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The development of therapeutics targeting Ebola virus 
(EBOV) and other filoviruses is a global health priority. The 
success of ZMapp—a cocktail of three monoclonal 
antibodies (mAbs) targeting the EBOV surface glycoprotein 
GP—in reversing Ebola virus disease in nonhuman primates 
(NHPs) has underscored the promise of antiviral 
immunotherapy (1). However, most available mAbs possess 
a narrow antiviral spectrum, because they recognize 
variable surface-exposed GP epitopes (2). ZMapp protects 
against EBOV, but not against other filoviruses with known 
epidemic potential, including the ebolaviruses Bundibugyo 
virus (BDBV) and Sudan virus (SUDV), and the more 
divergent marburgviruses. Given the scientific and logistical 
challenges inherent in developing a separate mAb cocktail 
for each filovirus, and the need for preparedness against 
newly emerging or engineered viral variants, broadly 
protective anti-filovirus immunotherapies are highly 
desirable. A few mAbs have shown cross-neutralization and 
protection in rodents, indicating that cross-species 
protection by a single molecule is possible; however, such 
antibodies are rare (3–8). 

An unusual feature of cell entry by filoviruses is the pro-

teolytic cleavage of GP in endosomes to reveal ‘cryptic’ 
epitopes (9, 10), including the receptor-binding site (RBS) 
that engages the critical intracellular receptor, Niemann-
Pick C1 (NPC1) (fig. S1) (11–18). Engagement of NPC1’s sec-
ond luminal domain, NPC1-C, by this highly conserved RBS 
in cleaved GP (GPCL) is required for cell entry and infection 
by all filoviruses (11, 19–21). Consistent with this, MR72, an 
RBS-specific mAb isolated from a Marburg virus (MARV) 
disease survivor, blocked GPCL/NPC1 interaction in vitro, 
and broadly neutralized viruses bearing in vitro-cleaved 
GPCL (15, 22, 23). However, MR72 failed to neutralize infec-
tion by uncleaved ebolaviruses, likely because it could not 
gain access to late endosomes, where the GPCL RBS becomes 
unmasked (15). Therefore, the development of broadly pro-
tective immunotherapies targeting GPCL/NPC1 interaction is 
challenged by the endosomal sequestration of this vi-
rus/receptor complex. 

We envisioned a bispecific antibody (bsAb) engineering 
strategy to block intracellular GPCL/NPC1 interaction by a 
‘Trojan horse’ mechanism. We reasoned that, by coupling 
receptor/RBS-targeting mAbs to a delivery mAb directed 
against a broadly conserved epitope in uncleaved GP, viri-
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There is an urgent need for monoclonal antibody (mAb) therapies that broadly protect against Ebola virus 
and other filoviruses. The conserved, essential interaction between the filovirus glycoprotein, GP, and its 
entry receptor Niemann-Pick C1 (NPC1) provides an attractive target for such mAbs, but is shielded by 
multiple mechanisms, including physical sequestration in late endosomes. Here, we describe a bispecific 
antibody strategy to target this interaction, in which mAbs specific for NPC1 or the GP receptor-binding 
site are coupled to a mAb against a conserved, surface-exposed GP epitope. Bispecific antibodies, but not 
parent mAbs, neutralized all known ebolaviruses by coopting viral particles themselves for endosomal 
delivery, and conferred post-exposure protection against multiple ebolaviruses in mice. Such ‘Trojan 
horse’ bispecific antibodies have potential as broad anti-filovirus immunotherapeutics. 
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ons themselves could be coopted to transport bsAbs to the 
appropriate endosomal compartments (Fig. 1, A and B). To 
block the filovirus/receptor interaction, we chose mAbs tar-
geting both its viral and host facets: MR72, a human mAb 
that recognizes the GPCL RBS (above); and mAb-548, a novel 
murine mAb that engages human NPC1-C. mAb-548 bound 
with picomolar affinity to an NPC1-C epitope that overlaps 
the GPCL binding interface, and blocked GPCL/NPC1-C asso-
ciation in vitro at pH 5.5, the presumptive pH of late endo-
somes (figs. S1 and S2). mAb-548 resembled MR72 in its lack 
of neutralizing activity against uncleaved viruses (Fig. 2, A 
and B, and fig. S6), likely because NPC1 is absent from the 
cell surface (11, 24). To deliver mAb-548 and MR72 to endo-
somes, we selected the macaque mAb FVM09, which recog-
nizes a conserved linear epitope in the GP glycan cap of all 
known ebolaviruses (Fig. 1A and fig. S4) (8). FVM09 does 
not neutralize infection, and confers limited in vivo protec-
tion against EBOV (8). 

The heavy (VH) and light chain (VL) variable domains of 
FVM09 were fused to mAb-548 and MR72 using the dual 
variable domain design strategy (DVD-Ig) (25). The DVD-Ig 
format was chosen as a test case, because it allows bivalent 
binding of both combining sites, but does not employ long 
polypeptide linkers that may be susceptible to proteolysis or 
immunogenic presentation. The FVM09~548 and 
FVM09~MR72 DVD-Igs could be readily isolated from tran-
siently-transfected HEK293 cells (fig. S3A). Size-exclusion 
chromatography-multiangle light scattering (SEC-MALS) 
indicated a monodisperse population of monomers, with 
some higher aggregate present (fig. S3, B and C). Each DVD-
Ig could bind to EBOV GP via the FVM09 ‘outer’ variable 
domains, with no loss of affinity relative to the parent 
FVM09 IgG, as determined by biolayer interferometry (BLI; 
Fig. 1C and table S1). FVM09~548 could recognize human 
NPC1-C, via its ‘inner’ variable domains, with a subpicomo-
lar KD. The MR72 variable domains also retained subnano-
molar affinity toward GPCL in the DVD-Ig format. Two-phase 
binding studies, in which each DVD-Ig was first exposed to 
EBOV GP, and then to NPC1-C or GPCL (Fig. 1D), indicated 
that there were no steric restrictions to engagement of both 
combining sites. 

We tested the DVD-Igs for their capacity to neutralize in-
fection in human cells by recombinant vesicular stomatitis 
viruses bearing EBOV GP (rVSV-EBOV GP) or control non-
filovirus glycoproteins derived from VSV and Andes hanta-
virus (Fig. 2, A and B, and fig. S5) (26). Both FVM09~548 
and FVM09~MR72 specifically and potently neutralized 
rVSV-EBOV GP, whereas the parental mAbs FVM09, mAb-
548, and MR72 had little or no neutralizing activity. 
Equimolar mixtures of the ‘delivery’ IgG FVM09 with each 
receptor/RBS-targeting IgG (mAb-548 or MR72) also did not 
neutralize infection (Fig. 2, A and B), indicating that DVD-Ig 

antiviral activity requires the physical linkage of delivery 
and receptor/RBS-binding specificities. Overall, the DVD-Ig 
IC50 values were in the nanomolar range, similar to the 
measured KD of the FVM09/GP complex, but higher than 
those of the mAb-548/NPC1-C and MR72/GPCL complexes. 

