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A Mutation in the Ebola Virus Envelope Glycoprotein Restricts Viral
Entry in a Host Species- and Cell-Type-Specific Manner
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Zaire Ebola virus (EBOV) is a zoonotic pathogen that causes severe hemorrhagic fever in humans. A single viral glycoprotein
(GP) mediates viral attachment and entry. Here, virus-like particle (VLP)-based entry assays demonstrate that a GP mutant, GP-
F88A, which is defective for entry into a variety of human cell types, including antigen-presenting cells (APCs), such as macro-
phages and dendritic cells, can mediate viral entry into mouse CD11b* APCs. Like that of wild-type GP (GP-wt), GP-F88A-medi-
ated entry occurs via a macropinocytosis-related pathway and requires endosomal cysteine proteases and an intact fusion
peptide. Several additional hydrophobic residues lie in close proximity to GP-F88, including L111, 1113, L122, and F225. GP mu-
tants in which these residues are mutated to alanine displayed preferential and often impaired entry into several cell types, al-
though not in a species-specific manner. Niemann-Pick C1 (NPC1) protein is an essential filovirus receptor that binds directly to
GP. Overexpression of NPC1 was recently demonstrated to rescue GP-F88A-mediated entry. A quantitative enzyme-linked im-
munosorbent assay (ELISA) demonstrated that while the F88A mutation impairs GP binding to human NPC1 by 10-fold, it has
little impact on GP binding to mouse NPC1. Interestingly, not all mouse macrophage cell lines permit GP-F88A entry. The IC-21

cell line was permissive, whereas RAW 264.7 cells were not. Quantitative reverse transcription (RT)-PCR assays demonstrate
higher NPC1 levels in GP-F88A permissive IC-21 cells and mouse peritoneal macrophages than in RAW 264.7 cells. Cumula-
tively, these studies suggest an important role for NPC1 in the differential entry of GP-F88A into mouse versus human APCs.

Zaire Ebola virus (EBOV) is an emerging zoonotic pathogen
that causes hemorrhagic fever in humans. Fatality rates in
some human outbreaks have approached 90% (reviewed in refer-
ence 1). Because of its lethality, the lack of FDA-approved thera-
peutics, and its potential use as a bioweapon, EBOV is classified as
a category A pathogen (2) and is studied under biosafety level 4
containment.

Although wild-type EBOV is highly lethal in nonhuman pri-
mate models of infection, it is not lethal in experimentally infected
mice or guinea pigs (3, 4). Instead, lethal EBOV infection requires
either adaptation of the virus to these species or infection of ani-
mals with defects in their antiviral immune responses (3, 5-7).
Even after mouse adaptation, EBOV virulence depends upon the
route of administration, as intraperitoneal inoculation results in
lethal infection, whereas several other routes are not lethal (3).
Understanding the molecular basis for host- and tissue-specific
restrictions to disease may suggest novel therapeutic strategies. It
may also suggest strategies to engineer recombinant EBOVs that
are replication competent but attenuated in humans; such viruses
could serve as useful scientific tools while posing reduced risk to
researchers.

One potential determinant of EBOV tissue tropism and host
cell range is viral entry, which is mediated by the EBOV attach-
ment and fusion surface glycoprotein (GP) (8). GP is a type I
transmembrane protein cleaved by furin proteases into GP1 and
GP2 subunits (9-12). The N-terminal region of GP1 (residues 57
to 149) has been defined as a receptor-binding domain (RBD)
(13-16), while GP2 contains the hydrophobic fusion peptide and
heptad repeats that mediate membrane fusion (17-19). The bulky
C-terminal mucin-like domain in GP1 is extensively modified
with O-linked glycans and is not required for viral entry (13, 20).
Several potential host cell surface molecules have been shown to
enhance EBOV entry into target cells and may serve as attachment
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receptors, although no single essential cell surface attachment re-
ceptor has been identified (21-27). Following attachment to host
cells, EBOV particles undergo endocytosis (8), likely through
macropinocytosis, although additional endocytic pathways have
been implicated (28-34). The internalized virus localizes to acid-
ified endosomes containing the activated cysteine proteases cathe-
psins L (Cat L) and B (Cat B) (13, 30, 35). These enzymes cleave
GP, removing the mucin-like domain and other C-terminal GP1
sequences, generating a primed species competent for entry (13,
16, 30, 35, 36). Niemann-Pick C1 (NPC1), a protein involved in
cholesterol transport and storage, serves as an essential intracellu-
lar entry receptor (37, 38). Processing of GP by endosomal cys-
teine proteases uncovers the RBD within the N-terminal region of
EBOV GP1, allowing GP to directly bind NPC1, and this interac-
tion requires the C domain of NPCI (39, 40). For completion of
the entry process, additional downstream events are also required
(13, 15, 16, 30, 40), including fusion of viral and cellular mem-
branes, in which a hydrophobic fusion loop located at residues 524
to 539 within GP2 plays a crucial role (17).

In this study, we surveyed mouse peritoneal cells (PECs) to
identify cell types permissive for EBOV entry in an effort to better
understand why intraperitoneal inoculation of mouse-adapted
EBOV results in lethal infection (3). Using 3-lactamase-tagged
EBOV virus-like particles (VLPs) (41, 42), we identified CD11b™
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myeloid cells, a population that includes macrophages, as permis-
sive. Strikingly, EBOV VLPs bearing an F88A mutant GP (GP-
F88A), previously described as unable to mediate entry into
SNB-19 (43), HeLa (31), Vero (30, 41), and 293T (43) cells and
human dendritic cells (DCs) (41), could enter mouse peritoneal
macrophages and bone-marrow-derived dendritic-cell antigen-
presenting cells (APCs) using a pathway similar to that used by
wild-type GP (GP-wt) to enter human cells. Mutating other hy-
drophobic residues, which lie in close proximity to F88, also im-
paired entry, but not in a mouse APC-specific manner. Because
NPC1 is essential for EBOV entry and overexpression of NPC1
rescues GP entry mutants with reduced NPC1 binding (40), we
tested whether mouse or human NPC1 domain C bound to GP-wt
and GP-F88A differentially. We confirmed that GP-F88A bound
poorly to the human NPC1 domain C relative to GP-wt, whereas
GP-F88A and GP-wt exhibit more modest differences in binding
to mouse NPC1 domain C. By surveying entry into different
mouse cell lines, we further correlate permissiveness for GP-F88A
with high levels of NPC1 expression. Altogether, the data provide
evidence that genetic changes in EBOV GP can modulate the virus
host cell range and that this reflects both the relative affinity of GP
for NPC1 and NPCI1 expression levels.

