibody (MAB) 42/3.7 (IgG1) that broadly binds to GP of all known
viruses within the genus Ebolavirus (39), ZGP662/1.1 (IgG2a), which recognizes amino acid
positions 171-190 (YRGTTFAEGVVAFLILPQAK) in GP1 of Zzaire GP (57), MARV
GP-specific mouse monoclonal antibody MGP14-22 (IgG1), which recognizes amino acid
positions 445-465 (FPFLDGLINAPIDFDPVPNTK) on GP2, and AAM16-2-13 (IgM) (29) were
generated according to a standard procedure reported previously (41, 60), and purified from
mouse ascites using protein A agarose columns (Bio-Rad). Purified MGP14-22 was labeled with

Alexa Fluor 488 using an Alexa Fluor 488 Protein Labeling Kit (Invitrogen).

Flow cytometry

For detection of integrin f1 and MHC I, allophycocyanin (APC)-conjugated anti-human
integrin B1 antibody MAB17-029 (eBioscience) and phycoerythrin-Cy5-conjugated anti-human
human leukocyte antigen (HLA)-ABC antibody (eBioscience) were used, respectively. Cells
were incubated on ice with these antibodies for 30 min. To detect integrin 1 on GP-expressing
cells, MAB1965 (Chemicon) was also used. Transfected cells were washed three times with
FACS buffer and then incubated on ice for 30 min with Alexa 647-labeled goat anti-mouse IgG
(Invitrogen). To gate Zaire and Reston GP-expressing cells, | first tried to stain the cells with
MAB ZGP42/3.7, which recognizes an epitope shared by Zaire and Reston GPs (39). However,
Zaire and Reston GPs were stained differently (i.e., the reactivity to Zaire GP was lower than
that to Reston GP), most likely due to self-shielding effects against the epitope on GP (21),

which might be different between Zaire and Reston GPs. Thus, HEK 293T cells were
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cotransfected with plasmids each expressing eGFP or GP (Zaire or Reston), and GP-expressing
cells were analyzed by gating the GFP-positive cells. To verify that eGFP-positive cells also
express GP, cells transfected with these plasmids in the same conditions were stained with
MABs (ZGP746/16.2 or ZGP42/3.7) (57), and | confirmed that at least 70% of cells expressing
eGFP also expressed GP. On the other hand, MARV (Angola and Musoke) GPs were similarly
stained on the cells by using MAB MGP14-22, and GP-positive cells were gated for the
detection of integrin 1 and MHC |, with the exception of staining of MARV GP-expressing
cells with MAB MAB1965. For these cells, GFP-positive cells were gated following
cotransfection with eGFP- and MARV GP-expressing plasmids. Following gating viable cells
by forward and side scatter, 7000 to 10000 eGFP-gated or 4000 to 7000 GP-gated events were
accumulated and analyzed for the detection of integrin B1 and MHC I with Becton Dickinson

FACS Canto and FlowJo software (Tree Star, Inc.).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting

Expression levels of wild-type and mutant GPs in transfected cells were verified by
SDS-PAGE and Western blotting (Fig. 2). Cells expressing GP were lysed with Laemmli sample
buffer (Bio-Rad) and the insoluble fraction was removed by centrifugation. Solubilized proteins
were separated by SDS-PAGE, and blotted on a polyvinylidene difluoride (PVDF) membrane
(Millipore). Non-specific binding to the membrane was blocked with 3% skim milk in PBS.
ZGP42/3.7, MGP14-22, ZGP662/1.1, AAM16-2-13, and an anti-B-actin antibody (AC-15;
Abcam) were used as primary antibodies. The bound antibodies were detected with
peroxidase-conjugated goat anti-mouse 1gG (H+L) (Jackson Immuno Research), or anti-mouse

IgM (Kirkegaard & Perry Laboratories) followed by visualization with Immobilon Western

11



chemiluminescent horseradish peroxidase (HRP) substrate (Millipore).

12



<«GP
w— ww e | B-actin W W | €= B-actin
B o 2 O
(S A LS
& &\’ 0 QQ’O 6\0 28
(kDa) AP AY ¢ (kDa) ¥ Y
150= -
l 150={ - «cp
100= +«GP 100 =

Ed— B-actin E" B-actin

R Ry
S @ ()
kDa) PSS F
150 =
«GP e |ecr
100 =
<= [-actin I S — I<— B-actin
D A A RO S
<
kba) YL Y P ¥ SN
150 =
100 L <«GP
I—-.—- ——————— I<— B-actin

Figure 2. Amounts of GPs expressed in HEK 293T cells. HEK 293T cells transfected with wild-type
(A) or mutant GPs (B, C, and D) were analyzed by SDS-PAGE under nonreducing conditions and
Western blotting. Wild-type Zaire, Reston GPs, and their chimeric mutants were detected with ZGP42/3.7
(A and C, left panels). For the detection of ZAmuc, ZGP622/1.1 that bound to ZAmuc more efficiently
than ZGP42/3.7 was used (B, left panel). Wild-type Angola and Musoke GPs, and their mutants were
detected with MGP14-22 or AAM16-2-13. Since AAmuc lacks the epitope of MGP14-22, another MAB
(AAM16-2-13) that bound to AAmuc was used (B, right panel).
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Results

Comparison of the shielding effects between viruses of the genus Ebolavirus.