The GPCL/NPC1 interaction is conserved among filovirus-
es (11, 15, 21, 27, 28), and thus we postulated that the DVD-
Igs would exhibit broad neutralizing activity. rVSVs bearing 
GP proteins from the four other ebolaviruses were sensitive 
to neutralization by both DVD-Igs, whereas rVSV-MARV GP 
was resistant (Fig. 2, C, D, and G), consistent with the 
known specificity of FVM09 toward ebolaviruses (8). We 
next tested the DVD-Igs against authentic EBOV, BDBV, and 
SUDV (Fig. 2, E and F). Each ebolavirus was neutralized by 
both receptor- and RBS-targeting DVD-Igs, but not by the 
individual parent IgGs (Fig. 2G and fig. S6). 

The success of antibody therapeutics has fueled the de-
velopment of a panoply of optimized bsAb architectures, 
several of which (including the DVD-Ig) are in clinical trials 
(29). To explore the generality of our strategy to other for-
mats, we generated an FVM09*MR72 ‘asymmetric IgG’ us-
ing the DuoBody platform (figs. S7 and S8) (30). 
FVM09*MR72 broadly neutralized rVSVs bearing ebolavirus 
GPs, albeit with reduced potency against SUDV GP, possibly 
due to its loss of bivalent recognition of GP and/or GPCL. 
Nonetheless, these results illustrate that endosomal target-
ing of the ebolavirus/receptor interaction is amenable to 
other bispecific antibody formats. 

Our observation that bsAbs combining two non-
neutralizing antibodies could confer potent neutralization 
implied critical roles for both binding specificities. This hy-
pothesis is supported by three pieces of evidence. First, the 
activity of the DVD-Igs against rVSV-EBOV GP particles 
containing two point mutations in the FVM09 epitope was 
greatly reduced (Fig. 3A and fig. S9). Second, DVD-Igs bear-
ing mAb-548 and MR72 variable domains with mutations 
that abolish binding (FVM09~548Mut, FVM09~MR72Mut) 
lacked neutralizing activity (Fig. 3B). Third, FVM09~548 
could not neutralize rVSV-EBOV GP infection in a cell line 
bearing supraphysiological levels of NPC1, likely because 
NPC1 overexpression saturates available mAb-548 combin-
ing sites (Fig. 3C). Viral neutralization by FVM09~MR72 
was unaffected in NPC1-overexpressing cells, consistent with 
the higher affinity of the GPCL/MR72 complex (55 p.m.; table 
S1), relative to the GPCL/NPC1-C complex (150 μM; (16)). 

We postulated that the bsAbs harness extracellular viri-
ons for their delivery to endosomal sites of filo-
virus/receptor interaction in the context of natural 
infection. Accordingly, we evaluated the internalization of 
DVD-Igs and their parent IgGs into cellular endosomes (Fig. 
3D and figs. S10 and S11). Each Ab was covalently labeled 
with the acid-dependent fluorescent probe pHrodo Red, and 
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exposed to cells, either alone, or following preincubation 
with fluorescent rVSV-EBOV GP particles (19, 26). Cells were 
measured for both virus- and Ab-associated fluorescence by 
flow cytometry. Virus-negative cells displayed little Ab sig-
nal, indicating that neither the DVD-Igs nor their parent 
IgGs could internalize into cells without virions. By contrast, 
virus-positive cells were strongly positive for the DVD-Igs, 
but not for the parent mAb-548 and MR72 IgGs. Concord-
antly, only FVM09 and the DVD-Igs could efficiently colo-
calize with virions (Fig. 3E and fig. S12) or EBOV virus-like 
particles (fig. S13) in NPC1+ late endosomes, where viral 
membrane fusion takes place (19, 31). These results, together 
with the capacity of FVM09 to bind EBOV GP with high af-
finity between pH 5.5–7.5 (fig. S14 and table S1), suggest that 
virion/bsAb complexes remain associated in early endo-
somes and traffic together to late endosomes, where proteo-
lytic removal of the GP glycan cap dislodges FVM09, and 
where mAb-548 and MR72 can engage their respective cellu-
lar and viral targets. Collectively, our findings support a 
two-step ‘deliver-and-block’ mechanism for bsAb neutraliza-
tion. 

Finally, we evaluated the protective efficacy of the DVD-
Igs in two murine models of lethal ebolavirus challenge. 
Because our prior experiments were conducted in human 
cells, we first tested DVD-Ig neutralization activity in mu-
rine NIH/3T3 cells (fig. S15). Whereas FVM09~MR72 re-
tained full activity, FVM09~548 exhibited poor 
neutralization in murine cells (fig. S15, A and B). This could 
be readily explained by FVM09~548’s reduced binding affin-
ity for the murine NPC1 ortholog (fig. S15C), and consequent 
reduced capacity to block GPCL/NPC1 interaction (fig. S15E). 
The discrepancy between binding of mAb-548 to human and 
mouse NPC1 likely arises from species-dependent amino 
acid sequence differences in the mAb-548-binding region of 
NPC1-C (fig. S16). By contrast, this region in human NPC1-C 
is identical to those of rhesus macaques and crab-eating 
(cynomolgus) macaques (fig. S16), which provide the two 
NHP models of filovirus challenge currently in use. mAb-
548 bound strongly to, and inhibited GPCL interaction with, 
an NHP NPC1 ortholog derived from the mantled guereza, 
which also shares an identical mAb-548-binding region (fig. 
S15, D and F). Therefore, while host species-specific differ-
ences in NPC1 binding may affect FVM09~548’s efficacy in 
rodents, they are unlikely to do so in NHPs and humans. 

Both DVD-Igs were tested for their capacity to protect 
BALB/c mice when administered two days after a lethal 
challenge with mouse-adapted EBOV (Fig. 4A) (32). 
FVM09~MR72 afforded a high level of survival (70%) rela-
tive to the untreated group, whereas no significant survival 
was recorded for FVM09~548 and parent IgG mixtures. We 
also evaluated the DVD-Igs for post-exposure protection 
against a lethal human SUDV isolate in the immunocom-

promised Type 1 IFNα/β R−/− mouse model (Fig. 4B) (7, 33). 
FVM09~MR72 was fully protective, and FVM09~548 pro-
vided partial protection, relative to the untreated group. The 
limited in vivo efficacy of FVM09~548 was consistent with 
its reduced capacity to inhibit GPCL/murine NPC1 interac-
tion (fig. S15). These findings provide evidence that a bsAb 
targeting the critical intracellular virus/receptor interaction 
can confer broad protection against lethal ebolavirus chal-
lenge, even under stringent conditions of post-exposure 
treatment. 