MATERIALS AND METHODS

Cell lines, plasmids, and antibodies. 293T human embryonic kidney
cells; the human hepatoma cell line Huh7; HeLa cells; the guinea pig
colonic adenocarcinoma cell line GPc16; and Vero 76, Vero E6, and
mouse NTH 3T3 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf
serum (Invitrogen), 2 mM L-glutamine (Invitrogen), 100 units/ml of pen-
icillin, 100 pg/ml streptomycin at 37°C in 7% CO,. The mouse macro-
phage cell lines RAW 264.7, H36.12a (ATCC CRL-2445), J774, and IC-21
(ATCC TIB-186) were grown in RPMI supplemented with 10% fetal calf
serum (Invitrogen), 2 mM r-glutamine (Invitrogen), 100 units/ml of pen-
icillin, 100 pg/ml streptomycin at 37°C in 7% CO,. The anti-3-lactamase
antibody AB3738 was purchased from Chemicon International. EBOV
GP was detected using 9c11 (44), a mouse monoclonal anti-EBOV (a-
EBOV) mucin domain antibody, or a rabbit polyclonal antibody targeted
to the N terminus of EBOV GP (41).

Virus-like particle production. To produce VLPs, 293T cells were
cotransfected with two expression plasmids using Lipofectamine 2000
(Invitrogen). The plasmids were pCAGGS -lactamase-VP40 and a
pcDNA plasmid expressing wild-type Zaire EBOV strain Mayinga GP
(GP-wt), GP-derived mutants, or vesicular stomatitis virus (VSV) glyco-
protein (VSV G). Specifically, VLPs were produced by transfecting a total
of 18 g of expression plasmids into 107 293T cells in 10-cm plates using
Lipofectamine 2000 (Invitrogen) at a 3:4 ratio of DNA to Lipofectamine,
as recommended by the manufacturer. The B-lactamase VP40 (lacVP40)
expression plasmid was transfected on its own (18 jg) or in combination
(12 pg) with plasmids expressing GP-wt or VSV G (6 g). Seventy-two
hours posttransfection, cells and cellular debris were pelleted away from
the harvested VLP-containing supernatant by gentle centrifugation at
175 X g. Then, VLPs were centrifuged through a sucrose cushion at 25,000
rpm in an SW-28 rotor for 2 h at 4°C and washed in ice-cold NTE buffer
(10 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA) by centrifuging at
25,000 rpm for two more hours at 4°C. The resulting pellet was resus-
pended in 50 to 100 wl of NTE buffer by tapping gently 100 times. VLPs
were left on ice until they were used.

Total 3-lactamase activity. The 3-lactamase activity of purified VLPs
was measured using a fluorogenic substrate (Lytic Blazer; Invitrogen,
Carlsbad, CA) as recommended by the manufacturer.

VLP entry assays. VLP entry assays were performed as outlined in a
previous study (41). Briefly, VLP preparations were normalized based on
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B-lactamase activity. The B-lactamase equivalents of different VLP prep-
arations were used in each entry assay. VLPs were “spinoculated” onto
target cells at 2,000 rpm for 45 min at 4°C before incubation at 37°Cin 1%
RPMI for 3.5 h. CCF2AM (Invitrogen) substrate was then loaded onto
cells for 1 h at room temperature. The entry of VLPs into cells was assayed
by flow cytometry. On average, 5,000 cells were sorted per sample for
entry assays using cell lines, and on average, approximately 50,000 cells
were sorted per sample for entry assays using ex vivo peritoneal cells. The
cells were first gated for viability using side scatter (SSC) and forward
scatter (FSC) properties, where viable cells are gated for relative low SSC
values and relative high FSC values. A violet laser from an LSR II (BD
Bioscience) was used to excite the CCF2AM substrate, and cells were
assayed for green and blue fluorescence. The cells were further gated for
viability using retention of CCF2AM substrate fluorescence. Those cells
fluorescing blue relative to the control (for example, the no-VLP control)
were scored positive for entry. One advantage of the B-lactamase entry
system is that scoring entry is dependent on cytosolic penetration without
the need for further downstream events required by other pseudotype-
based systems. Of note, although the amounts of each VLP were normal-
ized with respect to total B-lactamase activity, the actual number of par-
ticles used in each assay was unknown. The error bars in the entry assay
histograms represent the standard deviation of the mean of the replicates
for that experiment.

VLP binding assays. Equivalent amounts of VLPs were “spinocu-
lated” onto plated human DCs. The VLP-bound cells were then incubated
for 1 h at 4°C, washed with ice-cold phosphate-buffered saline, and then
analyzed for total B-lactamase activity.

Western blots. 3-Lactamase equivalents of purified VLPs were sepa-
rated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF)
membranes (Roche), blocked in 2% nonfat milk in Tris-buffered saline
(TBS) (50 mM Tris, pH 7.5, 100 mM NaCl) for 1 h, probed overnight with
appropriate antibodies diluted in 1% nonfat milk in TBS, washed 3 times
in TBS-T (TBS plus 0.05% Tween 20) for 5 min/wash, probed with sec-
ondary antibody for 1 h, and washed a final 3 times. The Western blots
were developed using a Western Lightning ECL kit (Perkin-Elmer, Bos-
ton, MA) and Kodak BioMax film (Kodak, Rochester, NY). The relative
band density was determined using Image] image-processing software
(NIH).