It has been demonstrated that the MLR forms a steric shield over integrin B1 and MHC I on
the surface of GP-expressing cells (21). To compare this effect between viruses with differential
pathogenicity, HEK 293T cells were transiently transfected with plasmids expressing GP of a
strain Mayinga-76 (Zaire) or a strain Reston-89 (Reston) and analyzed by flow cytometry with
probing antibodies to integrin f1 (MAB17-029) and MHC | (Fig. 3). The steric shielding was
expected to be observed as decreased cell surface expression levels of these host proteins due to
the sterically hindered antibody access to the proteins. A prominent shielding effect for integrin
B1 was observed on Zaire GP-expressing cells compared with that of Reston GP (Fig. 3A, left
panel). On the other hand, MHC | was comparably shielded by Zaire and Reston GPs and this
molecule was almost undetectable on the cells expressing these GPs (Fig. 3B). | quantified the
expression levels of both host proteins by calculating the relative means of fluorescence
intensity (MFI) and confirmed the significantly different shielding effects between Zaire and
Reston GPs (Fig. 3C). It should be noted that integrin 1 was detected normally on the surface
of GP-expressing cells when cells were stained with another antibody (MAB1965) whose
epitope is likely different from that of MAB17-029 (Fig. 3A, right panel), confirming that the
reduced detection level of cell surface integrin B1 by MAB17-029 was not due to reduced
expression (i.e., down-regulation) of this molecule. Furthermore, 1 confirmed by Western
blotting that overall intracellular expression levels of these host proteins were not affected by

the expression of GPs (Fig. 3D).
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Fig. 3. Differential steric shielding efficiency between Zaire and Reston GPs. HEK 293T cells

transfected with pCAGGS expressing wild-type Zaire GP, Reston GP, or pCAGGS alone (Vector) were
stained for integrin 1 (MAB17-029 or MAB1965) (A) or MHC | (B) and analyzed by flow cytometry.

Data are representative of five independent experiments

. To quantify the shielding effects, the relative

means of fluorescence intensity (MFI) of detected host proteins was calculated according to the formula

[(MFI of GP expressing cells - MFI of unstained cell

unstained cells) x 100] (C). Bars represent the avera

s)/(MFI of vector transfected cells - MFI of

ges of MFI and standard deviations of five

independent experiments. Statistical significance was determined using Student’s t-test (*, P < 0.05).

Intracellular expression levels of integrin f1 and MHC I were examined by Western blotting (D).
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Comparison of the shielding effects between MARV strains.

To examine whether the shielding effect was similarly observed upon MARV GP expression,
| selected two strains, Angola and Musoke, which likely have differential pathogenicity for
humans and nonhuman primates (5, 6, 16, 22, 55). These MARV GPs also shielded integrin 1
and MHC | molecules on cell surfaces, suggesting that the steric shielding effect is a common
phenomenon in filovirus GP-expressing cells (Fig. 4A, B, and C). Consistent with the
expression of Zaire and Reston GPs, the MHC | molecule was more markedly shielded than
integrin B1. Interestingly, Angola GP showed more prominent shielding effects for both proteins
than Musoke GP. Similarly to Zaire and Reston GP-expressing cells, intracellular expression

levels of these host proteins were not affected by the expression of MARV GPs (Fig. 4D).

Role of the MLR structure in the steric shielding.

To ascertain whether the highly glycosylated MLR played an essential role for GP-mediated
shielding effects, MLR-deletion mutant GPs (ZAmuc and AAmuc) were constructed and
analyzed their shielding effects by comparing them with the respective wild-type GPs. As
expected, reduced shielding effects were observed on the cells expressing MLR-deletion GPs
(Fig. 5). I then focused on the role of the MLR in different shielding effects between filovirus
strains. Amino acid sequence comparison between Zaire and Reston GPs indicates that the
similarity of their MLRs is approximately 16%. Although there is a relatively high amino acid
similarity in MLRs between Angola and Musoke GPs (86%), the numbers of potential
O-glycosylation sites vary between these GPs (i.e., Angola GP has more potential
O-glycosylation sites than Musoke GP), suggesting that the steric shielding effect is potentially
dependent on the primary structure of the MLR. To address this hypothesis, | constructed

chimeric mutant GPs whose MLRs were swapped between viruses
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Fig. 4. Differential steric shielding efficiency between Angola and Musoke GPs. HEK 293T cells

transfected with pCAGGS expressing wild-type Angola GP or Musoke GP, or pCAGGS alone (Vector)
were stained for integrin 1 (MAB17-029 or MAB1965) (A) or MHC | (B) and analyzed by flow

cytometry. Data are representative of four independent experiments. MFI and statistical significance were

analyzed (C) as described in the legend of Fig. 3 (*, P < 0.05; **, P < 0.01). Intracellular expression levels

of integrin 1 and MHC I were examined by Western blotting (D).
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Fig. 5. Reduced steric shielding efficiency after the deletion of the MLR. The names of the mutant
GPs and relevant amino acid positions are shown in the schematic (A and B, upper). HEK 293T cells
transfected with pCAGGS expressing wild-type Zaire GP, Angola GP, ZAmuc, AAmuc, or pCAGGS
alone (Vector) were stained for integrin 1 (MAB17-029) or MHC | and analyzed by flow cytometry (A
and B, lower). Data are representative of 4 or more independent experiments. MFI (C and D) and

statistical significance were analyzed as described in the legends of Figs. 3 and 4.

18



(ZRZ, RZR, AMA, and MAM) (Fig. 6A and B) and analyzed their shielding effects together
with wild-type GPs (Fig. 6C to F). As compared with wild-type Zaire GP, slightly decreased and
comparable effects for integrin f1 and MHC I, respectively, were observed on cells expressing
ZRZ. Unexpectedly, only small shielding effects on integrin f1 and MHC I was observed on
cells expressing RZR. Similarly, swapping of the MLR of MARV GPs (AMA and MAM) did
not reverse the phenotype. Taken together, these results indicated that the MLR was required for
efficient steric shielding, but its primary structure was not essential for the differential effects

between Zaire and Reston or Angola and Musoke GPs.