Recent antibody discovery efforts have demonstrated the 
existence of conserved GP surface epitopes that can elicit 
broadly reactive mAbs with cross-protective potential (3–7, 
34). Herein, we describe a complementary strategy to gener-
ate broadly protective Abs that target highly conserved 
epitopes at the intracellular filovirus/receptor interface, 
which are normally shielded from GP-specific mAbs. Be-
cause the ‘cryptic epitope’-targeting components of the 
bsAbs engineered in this study block endosomal receptor 
binding by all known filoviruses (15) (this study), next-
generation molecules combining them with appropriate de-
livery mAbs of viral or cellular origin may afford coverage 
against all filoviruses, including newly emerging and engi-
neered variants. This Trojan horse bispecific antibody ap-
proach may also find utility against other viral pathogens 
known to use intracellular receptors (e.g., Lassa virus (35)), 
or more generally, to target entry-related virus structural 
rearrangements that occur only in the endo/lysosomal 
pathway. 
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Fig. 1. Dual-variable domain Ig (DVD-Ig) molecules combining extracellular 
‘delivery’ and endosomal receptor/RBS-binding specificities can recognize both 
of their respective antigens. (A) Schematic of mAb-548 and MR72 endosomal 
receptor/RBS-specific mAbs and FVM09 GP-specific delivery mAb (top row), and 
DVD-Igs engineered to combine them (bottom row). (B) A hypothetical mechanism 
for delivery of DVD-Igs (bottom), but not parent IgGs (top), to the endosomal sites of 
GPCL-NPC1 interaction. (C) Kinetic binding curves for DVD-Ig:antigen interactions 
were determined by BLI. FVM09~548 (left panel) and FVM09~MR72 (right panel) 
were loaded onto probes, which were then dipped in analyte solutions (FVM09~548: 
EBOV GP and human NPC1-C; FVM09~MR72: EBOV GP and GPCL). Gray lines show 
curve fits to a 1:1 binding model. See table S1 for kinetic binding constants. (D) Two-
phase binding experiments for the DVD-Igs by BLI. Each DVD-Ig-bearing probe was 
sequentially dipped in analyte solutions containing EBOV GP and then NPC1-C 
(FVM09~548), or EBOV GP and then GPCL (FVM09~MR72). In panels (C) and (D), 
representative curves from two independent experiments are shown. 
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Fig. 2. DVD-Igs, but not parent IgGs or their mixtures, possess broad neutralizing 
activity against ebolaviruses. (A to D) Neutralization of rVSVs encoding eGFP and 
bearing filovirus GP proteins in human U2OS osteosarcoma cells. Virions were pre-
incubated with increasing concentrations of each parent IgG, DVD-Ig, or equimolar 
mixtures of parent IgGs (e.g., FVM09+mAb-548) (1:1 mixture), and then exposed to 
cells for 12–14 hours at 37°C. Infection was measured by automated counting of 
eGFP+ cells, and normalized to infection obtained in the absence of Ab. TAFV, Taï 
forest virus; RESTV, Reston virus; MARV, Marburg virus. (E to F) Neutralization of 
authentic filoviruses in human U2OS osteosarcoma cells, measured in 
microneutralization assays. Infected cells were immunostained for viral antigen at 48 
hours post-infection, and enumerated by automated fluorescence microscopy. In 
panels (A) to (F), averages ± SD for 4–6 technical replicates pooled from 2–3 
independent experiments are shown. (G) Data in panels (A) to (F) were subjected to 
nonlinear regression analysis to derive Ab concentrations at half-maximal 
neutralization (IC50 ± 95% confidence intervals for nonlinear curve fit). *IC50 values 
derived from curves that did not reach 90% neutralization at the highest 
concentration tested in the experiments shown. 

 o
n 

Se
pt

em
be

r 
8,

 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

http://science.sciencemag.org/


First release: 8 September 2016  www.sciencemag.org  (Page numbers not final at time of first release) 8 
 

 
 

  
Fig. 3. Roles of delivery and endosomal receptor/RBS-targeting specificities in ebolavirus 
neutralization by DVD-Igs. (A) Neutralizing activity of DVD-Igs against rVSVs bearing WT GP or a 
GP(E288D/W292R) mutant (see fig. S9). (B) Neutralizing activity of mutant DVD-Igs bearing mAb-
548 or MR72 combining sites with mutations in the third VH complementarity determining region 
(CDR-H3) (FVM09~548Mut and FVM09~MR72Mut, respectively). (C) Neutralizing activity of DVD-Igs 
against rVSV-EBOV GP in U2OS cells bearing endogenous levels of NPC1 (NPC1WT) or ectopically 
overexpressing NPC1 (NPC1High). In panels (A) to (C), averages ± SD for 6 technical replicates 
pooled from 2 independent experiments are shown. (D) Internalization of labeled Abs into cells in 
the absence or presence of viral particles. A schematic of the experiment is shown at the left. 
Parent IgGs and DVD-Igs covalently labeled with the acid-dependent fluorophore pHrodo Red were 
incubated with rVSV-EBOV GP particles and exposed to cells. Virus– Ab+ and virus+ Ab+ populations 
were measured by flow cytometry. Averages ± SD for 4 technical replicates pooled from 2 
independent experiments are shown. Group means for %Ab+ cells were compared by two-factor 
ANOVA (see fig. S11). Šídák’s post hoc test was used to compare the capacity of each Ab to 
internalize into virus– vs. virus+ cell populations (••••P < 0.0001; ns, not significant). Dunnett’s post 
hoc test was used to compare the internalization of each Ab to that of the ‘no Ab’ control in virus+ 
cell populations (****P < 0.0001; all other Ab vs. no Ab comparisons were not significant). (E) 
Delivery of Abs to NPC1+ endosomes. FVM09~548 was incubated with rVSV-EBOV GP particles 
and exposed to cells expressing an NPC1-enhanced blue fluorescent protein-2 fusion protein. Viral 
particles, Ab, and NPC1 were visualized by fluorescence microscopy (also see figs. S12 and S13). 
Representative images from 2 independent experiments are shown. Scale bar, 20 μm. 
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Fig. 4. FVM09~MR72 affords broad post-
exposure protection from lethal ebolavirus 
challenge. (A) BALB/c mice were challenged 
with mouse-adapted EBOV (EBOV-MA), and 
then treated with single doses of parent IgG 
mixtures (300 μg, ~15 mg/kg), DVD-Igs (400 
μg, ~20 mg/kg; adjusted for molecular 
weight), or vehicle (PBS) at 2 days post-
challenge. (B) Type 1 IFNα/β R−/− mice were 
challenged with WT SUDV, and then treated 
with two doses of parent IgG mixtures (300 
μg per dose, ~15 mg/kg), DVD-Igs (400 μg 
per dose, ~20 mg/kg), or vehicle (PBS) at 1 
and 4 days post-challenge. ‘n’ indicates the 
number of animals per group. Data from 
single cohorts are shown. Survival in each 
group was compared to that in the PBS group 
by log-rank (Mantel-Cox) test (*P < 0.05; 
***P < 0.001; all other comparisons to the 
untreated group were not significant). 
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Materials and Methods: 