Isolation and culture of human dendritic cells and macrophages.
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll den-
sity gradient centrifugation (Histopaque; Sigma-Aldrich, St. Louis, MO)
from buffy coats of healthy human donors (New York Blood Center).
CD14™ cells were purified using anti-human CD14 antibody-labeled
magnetic beads and iron-based Midimacs LS columns (Miltenyi Biotec,
Auburn, CA). After elution from the columns, the cells were plated (0.7 X
10°to 1 X 10° cells/ml) in DC medium (RPMI [Invitrogen, Carlsbad, CA]
supplemented with 100 units/ml of penicillin, 100 pg/ml streptomycin, 55
wM B-mercaptoethanol) supplemented with 4% human serum AB
(GemCell; Gemini Bio-Products, West Sacramento, CA). Immature DCs
were differentiated with 500 U/ml human granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF) (Peprotech, Rocky Hill, NJ) and 500
U/ml human interleukin-4 (IL-4) (Peprotech) and incubated for 5 to 7
days at 37°C. By day 5, immature DCs expressed surface CD11c and
HLA-DR (major histocompatibility complex class II [MHC-II]), but low
tono CD14. Macrophages were differentiated with M-CSF (Peprotech) or
GM-CSF without IL-4 for at least 7 days.

Preparation of mouse peritoneal cells and bone marrow antigen-
presenting cells. Peritoneal cells were harvested from sacrificed C57/BL6
mice. To harvest macrophages (approximately 5% to 15% of the normal
peritoneal cell compartment), naive mice were used. Normally, the mouse
peritoneum contains few if any granulocytes. To harvest greater numbers
of peritoneal macrophages, mice were induced for approximately 4 days
with intraperitoneally inoculated 3% thioglycolate solution. To harvest
granulocytes and macrophages, the mice were induced overnight or for 24
h with intraperitoneally inoculated 3% thioglycolate solution. Specifi-
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cally, to harvest PECs, 2 ml of Hanks’ balanced salt solution was intro-
duced through a small abdominal incision into the peritoneum of the
mouse, the abdomen was massaged, and the solution containing the PECs
was harvested. The PECs were either used immediately or incubated over-
nightin DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen), 2 mM L-glutamine (Invitrogen), 100
units/ml of penicillin, 100 pg/ml streptomycin, with incubation at 37°Cin
7% CO,. EBOV GP-mediated entry efficiency was not affected when PECs
were used 1-day postharvesting rather than the same day.

C57/BL6 mouse bone marrow cells were harvested and strained
through a 70-uM cell strainer (BD Bioscence) and washed. Specific
CD11b™ or CD34™ cells were isolated using beads and columns with
products and protocols suggested by the manufacturer (Miltenyi Bio-
tech); otherwise, total bone marrow cells were differentiated. Specific or
total cells were resuspended in DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 10% FBS (Invitrogen), 2 mM r-glutamine (Invitrogen),
100 units/ml of penicillin, 100 pg/ml streptomycin and incubated at 37°C
in 7% CO,. To differentiate bone marrow cells, the medium was supple-
mented with GM-CSF or M-CSF (20 ng/ml) and replenished every 3 days
with 10 ng/ml.

Flow cytometry. Flow cytometry was performed using an LSR II flow
cytometer equipped with a violet laser (BD Bioscience). The data were
analyzed using Flo Jo software (Tree Star, Ashland, OR).

DC treatments. Day 5 to 7 human DCs were plated in 24-well dishes
(0.4 X 10° cells/well) in DC medium supplemented with 1% dimethyl
sulfoxide (DMSQO) and 2% human serum AB (GemCell) and either mock
treated or pretreated with decreasing concentrations of the indicated in-
hibitor for 2 h prior to infection.

Viral particles containing GP, . VSV particles containing cleaved GP
(GP;) were generated as described previously (36). Briefly, VSV-GP-
EBOV particles were incubated with thermolysin (200 pg/ml) for 1 h at
37°C. The protease was inactivated by addition of phosphoramidon (1
mM), and the reaction mixtures were used immediately.

GP-NPC1 binding ELISA. GP-NPCI1 enzyme-linked immunosorbent
assays (ELISAs) were performed essentially as described previously (40).
Briefly, high-binding ELISA plates (Corning) were coated with the GP-
specific monoclonal antibody KZ52 (2 pg/ml in phosphate-buffered sa-
line [PBS]) and then blocked with PBS containing 3% bovine serum al-
bumin (PBSA). In vitro-cleaved particles of VSV expressing EBOV GP-wt
or GP-F88A that had been solubilized in PBSA buffer were added to the
blocked plates, and GP capture was allowed to proceed for 1 h at 37°C.
After washing to remove unbound GP, serial dilutions of purified, Flag-
tagged mouse or human NPCI soluble domain C (0 to 1 pg/well) was
added to the wells. After incubation at 37°C for 1 h, the plates were exten-
sively washed, and bound Flag-tagged proteins were detected with an
anti-Flag antibody-horseradish peroxidase conjugate and Ultra-TMB
substrate (Thermo). After background subtraction and data normaliza-
tion, binding curves were fitted to a logistic equation (Graphpad Prism) to
derive the 50% effective concentration (ECs,), the NPC1 domain C con-
centration at which half-maximal binding to GP is obtained. The GP
concentrations of different viral preparations were pretitrated for the GP-
NPC1 binding assay in a separate GP ELISA, as described previously (40).

Production of VSV pseudotypes and measurement of viral infectiv-
ity. VSV pseudotypes bearing filovirus glycoproteins (VSV-GP) were gen-
erated as described previously (36, 45). Infectivities of VSV pseudotypes
were measured by manual counting of enhanced green fluorescent pro-
tein (EGFP)-positive cells using fluorescence microscopy at 16 to 24 h
postinfection. Briefly, cell monolayers in 48-well plates were exposed to
serial 10-fold dilutions of viral inoculum, and infected cells were enumer-
ated at a viral dilution that yielded 50 to 100 EGFP-positive cells. Cell
counts were corrected for viral dilution to generate infectious titers
(infectious units [IU]/ml).

Quantitative reverse transcription (QRT)-PCR. qRT-PCR gene am-
plification was performed using the iQ SYBR green Supermix (Bio-Rad)
according to the manufacturer’s instructions. The PCR temperature pro-
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file was 95°C for 10 min, followed by 40 cycles of 95°C for 10 s and 60°C for
60 s. All the reactions were performed in triplicate, and standard-error
bars are indicated on the graphs. A no-reverse-transcriptase control was
used to show that the NPC1 expression levels detected were not due to
contaminating DNA. CXF Manager software (Bio-Rad) was used to ana-
lyze the relative mRNA expression levels by the change in threshold cycle
(AC;) method using the B-actin gene to normalize the results. To deter-
mine NPC1 mRNA levels in murine cells, murine-specific forward (TCT
GAATGCGGTCTCCTTG) and reverse (TATGGCTGCAGAACTCC
ACA) primers were used.