Identification of the GP region required for efficient steric shielding.

To further investigate which region of GP was involved in the efficiency of steric shielding,
chimeric mutants between Zaire and Reston GPs (ZZR, ZRR, RRZ, and RZZ) or Angola and
Musoke GPs (AAM, AMM, MMA, and MAA) were constructed (Fig. 7A and B). Then the
efficiency of steric shielding caused by these mutant GPs was compared with the condition in
wild-type GPs (Fig. 7C to F). While ZZR showed a shielding effect on integrin B1 as strong as
that of wild-type Zaire GP, the other chimeric mutants between Zaire and Reston GPs showed
comparable or lesser shielding effects compared to wild-type Reston GP. MHC | was almost
undetectable on cells expressing these chimeric mutant GPs (ZZR, ZRR, RRZ, and RZZ) as was
the case with wild-type Zaire and Reston GPs. On the other hand, all chimeric mutant MARV
GPs with the GP2C region (39) derived from Angola GP (i.e., AMA, MAA, and MMA) had
shielding effects on both proteins that were as efficient as wild-type Angola GP, indicating that

the MARV GP2C region played a critical role in the optimal steric shielding effect.
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Fig. 7. Importance of the GP2 region of MARV GP for efficient steric shielding. Names of th_e_mutant
GPs and relevant amino acid positions are shown in the schematic (A and B). HEK 293T cells transfected
with wild-type GPs or chimeric mutant GPs, or pPCAGGS alone (Vector) were stained for integrin 1
(MAB17-029) or MHC and analyzed by flow cytometry (C and D). Data are representative of 4 or more
independent experiments. MFIs (E and F) were analyzed as described in the legends of Figs. 3 and 4.

Statistical significance were analyzed for integrin $1 (*, P < 0.05; **, P < 0.01).
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Importance of the amino acid residue at position 547 for the efficient steric shielding by
MARYV GP.

Since the difference between MARV GPs was more prominent in the shielding effect, albeit
with a much smaller amino acid sequence difference than between Zaire and Reston GPs, | then
sought to identify the amino acid residues responsible for the differential ability to produce
steric shielding between Angola and Musoke GPs. There are four different amino acids in the
GP2C region between Angola and Musoke GPs. Eight mutant GPs containing a single-amino
acid substitution: four Angola-based mutant GPs (A/H504Y, A/G547V, A/A596T, and
A/R618K) and four Musoke-based mutant GPs (M/Y504H, M/V547G, M/T596A, and
M/K618R) were constructed (Fig. 8A and B). The shielding effects of these mutant GPs were
compared (Fig. 8C to F). All Angola-based mutant GPs showed shielding effects comparable to
that of wild-type Angola GP. Similarly, amino acid substitutions at positions 504, 596, and 618
in Musoke-based mutant GP (M/Y504H, M/T596A, and M/K618R, respectively) did not affect
their steric shielding abilities. Interestingly, however, the substitution at position 547 of Musoke
GP (M/V547G) resulted in an enhanced shielding effect comparable to that of wild-type Angola

GP.
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Fig. 8. Importance of the amino acid at position 547 for the shielding efficiency of MARV GP.
Names of the mutant GPs and relevant amino acid positions are shown in the schematic (A and B). HEK
293T cells transfected with pCAGGS expressing wild-type Angola GP, Musoke GP, Angola-based mutant
GPs (A/H504Y, A/G547V, A/A596T, and A/R618K), or Musoke-based mutant GPs (M/Y504H,
M/V547G, M/T596A, or M/K618R), or pCAGGS alone (Vector) were stained for integrin (1
(MAB17-029) or MHC | and analyzed by flow cytometry (C and D). Data are representative of 4 or more

independent experiments. MFIs (E and F) were analyzed as described in the legends of Figs. 3 and 4.

Statistical significance were analyzed for integrin p1 (*, P < 0.05; **, P < 0.01).

23



Discussion

Many viruses have developed strategies to evade host immunity. One of the
well-documented mechanisms is interference with the expression of host proteins involved in
immune reactions. For example, adenovirus E19 protein prevents MHC | transport to the plasma
membrane (3). Cell surface MHC | molecules are internalized upon expression of some viral
proteins such as human immunodeficiency virus Nef and Kaposi's sarcoma-associated
herpesvirus/human herpesvirus-8 K3/K5 proteins (11, 27), which might result in reduced
contact with cytotoxic T lymphocytes. Similarly, it was recently shown that interaction between
MHC | and T-cell receptors was blocked upon EBOV GP expression (21). Furthermore,
morphological changes (i.e., cell rounding, detachment from the culture dish) induced by
dysfunction of cellular adhesion proteins (e.g., integrins) are observed in GP-expressing cells
(15, 54, 59, 70). These morphological changes are consistently observed in cells expressing GPs
of viruses within all known filovirus species (unpublished data) and indeed also in
EBOV-infected cells (1). These phenomena caused by EBOV GP expression are likely due to a
distinctive mechanism called “steric shielding” that was recently proposed (21). The present
study further indicated that this GP function was common in filoviruses, including MARV.

It is well documented that the MLR of EBOV GP plays a critical role in the morphological
changes of GP-expressing cells, likely caused by steric shielding effects (20, 54, 56, 59, 70). It
was also reported that the MLR and sugar chains on the GP molecule were important for epitope
shielding, suggesting that the MLR plays a crucial role in the steric shielding effect (21, 49).
Since amino acid sequences of the MLR vary among filoviruses, | initially assumed that the
difference in the steric shielding effects observed among filoviruses was due, at least in part, to

the difference of amino acid sequences and glycan structures in the MLR of GPs. However,
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contrary to my expectation, the shielding effect was not simply dependent on the primary
structure of MLR itself. My data obtained with chimeric mutant GPs suggested the importance
of the overall properties (e.g., glycosylation pattern, flexibility, and/or stability) of the GP
molecule for the efficiency of steric shielding for host proteins.