Cell lines. Human U2OS osteosarcoma cells, 293T human embryonic kidney fibroblast cells, and Free-
styleTM-293F suspension-adapted HEK-293 cells were obtained from ATCC. U2OS cells were main-
tained in modified McCoy’s 5A media (Thermo Fisher, Waltham, MA) supplemented with 10% fetal 
bovine serum (Atlanta Biologicals), 1% GlutaMAX (Thermo Fisher), and 1% penicillin-streptomycin 
(Thermo Fisher). Vero and 293T cells were maintained in high-glucose Dulbecco’s modified Eagle me-
dium (DMEM; Thermo Fisher) supplemented with the above reagents. All adherent cell lines were 
maintained in a humidified 37˚C, 5% CO2 incubator. 293-F cells were maintained in GIBCO Free-
Style™ 293 expression medium (Thermo Fisher) at 37˚C and 8% CO2. 

A clonal U2OS cell line stably expressing human NPC1 C–terminally tagged with enhanced blue 
fluorescent protein-2 (eBFP2) (36) was generated as follows. Cells were transfected with a plasmid en-
coding this construct, and transfected cells were selected with geneticin (Thermo Fisher; 400 µg/mL). 
Single eBFP2-positive cells were isolated by FACS sorting. For further experimentation, we chose a cell 
clone that expressed NPC1-eBFP2 at a moderate level, and displayed a representative NPC1 distribution 
in LAMP1+ late endosomal/lysosomal compartments. 

Generation of mAb-548. To generate hybridomas secreting human NPC1–C-specific mAbs, 5–6-week 
old female BALB/c mice were immunized with purified human NPC1–C protein (125 µg; intraperitone-
al [i.p.] route) in complete Freund’s adjuvant. After 5 weeks and 10 weeks post-immunization, mice 
were boosted with the same antigen in incomplete Freund’s adjuvant. Nine weeks after the second boost, 
and on the 4th and 3rd days prior to fusion, mice were boosted with NPC1–C in PBS (100 µg). Mice were 
sacrificed, and spleen cells were isolated and fused to Ag8.653 or NSO-bcl2 myeloma cells as described 
previously (37). Supernatants from growing wells were assayed by ELISA against NPC1–C for IgG 
binding. Positive colonies were cloned in soft agar, isolated and expanded, and tested as above. One hy-
bridoma, 548, was identified as secreting an IgG2b that strongly recognized human NPC1 in cells by 
immunofluorescence microscopy, and potently blocked EBOV GPCL:NPC1–C binding at pH 5.5.  

5–10 million cells of the mAb-548-secreting hybridoma were harvested, and total cellular RNA was 
isolated using the RNeasy Mini Kit (Qiagen), according to the manufacturer’s instructions. cDNA was 
prepared using SuperScript® III First-Strand Synthesis System with Mu IgG VH 3ʹ-2 and Mu Igκ VL 3ʹ-
1 reverse primers from the Mouse Ig-Primer Set (EMD Millipore, Billerica, MA). Following reverse 
transcription, the same primer sets were then used in PCR to specifically amplify the variable regions of 
light- and heavy-chain cDNAs. Reactions yielding the correct band size (~500 bp) were gel-purified and 
sequenced. Decoded light and heavy chain sequences were submitted for analysis to IgBLAST 
(38). Functional chains were subcloned into pMAZ-IgL and pMAZ-IgH vectors, and the chimeric IgGs 
were expressed in 293-F cells, as described below.  

Cloning of IgGs and DVD-Igs. Synthetic genes encoding IgG variable domains were subcloned into 
linearized pMAZ-IgH and pMAZ-IgL vectors encoding human IgG1 heavy and light chain constant 



domains using BssHII/BsiWI and BssHII/NheI restriction sites, respectively, as described (39). To gen-
erate DVD-Igs, the outer variable domains of the heavy and light chains were appended N-terminally, 
using short linkers “ASTKGP” and “TVAAP”, respectively, as described (25). All insert and junction 
sequences were confirmed by Sanger sequencing.  

Antibody expression and purification. pMAZ-IgH and pMAZ-IgL vectors encoding each antibody 
were co-transfected into 293-F cells using linear polyethylenimine (Polysciences, Warrington, PA). Cell 
cultures were incubated at 37 °C and 8% CO2 for 6 days post-transfection. Cleared cell supernatants 
were then applied to a Protein A affinity column (~1 mL packed beads per 600 mL culture) (Thermo 
Scientific). Antibodies were purified using the Gentle Antibody Elution System (Thermo Scientific), 
according to the manufacturer’s instructions, and subsequently exchanged into 150 mM HEPES [pH 
7.4], 200 mM NaCl. For some large-scale preparations, cell supernatants were concentrated by tangen-
tial flow filtration prior to Ab purification. Endotoxin levels in the purified antibodies were determined 
by the Limulus amebocyte lysate test according to the manufacturer’s instructions (Kinetic-QCL kinetic 
chromogenic LAL assay; Lonza, Walkersville, MD). 

Generation of DuoBodyTM molecules by controlled Fab-arm exchange (cFAE). Parental IgG1 anti-
body molecules containing matching point mutations, K409R and F405L (EU numbering convention), 
in their CH3 domains were separately expressed from respective pMAZ-IgH and pMAZ-IgL vectors in 
293-F cells (see above). cFAE was performed as described (40). Briefly, in a total reaction volume of 1 
mL, 0.5 mg of each parental IgG1 was mixed with the reducing agent 2-mercaptoetylamine HCL (2-
MEA; Sigma Aldrich; 75 mM) in PBS pH 7.4. Samples were mixed on a rotating laboratory mixer for 
5 min at ambient temperature and subsequently incubated at 31°C for 5 h. To remove 2-MEA and allow 
for reformation of disulfide bonds, the samples were transferred to Amicon Ultra-15 centrifugal units 
(30 KDa MWCO; EMD Millipore) and washed 5 times with phosphate-buffered saline (PBS). The sam-
ples were then stored at 4 °C, to allow sufficient time for complete re-oxidation to occur. Fab-arm ex-
change was detected by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), 
and analysis of exchange efficiency was carried out by cation exchange chromatography on a MonoS 
5/50 GL column (GE Healthcare). Samples were injected in 10 µL into 10 mM sodium phosphate [pH 
7.0], and eluted in a linear NaCl gradient (0–100 mM; 20 mL). Elution curves for each antibody species 
were integrated, and the percentage of the FVM09∗MR72 DuoBody that is distinct from either of the 
parent IgGs, was calculated as 97%. 