RESULTS

Primary mouse, but not human, APCs are permissive for GP-
F88A-mediated entry. For the experiments described below,
EBOV VLPs were generated by expressing an EBOV VP40 matrix
protein fused at its N terminus to 3-lactamase, which can function
as a reporter for VLP entry (41, 42, 47). This VP40 fusion was
coexpressed with either wild-type or mutant EBOV GP or control
VSV G, resulting in the incorporation of the glycoproteins, either
of which can mediate entry, into the VLPs (41). To assay for suc-
cessful entry, target cells were first loaded with a membrane-per-
meable B-lactamase substrate (CCF2AM; Invitrogen), which is
cleaved by cytoplasmic esterase to become membrane imperme-
able. Successful VLP entry results in the delivery of B-lactamase
into the cytoplasm, where it cleaves the CCF2AM substrate. Once
cleaved by B-lactamase, the substrate fluoresces blue, whereas the
uncleaved form fluoresces green (41, 42, 47, 48). Equivalent
amounts of VLPs, as determined by assaying the total B-lactamase
activity of purified VLP preparations, were used to infect human
monocyte-derived DCs or mouse PECs (Fig. 1). After 3.5 h, hu-
man DCs infected with GP-wt VLPs were positive for cytoplasmic
B-lactamase activity (blue fluorescing). In contrast, GP-F88A
VLPs were unable to enter human DCs, consistent with previous
reports that the mutant is defective for EBOV entry (Fig. 1A) (43,
49). Furthermore, entry assays using human DCs derived from
monocytes isolated from different donors consistently (experi-
ments were repeated 6 times) resulted in significant entry by
GP-wt (entry into as many as 90% of all cells), while entry by
GP-F88A never rose above 10% (Fig. 1 and data not shown; see
Fig. 4 and 5C and D). In addition, prestimulation of the cells with
Toll-like receptor 2 (TLR2) and -4 agonists, which is expected to
increase antigen uptake, also failed to enhance entry into the hu-
man DCs (data not shown).

Strikingly, a subpopulation of mouse PECs could be infected
by VLPs possessing either GP-wt or GP-F88A, a mutant previ-
ously demonstrated to be entry defective in a number of cell types
(Fig. 1B). This experiment was repeated with similar results over
10 times. Entry by GP-wt and GP-F88A VLPs was inhibited by the
pancysteine protease inhibitor E64d (Fig. 1B), indicating that en-
try into the mouse cells by both GPs is cysteine protease depen-
dent, as previously described for EBOV GP-mediated entry into a
variety of cells (13, 16, 20, 30, 35, 36, 41, 43, 49, 50). In contrast,
and as expected, VLPs possessing VSV G entered PECs efficiently
in a cysteine protease-independent manner, demonstrating the
specificity of the inhibitor in this entry assay (Fig. 1B).

PECs consist of a mixed population of mostly B lymphocytes, T
lymphocytes, and macrophages. In the analysis of Fig. 1B, after
gating on live peritoneal macrophages and lymphocytes (14,390
cells), cells were analyzed for entry using GP-F88A VLPs (no treat-
ment), and the percentage of cells that were entry positive was
shown to be 2.81% (404 cells out of 14,390 total cells). To deter-
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FIG 1 GP-F88A is permissive for entry into mouse peritoneal cells, but not human dendritic cells. Equivalent amounts of VLPs, as determined by assaying the
total B-lactamase activity of purified VLP preparations possessing wt GP [GP (wt)], GP-F88A [GP (F88A)], or VSV G were used to infect human monocyte-
derived DCs (A) or mouse PECs (B). Mock-infected cells (No VLPs) served as a control. +E64D indicates infections performed in the presence of the
pancathepsin inhibitor e64d. The gates indicate entry-positive cells; the percentage of entry-positive cells is indicated by the number in the lower left of each panel.
Entry assays demonstrating the GP-F88A entry defect in human DCs were repeated with similar results in 6 independent experiments. Entry assays demonstrat-
ing GP-F88A-mediated entry into PECs were repeated 10 times with similar results. No Tx, no transfection.

mine what cell types within the PEC population were infected by
GP-wt and GP-F88A VLPs, an entry assay was performed, and
cells were gated by using flow cytometer FSC and SSC parameters,
crude measures of size and granularity, respectively. Entry-posi-
tive cells were relatively large (data not shown), suggesting that
they were macrophages and not lymphocytes. The experiment was
repeated, but PECs were stained with representative stains for T
lymphocytes (anti-CD3) and myeloid cells, including macro-
phages (anti-CD11b) (Fig. 2A). Gating on the B-lactamase-posi-
tive cells demonstrated that both GP-wt and GP-F88A VLPs in-
fected CD11b™* PECs (Fig. 2A), but not CD3™ T lymphocytes
(data not shown), consistent with previous reports that lympho-
cytes, including T lymphocytes, are resistant to EBOV infection
(51, 52). The CD11b" PECs also stained positive for the macro-
phage/monocyte marker F4/80" (data not shown) and are there-
fore likely to be macrophages. Peritoneal macrophages (PEMs)
are professional phagocytes, well known for their ability to ingest
a multitude of antigens. To address the possibility that the VLP
entry into PEMs occurs by a nonspecific, surface glycoprotein-
independent mechanism, infection by VLPs lacking a surface viral
glycoprotein was compared with infection by the VSV G, GP-wt,
and GP-F88A VLPs (Fig. 2B). We also tested whether another
mouse APC, bone marrow-derived dendritic cells (BM-DCs), was
entered by any of these VLPs. Entry was shown to be dependent on
the presence of a viral glycoprotein, as purified 3-lactamase equiv-
alents of VLPs made by expressing B-lactamase-VP40 in the ab-
sence of a viral glycoprotein did not enter any cell tested (Fig. 2B).
Further, mouse PEMs, as well as BM-DCs, were entered by VSV G,
GP-wt, and GP-F88A VLPs.