In MARV GP, | found that the amino acid residue at position 547 in GP2 was important for
the efficiency of the steric shielding. Since the glycine at 547 is presumed to form a stable of§
strand included in the internal fusion loop that wraps around the outside of the GP trimer, it may
affect the flexibility of GP and/or the efficiency of conformational change as discussed
previously (25, 39). Interestingly, GP mutants, AAM and A/G547V, also showed shielding
effects comparable to that of wild-type Angola GP despite their amino acid at the position of
547 being derived from Musoke, suggesting another important factor(s) for the higher shielding
capacity of Angola GP. It has been shown that EBOV GP1 has a glycan cap containing
N-glycans in the GP1 head subdomain (33). Since this domain is fully exposed on the upper and
outer surfaces of GP1, it could also be assumed that these conformations, as well as the GP2
region, contribute significantly to the high shielding efficiency. If Angola GP also has a domain
with a similar function, it might compensate for the negatively affecting substitutions in these
mutant GPs (i.e., AAM and A/G547V). Structural information on MARV GP may be needed to
fully understand the determinants for the differential shielding efficiency between MARVS.

As shown in Figs. 3 and 4, GPs of all filoviruses tested masked MHC | more efficiently than
integrin B1. Although epitopes of probing antibodies might be one of the primary factors as
shown by the differential recognition of integrin B1 between MAB17-029 and MAB1965, the
efficiency of steric shielding was presumed to also be affected by the molecular size of the host
protein. Indeed, MHC I consisting of two polypeptide chains, a and p2-microglobulin (45 and

12 kDa, respectively), is much smaller than integrin f1 (130 kDa). To investigate this
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hypothesis, | tested another adhesion molecule, CD151 (29 kDa). However, all tested GPs
showed only moderate shielding effects for CD151, despite this molecule having smaller
molecular weight than MHC | (data not shown), suggesting that other factors might be involved
in the efficiency of steric shielding. Since EBOV and MARV GPs might be compartmentalized
in the lipid raft during viral assembly and budding (7), host proteins colocalized with GP in the
lipid raft are expected to be masked predominantly. Accordingly, MHC 1 is expressed in the
lipid raft in some cell lines (e.g., uveal melanoma and malignant variant of DAC) (9, 67). On
the other hand, tetraspanins including CD151 form microdomains known as
tetraspanin-enriched microdomains, which are different from the lipid raft (12). These reports
may support my hypothesis that the GP-mediated shielding efficiency is dependent on not only
molecular size but also the localization of host proteins.

Previously, it was shown that the expression levels of GP were tightly controlled in infected
cells and cytotoxic effects occurred late in infection (1, 65). Moderate expression levels of GP
did not affect the surface expression of MHC I and integrin B1 (1). Thus, it might be possible
that GP-mediated steric shielding may be only observed when GP is expressed at high density
on the cell surface. In addition, a recent report suggests that GP is not the sole determinant for
the different pathogenicity between Zaire and Reston viruses and other viral proteins also play a
significant role (24). Further studies with reverse genetics approaches using infectious
recombinant viruses should be needed to clarify the importance of the steric shielding effect in
the pathogenesis in infected animals.

In this study, | demonstrated the differential capacity to form steric shielding among
filovirus GPs, which might be correlated with their different pathogenicities. It should be noted
that Zaire and Reston GPs showed differential efficiency in cell rounding of macrophages (54)

which are major target cells whose infection might be directly involved in the pathogenesis of
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filovirus infection (17, 23, 53). If GP-mediated steric shielding plays important roles in the
evasion of host immune responses initiated by the various signaling factors mounting correct
host responses (e.g., Fas, CD80, and CD86), it may be one of the critical determinants for the
pathogenesis of filovirus infection. Thus, it is necessary to clarify the importance of the
shielding effect on those signaling factors on immune cells such as macrophages and dendritic

cells.
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Summary

The viral envelope GP is thought to play important roles in the pathogenesis of filovirus
infection. It is known that GP expressed on the cell surface forms a steric shield over host
proteins such as major histocompatibility complex class I and integrin B1, which may result in
the disorder of cell-to-cell contacts and/or inhibition of the immune response. However, it is not
clarified whether this phenomenon contributes to the pathogenicity of filoviruses. In this study, |
found that the steric shielding efficiency differed among filovirus strains and was correlated
with the difference in their relative pathogenicities. While the highly glycosylated MLR of GP
was indispensable, the differential shielding efficiency did not necessarily depend on the
primary structure of the MLR, suggesting the importance of the overall properties (e.g.,

flexibility and stability) of the GP molecule for efficient shielding of host proteins.
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Chapter 11
Suppression of Fas-mediated apoptosis via steric shielding

by filovirus glycoproteins

Introduction

It was proposed that the MLR of GP, which spatially occupies a very large region, might
abrogate cell adhesion and/or prevent the interaction between lymphocytes and infected cells by
forming a steric shield over host proteins such as integrin 1 and MHC | on the surfaces of
GP-expressing cells (21). In chapter I, | further reported that the shielding effect was not only
observed for EBOV GP but also GPs of other ebolaviruses in different species and MARVSs, and
that the steric shielding efficiency was correlated with the difference in their relative
pathogenicities, suggesting that better shielding effects may possibly be related to higher
pathogenicities of particular filovirus strains (43).