Size Exclusion Chromatography/Multi Angled Light Scattering (SEC/MALS). Static light scatter-
ing data were collected on a mini Dawn Treos light scattering instrument (Wyatt Technology, Santa 
Barbara, CA) coupled with analytical gel filtration (column: Sepax SRT SEC-300; particle size 5 µm, 
pore size 500 Å, 4.6 x 300 mm) and UV detection at 280 nm. All measurements were performed in PBS 
at room temperature with a flow rate of 0.5 mL/min. Data were analyzed using the ASTRA software 
package (Wyatt Technology).  

Biolayer interferometry (BLI). The OctetRedTM system (ForteBio, Pall LLC) was used to determine 
the binding properties of IgGs and DVD-Igs. Anti-human Fc capture sensors were used for initial Ab 
loading. For single-phase binding experiments, global data fitting to a 1:1 binding model was used to 
estimate values for the kon (association rate constant), koff (dissociation rate constant), and KD (equilibri-
um dissociation constant). For double-phase binding experiment, Ab was first immobilized first onto an 
Fc sensor, and then allowed to equilibrate in a solution containing the first antigen. The sensor was then 
transferred to a second solution containing the second antigen. 

ELISAs. Cell supernatants containing flag-tagged NPC1–C, or purified flag-tagged NPC1–C proteins 
(11, 28), were normalized for ELISA as described previously, by immunoblotting of SDS-



polyacrylamide gels with anti-flag primary antibody (Sigma Aldrich) and anti-mouse Alexa-680 sec-
ondary antibody (Thermo Fisher), and quantification on the LI-COR Odyssey Imager (LI-COR Biosci-
ences, Lincoln, NE) (27). The GP content of different rVSV-GP particle preparations was normalized by 
ELISA with a GP-specific polyclonal antiserum (41), as described previously (15).  

NPC1–C:Ab and GP:Ab-binding ELISAs were performed as follows. Pre-titrated amounts of puri-
fied NPC1–C or rVSV-GP particles were coated onto high-binding 96-well ELISA plates (Corning, 
Corning NY). Plates were then blocked with PBS containing 3% bovine serum albumin (PBSA), and 
probed with increasing concentrations of test Ab. Bound Abs were detected with species-specific anti-
IgG Abs conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Dallas, TX) and Ultra-TMB 
colorimetric substrate (Thermo Fisher).  

EBOV GP:NPC1–C capture ELISAs were performed as described previously (15, 27, 28). Briefly, 
ELISA plates were coated with EBOV GP-specific mAb KZ52 (2 µg/mL in PBS), and then blocked 
with PBSA. Viral particles were cleaved with thermolysin and captured onto the plate. Plates were then 
incubated with increasing concentrations of NPC1–C, and bound NPC1–C was detected with an anti-
flag antibody conjugated to horseradish peroxidase and Ultra-TMB substrate (Thermo Fisher). For Ab 
inhibition studies, NPC1–C (concentration ≈ binding IC50) was preincubated with increasing concentra-
tions of test Ab at 37˚C for 1 h, and then added to blocked plates coated with rVSV-EBOV GPCL. EC50 
values with 95% confidence intervals were calculated from binding curves generated by non-linear re-
gression analysis using Prism (GraphPad Software, La Jolla CA). All incubation steps were done at 
37˚C for 1 h, or at 4˚C, overnight. 

rVSVs, infections, and neutralization dose curves. A recombinant vesicular stomatitis Indiana viruses 
(rVSV) expressing eGFP in the first position, and EBOV GP in place of VSV G, has been described 
previously (26, 42). Similar rVSVs expressing eGFP and representative GP proteins from BDBV, 
TAFV, SUDV, and RESTV; and an mNeongreen-phosphoprotein P (mNG-P) fusion protein (26, 43) 
and EBOV GP, were generated as above. rVSV particles containing GPCL were generated by incubating 
rVSV-GP particles with thermolysin (200 μg/mL) for 1 h at 37˚C, as described. The protease was inacti-
vated by addition of phosphoramidon (Sigma Aldrich; 1 mM), and reaction mixtures were used immedi-
ately. Infectivities of rVSVs were measured by automated enumeration of eGFP+ cells (infectious units; 
IU) using a CellInsight CX5 imager (Thermo Fisher) at 12–14 h post-infection.  

For Ab neutralization experiments, pre-titrated amounts of rVSV-GP particles (MOI ≈ 1 IU per cell) 
were incubated with increasing concentrations of test Ab at room temp for 1 h, prior to addition to cell 
monolayers in 96-well plates. Viral infectivities were measured as above. Viral neutralization data were 
subjected to nonlinear regression analysis to extract EC50 values (4-parameter, variable slope sigmoidal 
dose-response equation; GraphPad Prism). Neutralization dose curves shown in Figures 2–3 are repre-
sentative of multiple additional experiments performed independently, with at least 2–3 different prepa-
rations of each antibody. 

Authentic filoviruses and infections. The authentic filoviruses Ebola virus/H.sapiens-
tc/COD/1995/Kikwit-9510621 (EBOV/Kik-9510621; ‘EBOV-Zaire 1995’) (44), mouse-adapted EBOV 
(EBOV-MA; derived from Mayinga variant) (32), Sudan virus/H. sapiens-gp-tc/SDN/1976/Boniface-
USAMRIID111808 (SUDV/Bon-USAMRIID111808; ‘SUDV-Boniface 1976’) (45), and Bundibugyo 
virus/H. sapiens-tc/UGA/2007/Bundibugyo-200706291 (46) were used in this study. Antibodies were 
diluted to indicated concentrations in culture media and incubated with EBOV, SUDV, or BDBV for 1 
h. U2OS cells were exposed to antibody/virus inoculum at an MOI of 0.2 (EBOV, BDBV) or 0.5 
(SUDV) plaque-forming unit (PFU)/cell for 1 h. Antibody/virus inoculum was then removed and fresh 
culture media was added. At 48 h post-infection, cells were fixed with formalin, and blocked with 1% 
bovine serum albumin. EBOV-, SUDV-, or BDBV-infected cells and uninfected controls were incubat-



ed with EBOV GP-specific mAb KZ52 (47), SUDV GP-specific mAb 3C10 (USAMRIID), or ebo-
lavirus GP-specific mAb ADI-15742 (34). Cells were washed with PBS prior to incubation with either 
goat anti-mouse IgG or goat anti-human IgG conjugated to Alexa 488. Cells were counterstained with 
Hoechst stain (Invitrogen), washed with PBS and stored at 4°C. Infected cells were quantitated by fluo-
rescence microscopy and automated image analysis. Images were acquired at 20 fields/well with a 20× 
objective lens on an Operetta high content device (Perkin Elmer, Waltham, MA). Operetta images were 
analyzed with a customized scheme built from image analysis functions available in Harmony software. 