Although, all infected PECs were CD11b™* (PEMs) (Fig. 2A),
not all PEMs were infected in these experiments (Fig. 1 and 2A).
To determine the relative efficiency with which GP-wt versus GP-
F88A VLPs infect PEMs and whether all PEMs are permissive for
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EBOV entry, increasing concentrations of GP-wt and GP-F88A
VLPs were used to infect PEMs. The entry of GP-wt was more
efficient; for example, 50% PEM infection required approximately
3 times more B-lactamase equivalents of GP-F88A VLPs than
GP-wt VLPs (not shown and Fig. 2C). Despite this difference,
increasing PEM infection occurred with increasing concentra-
tions of either GP-wt or GP-F88A VLPs, and each preparation
plateaued with approximately 90% of cells infected (Fig. 2C).
These data demonstrate that the large majority of PEMs are per-
missive for both GP-wt- and GP-F88A-mediated entry. In con-
trast, although increasing amounts of the GP-wt VLPs led to in-
creasing infection of Vero cells, plateauing at 60%, no entry into
Vero cells was detected at any of the tested concentrations of GP-
F88A VLPs (Fig. 2D).

Identification of hydrophobic residues in proximity to F88
required for efficient entry into mouse and human APCs. The
structure of EBOV GP shows that residue 88 of Zaire EBOV GP is
partly exposed at the surface of the GP and is adjacent to hydro-
phobic amino acid residues L111, 1113, L122, and F225, the last of
which is predicted not to be present in the protease-cleaved GP
(GP() (Fig. 3) (53). We asked whether mutating the other resi-
dues to alanine would reveal entry phenotypes similar to that of
GP-F88A in human cells, murine cells, or other cell types poten-
tially relevant to EBOV infection. Equivalent amounts, based on
B-lactamase activity, of GP-wt, GP-F88A, GP-L111A, GP-1113A,
GP-L122A, and GP-F225A VLPs were generated and used in entry
assays. GP-F159A VLPs were also generated, because residue 159
does not localize near F88 and because the F159A mutation has
previously been demonstrated to abrogate entry into a variety of
cell types (43, 49, 54). VLP entry assays were performed on human
DCs; human macrophages; the human cell lines HeLa, HEK293T,
and Huh7, each of which is permissive for EBOV infection (27, 29,
31, 41, 55, 56); the nonhuman primate Vero cell line; primary
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FIG 2 GP-wt and GP-F88A mediate entry into mouse antigen-presenting cells. (A) To determine what cell types within the PEC population were infected by
GP-wt and GP-F88A VLPs, peritoneal cells were stained with anti-CD3 and anti-CD11b antibodies. Gating on the -lactamase-positive cells determined that
both wt GP and GP-F88A VLPs infected CD11b™" cells. (B) Equivalent amounts, based on B-lactamase activity, of VLPs containing no viral attachment
glycoprotein (lacVP40), VSV-G (lacVP40 plus VSV-G), wild-type GP (lacVP40 plus GP), or GP-F88A (lacVP40 plus GP-F88A) were used to infect mouse PEMs
and mouse BM-DCs. The y axis indicates relative entry into cells. (C and D) Increasing concentrations of GP-wt (GP) and GP-F88A (88) VLPs were used to infect
PEMs (C) and Vero 76 cells (D). For these comparisons, VLPs were adjusted to equal infectivity, based on entry assays performed on PEMs. Since entry by GP-wt
VLPs was more efficient than that by GP-F88A VLPs, ~3-fold more 3-lactamase units of GP-F88A VLPs than GP-wt VLPs were used in order to start the titration.
Each point in panels C and D represents a single entry assay. The experiments shown in panels C and D were repeated with similar results.

murine DCs; and the guinea pig cell line GPc16. Shown in Fig. 4A
are the levels of entry by VLPs prepared with different GP mu-
tants, presented as a percentage of entry by GP-wt for that partic-
ular cell type. Accompanying Fig. 4 is Table 1, which provides
entry data for GP-wt and GP-F88A entry into the cell types shown
in Fig. 4. In Table 1, the average percent entry into each cell type is

FIG 3 Location of GP residue F88. (A) The EBOV GP trimeric ectodomain
lacking the GP mucin domain, with the monomers colored white, red, and
yellow. The membrane-proximal portion of GP is at the bottom. The N-ter-
minal region of the ectodomain (colored blue) is thought to play a role in
receptor binding. (B) Residue 88 of Zaire EBOV GP is partly exposed at the
surface of the GP (residue F88 is shown in orange in panel A) and is located
near several other hydrophobic residues, including L111,1113,L122, and F225.
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provided, along with GP-F88A/GP-wt entry ratios. GP-F88A dis-
played reduced entry, relative to GP-wt, into mouse BM-DCs,
consistent with our prior data. GP-F88A also entered the guinea
pig GPcl16 cells, albeit inefficiently. Weak GP-L111A entry was
seen in murine DCs, human DCs, and Vero cells, while no entry
was noted in other cells. Yields of GP-I113A VLPs were consis-
tently low, making it difficult to isolate amounts sufficient to test
all cells for entry (data not shown). Of the cells tested, GP-1113A
VLPs could modestly infect human and mouse DCs and ineffi-
ciently entered HeLa and Huh7 cells. GP-L122A VLPs infected
mouse DCs, as well as Vero and GPc16 cells, with modest effi-
ciency. It is notable that this mutant, despite infecting Vero cells,
displayed no significant entry into the human cells tested. As ex-
pected, the GP-F159A mutant failed to enter any of the cell types
(43, 49, 54). In contrast to the other mutants, GP-F225A VLP
entry was as efficient as wild-type GP or, in the case of GPc16 and
Vero cells, more efficient than wild-type GP entry. These data
demonstrate a critical role for all of the F88-proximal residues,
with the exception of F225, in EBOV entry. The data also demon-
strate that individual mutants exhibit different efficiencies of entry
into different cell types. However, only the F88A mutant exhibits a
tropism for murine APCs.

