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5 ABSTRACT: Ebola virus (EBOV) is responsible for several
6 outbreaks of hemorrhagic fever with high mortality, raising great
7 public concern. Several cell surface receptors have been identified to
8 mediate EBOV binding and internalization, including phosphati-
9 dylserine (PS) receptors (TIM-1) and C-type lectin receptors (DC-
10 SIGNR). However, the role of TIM-1 during early cell surface
11 binding remains elusive and in particular whether TIM-1 acts as a
12 specific receptor for EBOV. Here, we used force−distance curve-
13 based atomic force microscopy (FD-based AFM) to quantify the
14 binding between TIM-1/DC-SIGNR and EBOV glycoprotein (GP)
15 and observed that both receptors specifically bind to GP with high-affinity. Since TIM-1 can also directly interact with PS at the
16 single-molecule level, we also confirmed that TIM-1 acts as dual-function receptors of EBOV. These results highlight the direct
17 involvement of multiple high-affinity receptors in the first steps of binding to cell surfaces, thus offering new perspectives for the
18 development of anti-EBOV therapeutic molecules.
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20 Initially discovered in 1976, Ebola virus disease is a severe
21 and often fatal illness affecting humans and other primates.1

22 Unlike previous epidemics, the 2014−2016 epidemic spread in
23 West Africa through several countries and is still circulating in
24 several African countries, raising fears of the worst interna-
25 tionally. Among the Ebola various strains, the Zaire Ebolavirus
26 (EBOV) is the most widespread.2 EBOV is a single-stranded
27 RNA enveloped virus encoding for seven structural proteins3,4

28 and possesses a striking filamentous structure. The viral
29 envelope consists of phosphatidylserine (PS)-enriched lipid-
30 bilayer5 decorated with spikes consisting of the glycoprotein

f1 31 (GP) trimer (Figure 1a).6 Since last year, a vaccine is available
32 but not suitable for an outbreak response where immediate
33 protection is required. However, currently the poor under-
34 standing of cellular receptor role is a major roadblock in the
35 understanding of EBOV pathogenesis and the development of
36 antiviral therapies, needed to treat the disease.
37 EBOV infects a wide range of host cells7 and a variety of cell
38 surface receptors have been identified or hypothesized to
39 mediate EBOV binding and internalization into the endosomal
40 compartment of cells, including PS receptors and C-type lectin
41 receptors.8−10 PS receptors and in particular the T-cell Ig and
42 mucin domain 1 (TIM-1) receptor has been shown to interact
43 with the viral PS,11,12 mediating GP-independent virus uptake.
44 However, evidence also suggests a direct interaction between
45 TIM-1 and EBOV glycoprotein (EBOV-GP),13 questioning
46 the exact role of TIM-1 during virus binding and infection.

47Besides TIM-1, the C-type lectin dendritic cell-specific
48intercellular adhesion molecule-3-grabbing nonintegrin recep-
49tor (DC-SIGNR) has been identified to specifically bind to
50EBOV-GP contributing to EBOV binding to host cell
51surface.14,15 After EBOV attachment to the cell surface, the
52viral particles are internalized into early endosomes, where GP
53is cleaved to GPcl by cathepsin-B and cathepsin-L (Cat-B/L) in
54a low-pH-dependent manner (Figure 1b).16,17 The GPcl then
55interacts with the Niemann-Pick C1 receptor triggering
56membrane fusion.18 In addition, the GP can be cleaved by
57the tumor necrosis factor-α converting enzyme (TACE) at the
58membrane-proximal external region (Figure 1b).19,20 Overall,
59the mechanism of molecular binding of EBOV to the cell
60surface is still unclear, in particular the role of TIM-1 in
61binding to the GP glycoprotein during attachment of virions to
62the cell surface.
63To clarify the role of human host receptors during early
64binding events of EBOV to cell surfaces, we used force−
65distance (FD) curve-based atomic force microscopy (AFM)
66(Figure 1c)21 and probed at the single virus-like particle (VLP)
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67 level, the interactions toward DC-SIGNR and TIM-1
68 receptors, both on purified receptors and on living cells. We
69 first extracted the kinetics and thermodynamics parameters of
70 the individual interactions and further evaluated the binding
71 capacity of EBOV-receptors on living cells. We evidenced that
72 GP specifically interacts with both DC-SIGNR and TIM-1
73 with a high-affinity (∼15−20 nM). Treatment with Cat-B/L
74 and TACE also suggests that TIM-1 also interacts with PS,
75 providing the first direct evidence that TIM-1 acts as a dual
76 attachment receptor for EBOV. However, the interaction
77 between TIM-1 and PS mainly occurs after enzymatic cleavage
78 of GP, presumably within the endosome.