Virus-like particles. EBOV virus-like particles (VLPs) were generated essentially as described (48), by 
co-transfection of 293T cells with EBOV GP and EBOV matrix protein VP40, and concentrated by ul-
tracentrifugation through a 20–60% (wt/vol) sucrose gradient. Aliquots of VLPs were bath-sonicated 
briefly, prior to addition to cells. 

Phrodo RedTM-labeling and flow cytometry. To analyze Ab internalization into cells during infection, 
DVD-Igs and parental IgGs were first labeled with the acid-sensitive fluorophore, Phrodo Red. Abs 
were exchanged into PBS, and covalently conjugated to pHrodo Red succinimidyl ester (Thermo Fish-
er), according to the manufacturer’s instructions. Labeling reactions contained a 5-fold molar excess of 
dye over Ab. Following conjugation, excess unconjugated dye was removed using PD-10 desalting col-
umns (GE healthcare, Wauwatosa, WI), and Ab-pHrodo Red conjugates were exchanged into PBS and 
concentrated with Amicon Ultra filters (EMD Millipore; membrane NMWL 50 kDa). Protein concentra-
tion and degree of labeling were determined according to the manufacturer’s instructions. 

Labeled IgGs and DVD-Igs (final concentration, 29 nM) were incubated for 1 h at room temp, in the 
absence or presence of rVSV(mNG-P)-EBOV GP particles (3.4×104 infectious units per well). Virus, 
Ab, and virus-Ab mixtures were then added to wells of a pre-chilled 6-well plate containing confluent 
monolayers of U2OS cells. Viral particles were ‘spinoculated’ onto cells by centrifugation of the plates 
at 1,500 ×g in a swing-out rotor. Unbound virus was removed by washing with cold PBS, fresh culture 
media was added, and cells were allowed to internalize viral particles and/or Abs at 37˚C. After 30 min, 
cells were returned to ice, washed with cold PBS, and then harvested using cold trypsin-EDTA (Thermo 
Fisher). Harvested cells were kept on ice, filtered through mesh caps at 4˚C, and analyzed for virus 
(mNG-P) and Ab (pHrodo Red) fluorescence on a BD LSRII flow cytometer, using the gating scheme 
described in fig. S11. 

Immunofluorescence microscopy and co-immunostaining. To investigate transport of parent IgGs 
and DVD-Igs into target cells, pre-titrated amounts of rVSV(mNG-P)-EBOV GP particles or EBOV 
VLPs were preincubated with Abs (100 nM) for 1 h at room temp. VSV-antibody complexes were dilut-
ed into imaging buffer (20 mM HEPES[pH 7.4], 140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1 mM 
MgCl2, 5 mM glucose, 2% FBS), and spinoculated onto pre-chilled U2OS cells on coverslips stably ex-
pressing NPC1-EBFP2 as described above. Unbound virus was removed by washing with cold PBS. 
Cells were then placed in warm imaging buffer, and allowed to internalize viral particles and/or Abs for 
45 min–1 h at 37°C. Cells were fixed with 3.7% paraformaldehyde and permeabilized with PBS/0.1% 
Triton X-100. NPC1 was detected with primary mouse or rabbit anti-BFP Abs and secondary anti-
mouse or anti-rabbit antibody-Alexa 405 fluorophore conjugates, respectively (Thermo Scientific). 
VP40 was detected with a primary anti-VP40 mAb and a secondary anti-mouse antibody-Alexa 488 
fluorophore conjugate. Internalized Abs were visualized by staining with a secondary anti-human Alexa 
555 antibody-fluorophore conjugate. Imaging was performed on an Axio Observer Z1 widefield fluores-
cence microscope (Zeiss Inc., Thornwood, NY) equipped with a 63×/1.4 numerical aperture oil immer-
sion objective. Images were captured with a ORCA-Flash4.0 LT digital CMOS camera (Hamamatsu 
Photonics, Bridgewater, NJ), and processed in Photoshop (Adobe Systems, San Jose, CA). 



Animal challenge studies. Female BALB/c mice (Jackson Labs, Bar Harbor, ME) were challenged via 
the intraperitoneal (i.p.) route with EBOV-MA (100 PFU; ~3,000 LD50). Mice were treated i.p. 2 days 
post-challenge with PBS vehicle, 300 µg ( 15 mg/kg) of parent IgG mixtures (187.5 µg each), or 400 µg 
DVD-Ig ( 20 mg/kg; dose adjusted to account for the higher molecular weight of DVD-Igs). Mice were 
observed daily for clinical signs of disease and lethality. Daily observations were increased to a mini-
mum of twice daily while mice were exhibiting signs of disease. Moribund mice were humanely eu-
thanized on the basis of IACUC- approved criteria. 

6–8 week old male and female Type 1 IFN α/β receptor knockout mice (Type 1 IFNα/β R−/−) (Jack-
son Labs) were challenged with WT SUDV (1000 PFU i.p.). Mice were treated i.p. 1 and 4 days post-
challenge with PBS vehicle, 300 µg ( 15 mg/kg) of parent IgG mixtures per dose (150 µg each) or 400 
µg ( 20 mg/kg) DVD-Ig per dose, and monitored as above.  

Animal welfare statement. Generation of murine hybridomas and murine challenge studies were con-
ducted under IACUC-approved protocols in compliance with the Animal Welfare Act, PHS Policy, and 
other applicable federal statutes and regulations relating to animals and experiments involving animals. 
The facilities where this research was conducted (Albert Einstein College of Medicine and USAMRIID) 
are accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, Interna-
tional (AAALAC) and adhere to principles stated in the Guide for the Care and Use of Laboratory Ani-
mals, National Research Council, 2011.  