In general, apoptotic death of virus-infected cells is an important host defense mechanism to
limit viral spread. Apoptosis via the extrinsic pathway is induced by members of the tumor
necrosis factor (TNF) family such as Fas ligand (FasL) and TNF-related apoptosis-inducing
ligand (TRAIL). FasL, a type Il membrane protein, is dominantly expressed on activated T cells
and natural killer cells, whereas Fas, a type | membrane protein and a receptor of FasL, is
expressed on the surface in diverse cell population (35, 40, 52). The binding of
apoptosis-inducing ligands to their receptors results in signal transduction in cells and the
formation of the death-inducing signaling complex followed by the activation of caspases that

ultimately induce cell death (62). Following induction of apoptosis, morphologic features such
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as cell shrinkage, nuclear fragmentation, and apoptotic body formation are observed (26).

To counteract the induction of apoptosis, some viruses have evolved multiple mechanisms
that interfere with the death signal in infected cells (10). Although upregulation of TRAIL and
Fas molecules associated with EBOV infection of humans and experimentally infected animals
has been reported (4, 44, 48, 50, 69), it was shown that EBOV did not naturally induce
apoptosis in infected cells in vitro. However, no suppressive effect on the TRAIL-induced
apoptotic signal has been observed in EBOV-infected cells (44).

In this study, the impact of steric shielding against Fas-mediated signaling, which is one of
the major extrinsic pathways for the induction of apoptosis, was investigated. | found that
filovirus GPs formed a steric shield over Fas molecule on the cell surface and that
GP-expressing cells showed resistance to Fas-induced cell death, suggesting that interference
with apoptotic signal transduction may serve as an evasion mechanism of host defense by

filoviruses.
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Materials and Methods

Plasmids

For expression of EBOV and MARV GPs, cDNAs encoding full-length GPs of strains
Mayinga-76 (Zaire) and Angola (Angola), respectively, were used. Coding regions of the Lloviu
virus GP were synthesized in pBS Il SK vector based on the nucleotide sequence of the Lloviu
GP (38). Vesicular stomatitis virus (VSV) G protein was used as a negative control. After
digestion by restriction enzymes, each gene was cloned into the mammalian expression vector

PCAGGS.

Transfection

HelLa cells were maintained in DMEM supplemented with 10% fetal bovine serum at 37°C
with 5% CO,. The cells were transfected with plasmids using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s directions. Six hours posttransfection, the culture
medium was changed to fresh DMEM supplemented with 10% fetal bovine serum. The cells

were collected and washed once with FACS buffer, and used for flow cytometric analyses.

Monoclonal antibodies to GPs

Mouse MABs were generated according to a standard procedure reported previously (41,
60). Zaire GP-specific MAB ZGP746/16.2 (IgG2a), which recognizes amino acid positions
391-410 (TPVYKLDISEATQVEQHHRR) in GP1 (57), MARV GP-specific MAB MGP14-22
(1gG1), Lloviu GP-specific MAB LGP14-2 (IgGl), and a VSV G protein-specific MAB
[VSV-G(N)1-9] (41) were purified from mouse ascites using protein A agarose columns

(Bio-Rad). Purified ZGP746/16.2, MGP14-22, and LGP14-2 were labeled with Alexa Fluor 488
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using an Alexa Fluor 488 Protein Labeling Kit (Invitrogen) for the analysis of shielding effects

against Fas (CD95).

Induction of apoptosis and flow cytometry

To detect cell surface Fas molecules on GP-expressing cells, HeLa cells transfected with
GP-expressing plasmids or pCAGGS alone (vector) were stained with an APC-conjugated
anti-human Fas antibody (DX2; eBioscience) and Alexa Fluor 488-labeled MABs ZGP746/16.2,
MGP14-22, or LGP14/2. Following forward and side scatter gating, more than 7000 cells were
accumulated and analyzed for the detection of Fas and GP with a Becton Dickinson FACS
Canto flow cytometer and FlowJo software (Tree Star, Inc.). To analyze the Fas-induced
apoptotic signal and cell death, HeLa cells transfected with GP-expressing plasmids or the
vector alone were incubated for 36 hours and treated with 100 ng/ml of an agonistic MAB
anti-Fas/Apo-1 (IgM) (CH-11; Medical & Biological Laboratories) or isotype control MAB
APH159-1-3 (IgM) that recognizes influenza virus hemagglutinin, and then processed for
apoptotic cell detection according to the manufacturer’s instructions. To detect activated
caspases, cells harvested after 3-hour incubation with CH-11 or APH159-1-3 were stained with
each GP-specific MAB and Alexa 647-labeled goat anti-mouse IgG (Invitrogen), resuspended in
fluorochrome inhibitor of caspases (FLICA) (ImmunoChemistry Technologies), which
irreversibly binds to caspases 1, 3, 4, 5, 6, 7, 8, and 9, incubated for 1 hour at 37°C in a 5% CO2
atmosphere, and stained with propidium iodide (PI). To monitor cell viability, cells cultured in
the presence of CH-11 or APH159-1-3 were collected at 6 and 12 hours and stained with GP- or
VSV G-specific MABs and Alexa 647-labeled goat anti-mouse 1gG (Invitrogen) and PI.
Following forward and side scatter gating, more than 7000-gated events (GP-, or VSV

G-positive) were accumulated and analyzed for the detection of FLICA and/or PI by flow
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cytometry. Cells transfected with the vector alone were not gated for GP.