79 ■ RESULTS
80 EBOV Specifically Binds to Both DC-SIGNR and TIM-1.
81 To evaluate the role of PS receptors and C-type lectin
82 receptors during EBOV early binding to cell surface, we
83 evaluated the binding potential of EBOV to purified receptors
84 using FD-curve based AFM. To this end, DC-SIGNR or TIM-
85 1 were covalently grafted to gold surfaces coated with COOH-
86 and OH-terminated alkanethiols through carbodiimide con-
87 jugation (see Supporting Information (SI) Methods). The
88 grafted surfaces were validated by AFM scratching, showing a
89 deposited layer of ∼1.5 nm and ∼2.0 nm for DC-SIGNR and
90 TIM-1, respectively (Figure S1a,b). EBOV-like particles
91 (EBOV-VLPs) were produced by expressing the EBOV-GP
92 and mCherry-labeled matrix protein VP40 as previously
93 described.22 Confocal laser-scanning microscopy and AFM
94 imaging were used to validate the production of EBOV-VLPs
95 (Figure S2a,b).
96 Purified EBOV-VLPs were then covalently immobilized
97 onto the AFM tips using a 24-unit long polyethylene glycol

f2 98 (PEG) spacer and the grafting procedure was validated by

99 f2confocal laser-scanning microscopy (Figure 2a and Figure
100S2c,d). In order to evaluate the binding between EBOV-VLPs
101and both receptors, FD curves were recorded by repeatedly
102approaching and retracting the functionalized tip from the DC-
103SIGNR or TIM-1 decorated model surface with a surface delay
104of 200 ms (Figure 2a,b and Figure S3). Specific binding events
105were observed in 16.3 ± 1.6% and 33.5 ± 2.9% of retraction
106FD curves for DC-SIGNR and TIM-1, respectively (Figure
1072c). To confirm the binding specificity, several independent
108controls were performed using (i) an coated OH-/COOH-
109terminated alkanethiol coated surfaces lacking the individual
110receptors, (ii) a tip functionalized with the PEG spacer but no
111EBOV-VLPs, and (iii) the injection of 10 nM free antibodies
112(Ab) (DC-SIGNR Ab or TIM-1 Ab). All three controls result
113in a significant drop of the binding probability (BP),
114confirming the specificity of the probed interaction between
115EBOV-VLPs and DC-SIGNR or TIM-1 (Figure 2c).
116TIM-1 Binds Both PS and EBOV-GP. In order to identify
117which EBOV ligands are involved in host receptor binding, we
118combined the use of native and protease-treated virions
119yielding different forms of cleaved EBOV-GP. Using FD-curve-
120based AFM, we compared the BP of the interaction between
121EBOV-VLP and DC-SIGNR before and after treatment with
122CatB/L or TACE proteases (Figure S4). We observed
123significant drops in the BP after each protease treatment
124(Figure 2d) from 16.3 ± 1.6% before treatment to 8.5 ± 0.7%
125and 7.2 ± 0.2% using CatB/L or TACE treatments,
126respectively (Figure 2d). The low BP observed after the
127protease treatment is also very close to the value obtained after
128blocking with DC-SIGNR-Ab, suggesting that no other viral
129surface component is involved in the binding to DC-SIGNR.
130Similarly, we evaluated the role of EBOV-GP and PS as
131potential binding ligands for TIM-1. Using Annexin-V, known