Statistical analysis. Dose-response neutralization curves were fit to a logistic equation by non-
linear regression analysis. 95% confidence intervals (95% CI) for the extracted IC50 parameter were es-
timated under the assumption of normality. Statistical comparison of means among multiple independent 
groups in Fig. 3D was carried out by two-factor analysis of variance (ANOVA) with Šídák’s and Dun-
nett’s post hoc tests to correct for multiple comparisons (see fig. S11). Analysis of survival curves in 
Fig. 4 was performed with the Mantel-Cox (log-rank) test. Testing level (alpha) was 0.05 for all statisti-
cal tests. All analyses were carried out in GraphPad Prism. 
  



figure S1 

Figure S1. mAb-548 targets the GPCL-binding site in NPC1 domain C (NPC1–C), and blocks 
GPCL:NPC1–C binding in vitro. (A) Surface-shaded representation of the X-ray crystal structure of an 
EBOV GPCL:NPC1–C complex (PDB ID: 5F1B) (16). Green, NPC1–C; blue, GP1; orange, GP2; red, 
GPCL receptor-binding site (RBS) residues; yellow, GPCL contact residues in NPC1–C. (B–C) Structure 
of NPC1–C. GPCL contact residues (yellow) and residues critical for mAb-548 binding (pink) are high-
lighted. (D) Kinetic binding curves for mAb-548:human NPC1–C interaction were determined by bi-
olayer interferometry (BLI). mAb-548 was loaded onto the probe, which was then dipped in solutions 
containing increasing concentrations of NPC1–C (nM; indicated for each curve). (E) Dose-dependent 
inhibition of rVSV-EBOV GPCL:NPC1–C binding by mAb-548 in a competition ELISA. Averages ± SD 
for 6 technical replicates pooled from 2 independent experiments are shown. 
  



figure S2 

 

Figure S2. Mapping the mAb-548 binding site in human NPC1–C. (A) Cartoon line diagram of human 
NPC1 with the second luminal domain, domain C, highlighted. (B–C) Using a species-specific differ-
ence in mAb-548 recognition to map its binding site in human NPC1–C:mAb-548 recognizes human 
NPC1–C, but not NPC1–C derived from the Russell’s viper (Daboia russellii) in an ELISA (C). A panel 
of chimeras between human and Russell’s viper NPC1–C, in which human sequences were introduced 
into the Russell’s viper background (28) (B) were tested for mAb-548 binding by ELISA (C). This gain-
of-function genetic analysis demonstrated that NPC1 residues 502–511 (human numbering) contain res-
idues critical for mAb-548 recognition (D). In panel C, averages ± SD for 3 technical replicates from a 
representative experiment are shown. Two independent experiments were performed. In panel D, amino 
acid sequence differences are shown in yellow. The inverted orange triangle indicates an N–linked gly-
cosylation site present in Russell’s viper NPC1–C, but not in human NPC1–C.  



figure S3 

Figure S3. Biochemical characterization of DVD-Igs. (A) FVM09~548 and FVM09~MR72 were re-
solved on SDS-polyacrylamide gels under reducing (R) and nonreducing (NR) conditions, and proteins 
were visualized by staining with Coomassie Brilliant Blue. A control IgG is shown for comparison. The 
DVD-Igs migrated as a disulfide-bonded complex (relative molecular weight, Mr 200K). (B–C) Size 
exclusion chromatography-multiangle light scattering (SEC-MALS) analysis of FVM09~548 (B) and 
FVM09~MR72 (C). Absorbance (arbitrary units; au) was monitored at 280 nm. m, monomer peak. a, 
aggregate peak. Calculated (MWcalc) and observed (MWobs) molecular weight estimates from MALS are 
shown in inset. In panels B–C, representative traces from two independent experiments are shown. 



 
figure S4 

 
Figure S4. DVD-Igs broadly recognize ebolavirus rVSV-GP particles in an FVM09-dependent manner. 
(A–B) Viral particles were normalized for GP content by ELISA with an ebolavirus GP peptide-specific 
polyclonal antiserum (41), captured onto plates, and probed with FVM09~548 (A) and FVM09~MR72 
(B) in an ELISA. DVD-Ig binding was FVM09-dependent, since only nonspecific binding to viral parti-
cles was observed with parent IgG MR72 (B). Averages ± SD for 3 technical replicates from a repre-
sentative experiment are shown. Two independent experiments were performed. 
  



figure S5 
 

 
 

Figure S5. DVD-Igs specifically neutralize filovirus entry and infection. (A–B) Neutralization of rVSVs 
bearing EBOV GP or non-filovirus glycoproteins derived from a rhabdovirus (VSV G) and a hantavirus 
(Andes virus; ANDV Gn/Gc) by FVM09~548 (A) and FVM09~MR72 (B). Averages ± SD for 3 tech-
nical replicates from a representative experiment are shown. Two independent experiments were per-
formed. 
 
  



figure S6 
 

 
Figure S6. DVD-Igs, but not parent IgGs, possess broad neutralizing activity against authentic ebo-
laviruses. (A–C) Neutralization of authentic filoviruses in human U2OS osteosarcoma cells, measured in 
microneutralization assays. Infected cells were immunostained for viral antigen at 48 h post-infection, 
and enumerated by automated fluorescence microscopy. Averages ± SD (n=3) from 1–2 representative 
experiments are shown. (D) Ab concentrations at half-maximal neutralization (IC50 ± 95% confidence 
intervals for nonlinear curve fit of data in panels A–C) are shown. Averages ± SD for 4–6 technical rep-
licates pooled from two independent experiments are shown.  
 



figure S7 
 

Figure S7. DuoBody molecules combining extracellular ‘delivery’ and endosomal RBS-targeting speci-
ficities. (A) Schematic of MR72 (GPCL-specific) and FVM09 (GP-specific) precursor mAbs (top row), 
and a DuoBody engineered to combine them (bottom row). The IgG CH3 mutations K409R and F405L 
promote heavy chain heterodimerization (40). (B) Biochemical characterization of IgGs and DuoBody. 
FVM09∗MR72 was resolved on SDS-polyacrylamide gels under reducing (R) and nonreducing (NR) 
conditions, and proteins were visualized by staining with Coomassie Brilliant Blue. (C) Parent IgGs and 
the post-exchange product (putative DuoBody) were analyzed by mass spectrometry (matrix-assisted 
laser desorption ionization-time of flight; MALDI-TOF). Calculated (MWcalc) and observed (MWobs) 
molecular masses are indicated. nd, not determined. (D) Parent IgGs and post-exchange product (puta-
tive DuoBody) were analyzed by ion-exchange chromatography to determine the efficiency of Fab-arm 
exchange. The DuoBody eluted at a volume intermediate to those of the parent IgGs, and area-under-
the-curve measurements indicated that the efficiency of exchange was ≈ 97%. 



figure S8 

 

Figure S8. DuoBody combining FVM09 and MR72 possesses broad neutralizing activity. (A–C) Neu-
tralizing activity of DuoBody molecules against rVSVs encoding eGFP and bearing ebolavirus GP pro-
teins in human U2OS cells. See Fig. 2 for details. Averages ± SD (n=3) from a representative experi-
ment are shown. Ctrl∗MR72 is a control DuoBody combining MR72 with an irrelevant IgG (HIV-1 spe-
cific IgG, b12). Averages ± SD for 4–6 technical replicates pooled from two independent experiments 
are shown.  
 