SDS-PAGE and Western blotting

Cells were lysed with Laemmli sample buffer (Bio-Rad) and 1% NP-40 under reducing
conditions, and then the insoluble fraction was removed by centrifugation. Solubilized proteins
were separated by SDS-PAGE and blotted on a PVDF membrane (Millipore). Non-specific
binding to the membrane was blocked with 3% skim milk in PBS. An anti-CD95 antibody
(EPR5700; Abcam) and an anti B-actin antibody (AC-15; Abcam) were used as primary
antibodies. The bound antibodies were detected with peroxidase-conjugated goat anti-rabbit 1gG
(H+L) (Kirkegaard & Perry Laboratories) or anti-mouse IgG (Jackson ImmunoResearch)
followed by visualization with Immobilon Western chemiluminescent HRP substrate

(Millipore).
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Results and discussion

In general, it is thought that a death signal through Fas-FasL interaction on the cell surface is
involved in the elimination of virus-infected cells (30), providing an important defense
mechanism against viral infections. It has been demonstrated that filovirus GPs expressed on the
cell surface form a steric shield over host proteins and disrupt their interaction with extracellular
matrices and immune cells (21, 43, 49). Thus, | first investigated whether filovirus GPs showed
the steric shielding effect against cell surface Fas molecules. HeLa cells were transiently
transfected with plasmids expressing Zaire, Angola, or Lloviu GPs and analyzed by flow
cytometry with probing antibodies to Fas (Fig. 9). The steric shielding effect was expected to be
observed as decreased detection of the Fas molecule on the cell surface due to the sterically
hindered antibody access to the relevant host proteins (21, 49). | found that a prominent
shielding effect for the cell surface Fas molecule was commonly observed on Zaire, Angola, and
Lloviu GP-expressing cells (Fig. 9A). Overall intracellular protein expression levels of Fas were
not affected by the expression of these GPs (Fig. 9B). These results suggested that Fas
molecules on GP-expressing cells might be masked by the steric shielding effect. This striking
shielding effect is likely due to the relatively small molecular size of Fas (approximately 45
kDa) and its localization to lipid rafts together with GP (7, 14).

To investigate whether GP-mediated steric shielding functionally blocks subsequent
apoptotic signaling through Fas-FasL interaction, HelLa cells transfected with GP-expressing
plasmids or the vector alone were treated with a Fas agonistic MAB (CH-11) or control MAB

(APH159-1-3). After 3-hour incubation with the MABsS, cells were stained with cell-permeable
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Fig. 9. Intensive steric shielding effects against Fas on filovirus GP-expressing cells. HelLa cells
transfected with pCAGGS expressing Zaire GP, Angola GP, Lloviu GP, or pCAGGS alone (Vector) were
stained with an anti-Fas antibody and analyzed by flow cytometry (A). Intracellular expression levels of

Fas were examined by Western blotting (B). Data are representative of three independent experiments.
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FLICA and PI to observe caspase induction and cell viability, respectively (Fig. 10). In control
(vector-transfected) cells, 75.1% of cells treated with APH159-1-3 were viable, but only 6.0%
of the CH-11-treated cells were viable. Instead, the numbers of late and early apoptotic
CH-11-treated cells were remarkably elevated (from 9.9 to 50.4% and from 9.49 to 36.4%,
respectively), indicating that the CH-11 treatment intensively induced apoptosis in the control
cells. Interestingly, however, the induction of apoptosis was clearly attenuated in Zaire
GP-expressing cells treated with CH-11, as indicated by limited increases of the numbers of
early and late apoptotic cells and limited decreases of viable cells compared to those of cells
treated with APH159-1-3. Similarly, a reduction in apoptotic signals and limited decrease of
viability were observed in CH-11-treated cells expressing the other filovirus GPs tested. These
results suggested that the death signal triggered via Fas/FasL interaction on the cell surface was
hindered by steric shielding effects caused by filovirus GPs on the cell surface.

Upon incubation with CH-11, viabilities of VSV G-expressing and vector-transfected cells
were drastically decreased at 6 and 12 hours, and more than 80% of the cells died during the
incubation period. In contrast, more than 60% of the cells expressing filovirus GPs survived
even after 12-hour incubation (Fig. 11A). Cell rounding and detachment, most likely due to the
disrupted function of adhesion molecules (e.g., integrins) by GP-mediated steric shielding, were
observed in filovirus GP-expressing cells but not in VSV G-transfected or vector-transfected
cells (Fig. 11B, left panels). Consistent with the reduced viability of VSV G- and
vector-transfected cells, intensive cell death characterized by progressive cell shrinkage through
apoptosis was observed in these cells (Fig. 11B, right panels). In contrast, such morphological
changes were only slightly observed in GP-expressing cells (i.e., rounded cells) and apoptotic
death was exclusively observed in GP-untransfected cells in the same well (Fig. 11B, right

panels). These results indicated that GP-expressing cells were more resistant to cell death
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Fig. 10. Reduced Fas-mediated apoptosis in filovirus GP-expressing cells. HeLa cells transfected with
pCAGGS expressing Zaire GP, Angola GP, Lloviu GP, or pCAGGS alone (Vector) were incubated with
APH159-1-3 or CH-11 for 3 hours, stained with FLICA and PI, and analyzed by flow cytometry. Live
cells were assumed to be neither FLICA nor PI positive (FLICA-/PI-). Early apoptotic cells are stained
with FLICA but unstained with Pl (FLICA+/PI-). Late apoptotic/secondary necrotic cells are positive for
both FLICA and PI (FLICA+/P1+). Data are representative of three independent experiments.
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Fig. 11. Increased viability of filovirus-expressing cells after Fas stimulation. HelLa cells transfected
with pCAGGS expressing Zaire GP, Angola GP, Lloviu GP, VSV G, or pCAGGS alone (Vector) were
incubated in the presence of APH159-1-3 or CH-11, collected at 6 and 12 hours, and stained with PlI.
Pl-negative cells were counted by flow cytometry (A). The relative viabilities of cells transfected with
each plasmid were calculated according to the following formula [(number of viable cells transfected with
each plasmid after treatment with CH-11)/(number of viable cells transfected with each plasmid after
treatment with APH159-1-3) x 100]. Experiments were performed three times, and averages and standard
deviations are shown. Statistical significance was analyzed by Student’s t-test for comparison to cells
transfected with the vector alone (*P < 0.05, **P < 0.01). Morphological changes of HelLa cells

transfected with each plasmid were observed after 12-hour incubation with APH159-1-3 or CH-11 (B).
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induced by Fas-mediated apoptosis than VSV G- or vector-transfected cells.