The level of incorporation of each mutated GP within each
VLP preparation was compared to that of GP-wt. Western blots
for each of the purified VLP preparations were probed with anti-
B-lactamase and anti-GP antibodies. Shown in Fig. 4B are the
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FIG 4 Impacts of mutations to hydrophobic residues near F88 on entry into different cell types. (A) Equivalent amounts, based on B-lactamase activity, of
GP-wt, GP-F88A, GP-L111A, GP-1113A, GP-L122A, GP-F159A, and GP-F225A VLPs were generated and tested in entry assays. As a negative control, GP-F159A
VLPs were also generated. VLP-mediated infection was performed on human DCs (hDCs); human macrophages (hMacs); the human cell lines HeLa, HEK293T,
and Huh7, each of which is infectible with Zaire EBOV; the nonhuman primate Vero cell line; primary murine bone marrow-derived DCs (mDCs); and the
guinea pig cell line GPc16. The y axis indicates the entry for each VLP as a percentage of the entry of GP-wt for that particular cell type. GP-I113A VLP entry into
293T, Vero, and GPc16 cells was not tested. (B) Western blots of each purified VLP used in panel A were developed with anti-B-lactamase and anti-GP antibodies,
demonstrating the relative levels of lacVP40 and GP in each VLP preparation. (C) Relative binding of each VLP preparation to human DCs. The error bars

indicate standard deviations of the mean.

relative levels of lacVP40 and GP in the preparations of lacVP40
plus GP, lacVP40 plus GP-F88A, lacVP40 plus GP-L111A,
lacVP40 plus GP-1113A, lacVP40 plus GPL122A, lacVP40 plus
GP-F159A, and lacVP40 plus GP-F225A VLPs. Only modest dif-
ferences in the levels of GP-F88A, GP-L111A, GP-1113A, and GP-
L122A incorporation into lacVP40 VLPs, compared to GP-wt,
were noted. However, there was a significantly lower level of GP-
F159A and GP-F225A than of GP-wt incorporated into the
lacVP40 VLPs.

To determine whether the F88-proximal mutants exhibit al-
tered binding to the surfaces of human DCs, VLPs were added to
DCs at 4°C and washed; binding was then assessed by quantifying
cell-associated 3-lactamase activity. As shown in Fig. 4C, with the
sole exception of GP-F159A, human DCs demonstrated similar
levels of binding to each of the different VLPs, suggesting that
defects in entry for these mutants are not due to loss of cell surface
binding activity.

GP-F88A entry into mouse APCs occurs via macropinocyto-
sis and requires an intact fusion peptide. The cathepsin depen-

TABLE 1 Efficiency of GP-wt and GP-F88A entry into cells shown in
Fig. 4A

% Cell entry

Relative entry
Cell type GP-wt GP-F88A (GP-F88A/GP-wt)
Murine DCs 24.15 9 0.37
Human DCs 66.85 0.879 0.01
Human macrophages 43.9 0.758 0.02
HUH7 52.15 0.625 0.01
HeLa 27.55 0.393 0.01
293T 47.6 0.879 0.02
VeroE6 55.95 2.605 0.05
GPcl6 44.7 7.16 0.16
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dence of GP-F88A entry into mouse APCs is consistent with its use
of the canonical filoviral entry pathway. To examine another as-
pect of the entry pathway, the sensitivity of entry by GP-wt and
GP-F88A into PEMs to EIPA [5-(N-ethyl-N-isopropyl)], an
amiloride inhibitor of the Na*/H" exchanger that blocks mac-
ropinocytosis (57) and inhibits filovirus entry (29, 33), was as-
sessed. As demonstrated in Fig. 5A, both GP-wt and GP-F88A
VLPs were sensitive to EIPA. Inhibition was seen at concentra-
tions at which VSV G-dependent entry, which does not require
macropinocytosis, was intact. Only at higher concentrations of
EIPA was VSV G-mediated entry inhibited, suggesting nonspe-
cific effects of the compound. These data are consistent with a
model in which both GP-wt and GP-F88A enter PEMs via mac-
ropinocytosis.

We next checked whether mutation of putative fusion peptide
residue F535, a mutation that was previously shown to block GP-
mediated entry (F535R), by itself or in combination with F88A
could also block entry into PEMs and human DCs. Figure 5 shows
that mutating GP residue 535, whether by itself or in combination
with F88A, ablated entry into PEMs (Fig. 5B) and into human
monocyte-derived DCs isolated from two different subjects (Fig.
5C and D), demonstrating that EBOV GP-mediated entry into
PEMs, like entry into other cell types, requires the viral fusion
machinery (17).

Differential effects of the GP-F88A mutation on interaction
with human versus mouse NPC1 domain C. Overexpression of
NPC1 was recently demonstrated to rescue entry of GP-F88A
(40). Furthermore, NPC1 domain C is sufficient to interact with
GP provided GP is first cleaved by cysteine cathepsins or thermo-
lysin to generate GP; (40). To address GP-NPCI interaction, an
established ELISA was used to measure the capacities of pre-
cleaved GP-wt (GP;-wt) and GP-F88A (GP,;-F88A) to bind to
purified, soluble NPC1 domain C proteins. GP, -F88A displayed
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TABLE 2 Capacities of cleaved GP-wt and GP-F88A proteins to bind to
human and murine NPC1 domain C
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FIG 5 F88A entry into mouse PEMs occurs via macropinocytosis and requires
an intact fusion peptide. (A) PEMs were preincubated for 30 min with 2-fold
dilutions of EIPA, an amiloride inhibitor of the Na*/H exchanger. Shown is
relative VLP entry of equivalent amounts, based on B-lactamase activity, of
GP-wt, GP-F88A, and control VSV G VLPs into PEMs in the presence of inhibitor.
Each point on the graphs represents a single entry assay. The experiment was
repeated with similar results. (B to D) B-Lactamase equivalents of GP-wt, GP-
F88A, the fusion peptide mutant GP-F535R, and the combination GP-F88A and
fusion peptide mutant (GP-F88A/GP-F535R) VLPs were tested for entry into
PEMs (B) and human DCs generated from monocytes isolated from two different
individuals (C and D). The error bars indicate standard errors.

moderately reduced binding to human NPC1 domain C relative to
GPp-wt (ECs pgga/ECsg wo ~10) (Fig. 6). In contrast, while both
GP-wt and GP;-F88A bound less efficiently to mouse NPC1
domain C than to the human protein, the F88A mutation had only

’ I
E o]
T 80 <
[ <
% Human | -O- VSV-GP (WT) <
2 60 domain C | 1 vSV-GP, (F88A) o
2]
@ - VSV-GP(WT) 2 5
o 40 Mouse W) g
N domain C | @ VSV-GF O%
20 B VSV-GP, (F88A) w i
0 S

3 2 A 0 1 2
Log,, [Domain C (nM)]

Cleaved NPC1 GP-domain C binding
VSV-GP domain C EC,, (nM)*
GP-wt Human 0.4 = 0.1
Murine 2+1
GP-F88A Human 5*1
Murine 3+2

@ *Standard deviations from at least three experiments.

a modest impact on GP-NPCI binding (ECs; pgsa/ECsg wo ~2)
(Fig. 6). ECs, values for GP;-wt and GP;-F88A binding to
mouse and human NPC1 domain Care provided in Table 2. These
findings are consistent with a model in which GP; -F88A remains
permissive for entry into mouse APCs because its interaction with
mouse NPCl is of sufficiently high affinity.