  



figure S9 
 

 

Figure S9. Two mutations in glycan cap subdomain of EBOV GP abolish FVM09 IgG binding. rVSV 
particles bearing EBOV GP(WT) or GP(E288D/W292R) were captured onto plates and probed with 
FVM09 IgG in an ELISA. Averages ± SD for 3 technical replicates from a representative experiment are 
shown. Two independent experiments were performed.  
 
  



figure S10 

 

Figure S10. Workflow for flow cytometric measurement of Ab internalization into cells in the absence 
or presence of viral particles. Parent IgGs and DVD-Igs were covalently labeled with the acid-dependent 
fluorophore pHrodo RedTM. Labeled Abs were incubated with rVSV-EBOV GP particles containing an 
internal fluorescent protein label (mNeongreen), and then exposed to U2OS cells for 30 min at 37˚C. 
Cells were chilled and then analyzed on a BD LSRII. Cells were first gated on side (A) and forward (B) 
scatter to gate out debris. Cells were then gated using pulse width/height (C) and nuclear DNA content 
(DAPI) (D) to identify a singlet population for further analysis. Virus+ (E) and virus– (G) subpopulations 
were identified on the basis of mNeongreen fluorescence, and each was separately analyzed for pHrodo 
Red fluorescence (F–H).  
  



figure S11 

Figure S11. Statistical analysis of Ab internalization into cells (Figs. 3D & S10). Results from the 
flow cytometric measurement of Ab internalization into cells in Figs. 3D and S10 were subjected to a 
two-way analysis of variance (ANOVA). (A) The influence of two independent variables (presence or 
absence of mNeongreen-labeled rVSV-EBOV GP particles, identity of pHrodo Red-labeled Ab) on the 
dependent variable (%Ab+ cells) was determined. Ab internalization was significantly higher in virus+ 
than in virus– cells, and was significantly dependent on both Ab identity, and on the interaction between 
virus and Ab. df, degrees of freedom. (B) Šídák’s post hoc test was used to compare %Ab+ cells in virus– 
vs. virus+ cells, for each test Ab. (C–D) Dunnett’s post hoc test was used to compare %Ab+ cells ob-
tained for each test Ab vs. the ‘no Ab’ control in virus– (C) and virus+ (D) cell populations. 



figure S12 

Figure S12. DVD-Igs, but not parent IgGs, undergo virion- and FVM09-dependent delivery to NPC1+ 
cellular compartments. Parent IgGs and DVD-Igs were incubated with mNeongreen-labeled rVSV-
EBOV GP particles and then exposed to U2OS cells expressing an NPC1-enhanced blue fluorescent 
protein-2 fusion protein for 60 min at 37˚C. Cells were fixed, permeabilized, and immunostained, and 
viral particles, Ab, and NPC1 were visualized by fluorescence microscopy. Images from a representative 
experiment are shown. At least two independent experiments were performed. Scale bar, 20 µm. 



figure S13 

 
Figure S13. DVD-Igs, but not parent IgGs, undergo EBOV VLP- and FVM09-dependent delivery to 
NPC1+ cellular compartments. Parent IgGs and DVD-Igs were incubated with EBOV GP/VP40 VLPs, 
and then exposed to U2OS cells expressing an NPC1-enhanced blue fluorescent protein-2 fusion protein 
for 60 min at 37˚C. Cells were fixed, permeabilized, and immunostained, and VLPs, Ab, and NPC1 
were visualized by fluorescence microscopy. Images from a representative experiment are shown. Two 
independent experiments were performed. Scale bar, 20 µm. 
  



figure S14 

Figure S14. FVM09 bind to uncleaved EBOV GP with similar affinity at neutral pH and the presump-
tive acidic pH of early and late endosomes. Kinetic binding curves for FVM09~MR72 DVD-Ig:EBOV 
GP binding were determined by BLI at pH 7.5 (A), pH 6.5 (B), and pH 5.5 (C). FVM09~MR72 was 
loaded onto probes at pH 7.5, which were then equilibrated in buffer adjusted to the test pH, and dipped 
in analyte solutions. Gray lines show curve fits to a 1:1 binding model. See table S1 for kinetic binding 
constants. Representative data from two independent experiments are shown. 



figure S15 

Figure S15. FVM09~548 lacks neutralizing activity in murine cells, because it binds weakly to the mu-
rine (M. musculus) NPC1 ortholog and only poorly blocks GPCL-NPC1 interaction. (A–B) Neutraliza-
tion of rVSV-EBOV GP infection in murine NIH/3T3 cells by the FVM09~548 and FVM09~MR72 
DVD-Igs. (C–D) Kinetic binding curves for FVM09~548:NPC1–C interaction were determined by BLI. 
FVM09~548 was loaded onto probes, which were dipped in (C) murine NPC1–C or (D) mantled guere-
za (C. guereza) non-human primate NPC1–C analyte solutions. (E–F) Dose-dependent inhibition of 
rVSV-EBOV GPCL:NPC1–C binding by mAb-548 in a competition ELISA. (C) Murine NPC1–C. (D) 
Mantled guereza NPC1–C. Gray lines show curve fits to a 1:1 binding model. In panels A, B, E, F, aver-
ages ± SD for 3 technical replicates from a representative experiment are shown. At least 2 independent 
experiments were performed. In panels C-D, representative curves from 2 independent experiments are 
shown. See table S1 for kinetic binding constants. 



figure S16

Figure S16. Amino acid sequence divergence of murine and primate NPC1 orthologs at the GPCL bind-
ing interface. (A) Left, cartoon representation of human NPC1–C (PDB ID: 5F1B) (16). Boxed region is 
magnified at right, to highlight GPCL-contacting loops 1 and 2 (balls and sticks). (B) Amino acid se-
quence alignments of NPC1–C sequences corresponding to loops 1 and 2, and the mAb-548-binding re-
gion. Sequence differences are highlighted.  



table S1 
 

 
Table S1. Kinetic binding constants for Ab:antigen interaction determined by BLI and fitting to a 1:1 
binding model. Value ± 95% confidence intervals, determined from a representative experiment, are 
shown for each constant. At least two independent experiments were performed for each binding inter-
action. 
(a) kon, association rate constant  
(b) koff, dissociation rate constant 
(c) KD, equilibrium dissociation constant 
(d) Mantled guereza NPC1–C (see figs. S15 & S16) 
(e) Fits to 1:1 binding model did not converge. 
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