In this study, | found a reduction in apoptotic signals and higher viability in filovirus
GP-expressing cells, suggesting that the steric shielding effect against the Fas molecule might
protect filovirus GP-expressing cells from the Fas-mediated apoptotic signal. It is noteworthy
that the GP of Lloviu virus, which has not been biologically characterized since no infectious
virus has been isolated, also had the potential to suppress Fas-mediated apoptosis, like other
filoviruses that cause lethal diseases in humans and nonhuman primates. Moreover, it was
confirmed that integrin B1 and MHC I were also masked by the Lloviu virus GP (unpublished
data). These observations may provide useful information concerning the pathogenic potential
of Lloviu virus. This study suggests that the ability to interfere with functions of host cell
surface proteins is likely a common property among the GPs of all filoviruses thus far known.
On the other hand, it was shown previously that the expression levels of EBOV GP were tightly
controlled in infected cells, with cytotoxic effects occurring late in infection (1, 65), and that
moderate levels of GP expression might not affect the detection of MHC I and integrin 1 on the
cell surface (1). Thus, I cannot exclude the possibility that GP-mediated steric shielding of the
Fas molecule may only be observed when GP is expressed with high density on the cell surface.

Although further investigations using infectious filoviruses are needed to clarify the
importance of the steric shielding effect in the pathogenesis in infected animals, this study
suggests that GP-mediated steric shielding may play important roles in immune evasion from
host responses initiated by various signaling factors, including Fas-mediated apoptosis.
Interestingly, selective apoptosis induced by a dsRNA-dependent caspase recruiter strongly
inhibited virus replication, suggesting that apoptosis might be capable of playing an important
role in overcoming filovirus infection (44). Thus, modulation of the signaling machinery

including the Fas/FasL interaction may therefore be a useful strategy for the development of
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antiviral therapeutics.
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Summary

Apoptotic death of virus-infected cells is generally thought to be a defense mechanism to
limit the spread of infectious virions by eliminating virus-producing cells in host animals. On
the other hand, several viruses have been shown to have anti-apoptotic mechanisms to facilitate
efficient viral replication and transmission. In this study, | found that the filovirus GP expressed
on cell surfaces formed a steric shield over the Fas molecule and that GP-expressing cells
showed resistance to cell death induced by a Fas agonistic antibody. These results suggest that
filovirus GP-mediated steric shielding may interfere with the Fas-induced apoptotic signal

transduction in infected cells and serve as an immune evasion mechanism for filoviruses.
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Conclusions

Filovirus infection causes severe hemorrhagic fever in human and nonhuman primates.
Despite extensive research, the molecular basis for the pathogenicity of filoviruses remains
elusive. Previous studies showed that the viral envelope GP is involved in the pathogenicity of
filoviruses. Recently, a novel GP function designated steric shielding, by which cell surface
molecules are sterically shielded and functionally impaired on the surface of GP-expressing
cells, has been reported. In this study, | investigated the possible contribution of GP-mediated
steric shielding to the pathogenicity of filoviruses and the impact of the steric shielding against
Fas-mediated apoptosis.

In chapter I, | found that the steric shielding efficiency differed among filovirus strains and
the difference was correlated with their relative pathogenicities. While the GP MLR that is
known to be the functional domain for the steric shielding was indispensable, the difference of
shielding efficiency among filovirus GPs did not depend on the primary structure of the MLR.
In addition, | mapped the GP regions responsible for the different shielding effects observed
among the MARYV strains tested and found that the amino acid residue at position 547 in GP2
was important for the efficiency of the steric shielding.

In chapter II, 1 found that the Fas molecule was prominently shielded on the surface of
GP-expressing cells, resulting in the suppression of Fas-mediated apoptotic signaling and the
increase of viability in GP-expressing cells. This apoptosis suppressive effect via steric
shielding by GPs was observed in all tested filoviruses, representative of each genus of the
family Filoviridae, suggesting that GPs of all filoviruses thus far known may have a common
ability of the steric shielding to interfere with host proteins.

The present study suggests that the steric shielding by GPs may play important roles in
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impairing the functions of cellular molecules and be involved in the pathogenicity of filoviruses.
Hence, information on the impact of the steric shielding effect against cell surface molecules
important for host-cell homeostasis and/or antiviral activity may be helpful in developing

antiviral therapeutics.
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mXEE