Mouse macrophage IC-21 cells are susceptible to entry with
GP-F88A VLPs and permit infection with GP-F88A-pseu-
dotyped VSV. We next examined whether murine cell lines are
also permissive for GP-F88A-mediated entry. We compared
GP-wtand GP-F88A VLP-mediated entry using murine fibroblast
NIH 3T3 cells and murine macrophage J774, RAW 264.7,
H36.12a, and IC-21 cell lines. Of these, only the IC-21 cells were
permissive for GP-F88A-mediated VLP entry (data not shown).
Representative entry assays illustrate GP-wt entry into RAW 264.7
(Fig. 7A) and IC-21 (Fig. 7B) cells and GP-F88A-mediated entry
into IC-21 cells. The entry assays performed with RAW cells were
repeated more than 6 times, including experiments in which RAW
264.7 cells were pretreated with TLR agonists to stimulate phago-
cytosis, and consistently demonstrated them to be nonpermissive
for GP-F88A-mediated entry (data not shown).

We assessed the relative levels of murine NPC1 by qRT-PCR in
NIH 373, J774, RAW 264.7, H36.12a, and IC-21 cells and PEMs
and found that only IC-21 cells expressed NPC1 mRNA at levels
comparable to those in PEMs (Fig. 7C and data not shown).

To determine whether GP-F88A can access an entry pathway
that leads to virus replication, VSVs pseudotyped with GP-F88A
or GP-wt were tested for efficiency of infection of IC-21 and Vero
cells. VSV-GP-wt efficiently infected both Vero (~4 X 10® TU/ml)

DomainC: & &
N 00
2.\)

FIG 6 Differential effects of the F88A mutation on interaction of cleaved GP with human versus mouse NPC1 domain C. (A) VSV particles containing uncleaved
GP-wt or in vitro-cleaved GP -wt or GP, -F88A were captured on ELISA plates coated with the GP-specific monoclonal antibody KZ52. Flag-tagged human or
mouse NPCI soluble domain C was added to the wells, and binding of domain C was detected with an anti-Flag antibody conjugated to horseradish peroxidase.
Normalized curves for binding of GP and GP; to human and mouse domain C are shown. Binding curves were fitted to a logistic equation (the best-fit lines [r* >
0.95] are shown). (B) Ratios of EC,,s (nM domain C) for binding of GP, -F88A and GP; -wt to human or mouse NPC1 domain C. The ratios (averages *
standard deviations) represent 4 to 6 trials from at least two independent experiments.
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FIG 7 Mouse IC-21 macrophages are susceptible to entry by GP-F88A VLPs
and permit infection with GP-F88A-pseudotyped VSV. (A and B) Equivalent
amounts, based on B-lactamase activity, of GP-wt and GP-F88A VLPs were
tested for entry into RAW cells (A) or IC-21 cells (B). (C) Levels of murine
NPC1 mRNA were assayed from RAW and IC-21 cells and PEMs using qRT-
PCR normalized to beta actin. (D) Vero and IC-21 cell monolayers were ex-
posed to VSV particles pseudotyped with GP (WT) or GP(F88A). After 16 h at
37°C, infection was scored by manual counting of EGFP-positive cells. The
asterisk denotes the limit of detection in the experiment. The error bars indi-
cate standard errors.

and IC-21 (~2 X 107 TU/ml) cells, but VSV-GP-F88A infected
only IC-21 cells (Fig. 7D), albeit at significantly lower levels (~2 X
10° IU/ml) than GP-wt (~2 X 107 IU/ml).

DISCUSSION

EBOVs are zoonotic pathogens that cause severe disease in hu-
mans and nonhuman primates but do not cause disease in wild-
type mice or guinea pigs unless first adapted to these species. The
peritoneal route of infection is lethal in the mouse model follow-
ing infection with a mouse-adapted EBOV, whereas inoculation
via the subcutaneous, intradermal, or intramuscular route was not
(3, 58). We found that the vast majority of PECs permissive for
entry are PEMs, and we further showed that mouse myeloid DCs
were also permissive for infection (Fig. 2). It has been proposed
that EBOV targets APCs, such as macrophages, for infection and
that their infection contributes to the manifestations of EBOV
hemorrhagic fever (3-7, 52, 58-62). Therefore, defining intermo-
lecular interactions that influence the outcome of APC infection
has relevance to EBOV pathogenesis.

The same mouse APCs permissive for GP-wt entry are also
permissive for entry by GP-F88A, despite the fact that this mutant
has repeatedly been found to be profoundly defective for entry
into a variety of cells, including 293T, SNB-19, Vero, and HeLa
cells (Fig. 1 and 4) (43, 49, 54, 63).

The basis for GP-F88A restriction in primate cells remains in-
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completely defined. Based on the available X-ray crystal struc-
ture of the ectodomain of a GP with the mucin-like domain
deleted, GP-F88 is located in a hydrophobic area that is par-
tially exposed to the surface (15, 53). GP-F88 lies between the
putative RBD (Fig. 3A) and an internal loop thought to be
important for the fusion function of the GP. It has been pro-
posed that the GP-F88A mutation might affect either GP bind-
ing or the GP fusion event (15).

Several studies have attempted to shed light on the mechanism
behind the GP-F88A entry defect by characterizing several param-
eters that may affect entry, including the efficiency of GP-F88A
virion incorporation, the efficiency of GP-F88A processing by ca-
thepsin or thermolysin, and the efficiency of binding to target
cells. Our study demonstrated only a modest decrease in the in-
corporation of GP-F88A into our VLPs compared to wild-type GP
(Fig. 4B), consistent with prior reports (41, 43, 49, 63). Further,
GP-F88A has been demonstrated to be susceptible to both ther-
molysin (49) and cathepsin B or L cleavage (43), similar to wild-
type GP. This suggests that the defect in GP-F88A entry into pri-
mate cells is not at the level of VLP incorporation or GP
processing.