TRTTA LA (EBOV) BLOS—ALT AT T A LA (MARV) 137 4 07 A LA
FHZE L, B FEBLRREBICEERHMAZSI S E T, b2V Ik T Mokt
T 2IRIEMERE I > TB Y JHRMEEZ RS RN T A )V ARFET 5 — 5T 90%H DE
BHRERT TANAGCFET DERHMOLNTND, LOLAERL, 742U ALAD
JRIRMEFBLA 77 = X DO WTIE AR AN L L AR TH - IREIEITML S
TWRW, 748 A NVADTZrXu—7fEAE (GP) XV A VAR FRENIZEH L
TWAHH—DIREHRE TH D, GP IXEEDORH MBS DEELR 7 2 — U Y BLW
ZOHEPERLICE>T GP1 BLXW GP2 » —»o¥ 7=y MIRHEESND, £/
EBOV GP TiX GP1IZ, MARV GP TIX GPL B XN GP2 IZE 72235 K 91T, MBIk
FHIN % 52 1 ZE I IR I K & 7o Bl & &5 D 5 mucin-like region (MLR) B FEET 5, iT
B, 74U A VA GP REMIEOREEREIZIH VT, MLR 2% major histocompatibility
complex class | (MHC 1) 3 X WNintegrin B1 731 & SCARBIZFE Y, U 27 EROTEME(LOH
faDBAEEM 2 ET 2815 CLARRERZIR) NlRE Sz, AFETIE. & Mot
LIREIENR R L ZEZ BN TND 7 1 1y A L AFEE X ORI T GP D SLIRHIERS)
R L, ABRROWRFEMHEA~DOEELZBF Lz, 612, Fas 3 Fa2 T 27 R h—
O AGHEL T F T D LRI G2 D 5B A AT LT,

—E T, B MO LU THEERRERRDEZZONTVD T s v U A L AFEE D
FEFITC. MHC | 35 X W integrin Bl 43 F12xF9 % GP OifikzhF 4 e L7, F£7-.
DR R TG T DB ERFET D72, RO Bie 2 E 72 1T T MLR,
GP1 3 X U GP2 filik & AV % 72 22 B4R GP Z AR L | MifE F K129 L fich == %
el U7z, ZORER, SITICHW =2 TO 7 v A LA GP I XiifE ER 2% LTAr

IREOIERh R 3 2 E My dvo T, Z DR integrin Bl & L L T MHC | 23 F-i2%f L
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TRV IR 72 STARBDERCGD R BIEL Sz, F72. MHC | 431125k L CUIoE & ORI o
EFEEOENNTIZ L AL R DN o72, 24T MHC | 5704 787 integrin Bl
DR U CIHEFITNSWERERDO—DTHD LB X LIz, —J, integrin p1
IZxf L CiE, EBOV BD 5 B, B MIREMEEZRI 2N EZ X LTV S Reston &
Db, FRIEMES R bEVE SRS Zaire FED GP O 3 E W IR R 2R L, £z,
MARV (2B W T b [AERIZ, WRATREOBICE N K b &) > 72 Angola 1 GP ™ J7 7 Musoke
B GP X0 b lifE ER 115t LR BN N2 E R h o7z, GP IC X HillEfish &
T4 B UANVADIFFEMEE O THEN A LN Z LMD | SEERERIRIZ 7 1Y
ANV ADIFFEMEFEBLA I = X LD—> & L THARE L TV D ATEEMED /RIZ S 4172, MLR
13 GP DNARIEHAI R 2 R L TERERFER TH L L EZ DN TE Y, FEEIZ MLR
R GP TILERN R OB EE RS N BIEE STz, L, BBRENC LT, e
DEE72 DFEFE T2 IFHEH THUWNZ MLR 2 ANEZ 2% A 7 GP 123\ TITERGN = O
BRI SN ot TD—J5 T, MARVGP O GP2 %7 == v NITF(ET 5 547 &
Ho7 X /% Angola £k & Musoke #k TEH#L L7228 54K GP (23 T, integrin 1 (25}
T2 WERAN RO MR BIEE S iz, LEDOFRER LY . MLR 1% GP 23g £57F & LR
(ZHEfET 2 ETHREATH D03, £ ORIEIL Y A /L AFE K UK O BERNZR D E NI
L TWARNWI ENSD o7, MARV GP IZBWT, I RE £ 5 547 FHDOT
I BRIE. 3 EIKETEAT D GP DIMAIZTE S K 9 ITAF/ET S internal fusion loop Z 1A%
T57IBO—~D2THD, #o T, GP OMEMINFILMLR DA TIEARL, GP 14
ROREELZEMEC L > TRAMICIRESND LB X bk,
W2 B TR Fas DT a2 NT D7 R h—3 22 7 F Ik D SEARR MRS 5 0> B 228
ZfRHT L7, Zaire flids I OY Angola #£ GP ZEBMAZIZ I\ T Fas 43 129 2 30K
EREREBBEZ SN, S HIZ, GP BBMIICIHWTT A b— v ZFHEMOHT Fas 1

FRPIC LD TR b= A T FABRETT D 2 L yinole, —&IZ EeREO]
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HEERE D —2 & U CBYSIIRIC T R =V 2 FE L, VA LV ADYEEEFIFI L T 5D
EEZLNTND, RBFEDHRND, 74 10 A N ARSI 1 GP & JEH
L. Fas 70 7 Z N ARWICIERE T 2 FCTHF 2 7 /0% 7 —Mla-OMIEFNE T U o SEkEE
(ZRDT R P —= AFENGENEE L TWD RS RIS Nz, EHI2, EFEavE]
DO ST EBOV AT 2 7 A LA TH S Lloviu virus @ GP FEELHIAEIZ BT 1
[FIERIC Fas 73 7129 2 eI R BlEE S vz, 16> T GP I & 2 SRR
RITT 4 v U A NGRS BT 28R TH D LB R BN,

ABFFEIZ KV | GP ITARIRSR 12 3\ TIRFIPRIZ 3072 2 8 TR 112 L TR
R RETR L, ZNOOWREREAHET HETT 1 0 U A LV ADRFEMEIZEE LT D Al

REMEDSRIZ S AU7-, RRYLBA IR 35 L OSAR o 1B PRI B A0 2 18 IR 112kt~ 2 0
TRIERN R OFEM R IRITIC K > T IV A VAR O T2 O EHERMANHE LN D
boLHfFEND,
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