Two previous studies suggest that the inability of GP-F88A to
mediate entry is at least partly due to a defect in cell binding.
Studies by Ou et al. (49), which used murine leukemia virus-pseu-
dotyped GP-(F88A/wt), and Brindley et al. (43), which used pseu-
dotyped feline immunodeficiency virus, showed 40% of GP-wt
binding to Vero cells and weak competition by GP-F88A versus
GP-wt in binding of virions to SNB-19 cells, respectively. In our
study, GP-F88A and mutants of other residues near residue F88
were found to bind with similar efficiencies to human DCs. It
should be noted that APCs, such as human DCs, express high
levels of surface lectins that can bind GP (21, 22, 25, 64-73) and
presumably enhance EBOV infection (27). Therefore, the similar
binding demonstrated for GP-F88A VLPs, as well as mutant GP-
L111A, GP-I113A, GP-L122A, and GP-F225A VLPs, may be a
consequence of the ability of DCs to bind EBOV GP using a
variety of cell surface attachment proteins. We speculate that
the poor binding of GP-F159A VLPs to DCs may be due to a
combination of poor GP incorporation into VLPs (Fig. 4) and
altered GP conformation, as evidenced by its inability to be
cleaved by thermolysin (49). Although we cannot rule out the
possibility that this entry defect in human DCs is related to
poor binding to a surface receptor(s), APCs function to sample
the environment and feature sustained macropinocytosis. This
allows APCs to constantly bind and endocytose environmental
antigens, including viruses.

The phenotype of the GP-F88A mutant differs from that dis-
played by mutants at the other nearby hydrophobic residues,
L111, 1113, L122, and F225 (Fig. 3). Mutating residue F225 to an
alanine modestly enhanced or decreased the efficiency of entry
into a variety of cell types, but this mutation did not abrogate entry
(Fig. 4). Mutating residues L111, 1113, and L122 to alanine signif-
icantly decreased the efficiency of VLP entry into several cell types,
but not in a species-specific manner. The different mutated GPs
were incorporated to similar levels into purified VLPs (Fig. 4B),
with the exception of the F225 and F159 mutations, which were
incorporated to a lesser extent. Based on these data, the levels of
GP incorporation cannot explain the difference in entry between
the different VLPs. Therefore, the reason that these mutants be-
have differently than GP-F88A remains unclear; however, the data
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do suggest residues F88, L111, 1113, and L122 play an important
role in entry and that their locations in the GP are potential anti-
viral targets.

In several respects, GP-F88A-mediated entry into mouse
PEMs resembles GP-wt entry into either mouse or human cells.
Studies using virus particles pseudotyped with EBOV GP or live
EBOV, and also using chemical inhibitors of clathrin- and
caveola-mediated endocytosis, suggest the use of caveolae and/or
clathrin in EBOV entry (28, 31, 74). However, cells that lack cave-
olae can still be infected with EBOV (47), and recent studies sup-
port macropinocytosis, a process that can lead to the uptake of
large particles, as important for EBOV entry (28—34). Once EBOV
particles are internalized and localized to acidified endosomes,
activated Cat L and Cat B (13, 30, 35) are required for GP process-
ing. We found that GP-F88A- and GP-wt-mediated entry into
PEMs can be inhibited by EIPA in a dose-dependent manner (Fig.
5A) and that the process of entry into PEMs is cathepsin depen-
dent, since the pancathepsin inhibitor e64d inhibited EBOV GP-
and GP-F88A-mediated, but not VSV-G-mediated, entry (Fig. 1).
Furthermore, the GP F535R mutation localized to the putative
fusion peptide of EBOV GP ablated entry into PEMs (Fig. 5B),
suggesting that EBOV VLP entry into PEMs also requires GP-
mediated membrane fusion.

Recent work has shown that GP-F88A is defective for viral
entry at least in part because it binds poorly to the full-length
human form of the critical filovirus receptor NPC1 (40). Consis-
tent with this hypothesis, overexpression of human NPC1 rescued
the ability of GP-F88A to mediate entry into CHO cells, which are
normally refractory to GP-F88A-mediated entry (40). Here, we
confirm that the F88A mutation reduces, but does not eliminate,
binding of GP, to a purified, soluble form of human NPC1 do-
main C. Unexpectedly, however, GP, -wt and GP, -F88A bound
to mouse NPC1 domain C with similar efficiencies. These findings
point to differences in the modes of GP-NPC1 interaction be-
tween human and mouse NPC1 and suggest that the retention of
mouse NPC1 binding to GP, -F88A contributes to the capacity of
GP-F88A to infect mouse, but not human, dendritic cells. Inter-
estingly, however, not all mouse cells that permit GP-wt entry also
permit GP-F88A entry. Among several mouse cell lines tested,
including RAW 264.7 cells (Fig. 7A), GP-F88A VLPs successfully
entered only the murine macrophage cell line IC-21 (Fig. 7B),
demonstrating that the presence of mouse NPCI is not sufficient
for GP-F88A-mediated entry. Rather, NPC1 expression levels also
appear to be important, as profiling of NPC1 mRNA levels dem-
onstrated the highest levels in IC-21 and primary mouse PEMs
(Fig. 7C). This is consistent with the observation that NPC1 over-
expression in CHO cells gained permissiveness for GP-F88A-me-
diated entry (40). That a VSV pseudotyped with GP-F88A can
initiate a replication cycle in IC-21 cells but not Vero cells indi-
cates that the entry pathway(s) accessed by GP-F88A in these cells
has relevance to virus infection (Fig. 7D). Cumulatively, the data
in this study suggest that the affinity of GP; for NPC1, as well as
the intracellular levels of NPC1, is an important determinant of
EBOV entry into murine APCs. It will be of interest to determine
whether cells that naturally express high levels of mouse NPC1
(e.g., IC-21 cells) or cells engineered to overexpress NPC1 will
support the growth of recombinant filoviruses constructed with
GP-F88A.
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