Figure 1. Schematic of EBOV and AFM probing of EBOV binding to living cells. (a) Schematic of EBOV, the nucleoprotein (NP) encases the viral
RNA genome to form a protein−RNA complex. The viral RNA genome interacts with the virion-associated proteins VP24, transcriptional activator
VP30, polymerase cofactor VP35, and polymerase L. This complex is surrounded by the matrix protein VP40, which is the main protein controlling
virion morphology and budding. These inner components are packed in an envelope of lipid bilayer containing phosphatidylserine (PS). The
trimers of glycoprotein (GP) spike are embedded in the viral envelope.4 (b) Schematic of protease cleavages of EBOV-GP. GP is cleaved at a
membrane-proximal external region by the tumor necrosis factor-α converting enzyme (TACE). Endosomal cysteine proteases Cat B/L cleaves GP
species to generate GPcl. (c) Cartoon showing the probing of EBOV-VLP to cell surface receptors, in particular DC-SIGNR and TIM-1 (PDB IDs:
DC-SIGNR, 1K9J; TIM-1, 5DZO; GP, 5JQ3).
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132 to specifically bind to PS, we only observed a small decrease of
133 the BP (from 33.5 ± 2.9% to 27.3 ± 1.5%, n = 5), suggesting
134 that PS is poorly accessible to TIM-1 on native EBOV-VLP.
135 After treatment with CatB/L or TACE, the BP significantly
136 decreased (from 33.5 ± 2.9% before treatment to 18.6 ± 3.5%
137 and 22.4 ± 1.6% using CatB/L or TACE, respectively),
138 confirming that EBOV-GP is directly involved in TIM-1
139 binding, as previously suggested13,23 (Figure 2e). However, the
140 BP remained largely above the value observed after blocking
141 with TIM-1 Ab, confirming that PS and GP could act as a
142 second-attachment ligand. To further validate this, we treated
143 the EBOV-VLPs with each protease and further incubated
144 them with Annexin-V. For both proteases, the coincubation

145with Annexin-V resulted in a further drop of the BP to the
146same level as that observed for the incubation with TIM-1 Ab
147(Figure 2e). Taken together, these experiments identify TIM-1
148as a cellular receptor interacting with both EBOV-GP and PS,
149while DC-SIGNR exclusively interacts with EBOV-GP.
150Extracting the Binding Free-Energy Landscape of
151EBOV to Cell Surface Receptors. After having identified
152DC-SIGNR and TIM-1 as cellular receptors for EBOV, we
153sought to characterize their kinetic and thermodynamic
154 f3properties (Figure 3a,b) via force-probing their interactions
155at various loading rates (Figure 3c). Experimentally, the
156EBOV-VLP functionalized tip is approached at a constant
157speed toward the functionalized surface and maintained in

Figure 2. EBOV-VLPs specifically binds to purified receptors. (a) Schematic of the functionalized of the AFM tip with a PEG24 spacer that grafted
to the free amino group of EBOV-VLP or GP. (b) Representative FD curves recorded on the model surface showing nonadhesion and specific
adhesion event. (c) Binding probabilities (BP) of specific adhesion events recorded between EBOV-VLP and different receptors and measured by
AFM. Red circle indicates individual data points (extracted from independent individual maps), the box indicates the mean, and whiskers indicate
the mean ± standard deviation (s.d.). (d,e) The BP of EBOV-VLP binding to DC-SIGNR (d) or TIM-1 (e) before or after treatment with TACE,
CatB/L proteases, Annexin-V, and TIM-1 Ab. All experiments were independently reproduced at least three times (n ≥ 3). **** P < 0.0001, P
values were determined by a two-sample t test using Origin. Error bars indicate s.d. of mean.
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158 contact for 200 ms, thus allowing the establishment of the
159 bond formation. Next, the tip is retracted at various speeds in
160 the range of 0.1−20 μm s−1 (Figure 3d). From the individual
161 force versus time curves (Figure 3c), the rupture force and
162 corresponding loading rate (LR, slope of the curve just before
163 the rupture occurs) were extracted and displayed as individual
164 data points on the dynamic force spectroscopy (DFS) plots
165 (Figure 3e,f). If an external force is applied on a reversible
166 bond, the activation-energy barrier of the molecular bond is
167 reduced toward dissociation and shortens its lifetime as
168 described by Bell-Evans model (Figure 3b).24,25 In the far-
169 from-equilibrium regime, the model therefore predicts that the
170 rupture force of the bonded molecule pairs is proportional to
171 the logarithm of the LR, as we observe for both receptors
172 (Figure 3e,f).
173 For both DC-SIGNR and TIM-1, the probed interaction
174 forces are in the range of 25−500 pN in the comprised LR
175 range from 102 to 106 pN s−1 (Figures S5 and 6). The analysis
176 of narrow LR ranges revealed force distributions that follow a
177 multiple Gaussian peak distribution, suggesting the establish-

178ment of multiple bonds. For each peak, the average force was
179extracted and displayed on the respective DFS plots (Figure
1803e,f). As predicted by the Bell-Evans model, the points for the
181first peaks extracted from the histograms were following a
182linear trend onto the DFS plot (solid lines in Figure 3e,f),
183enabling to extract their kinetics parameters, i.e., the distance
184to the transition state (χβ) and the kinetic off-rate (koff). The
185binding of the EBOV-VLP to both receptors is described by a
186single energy barrier with χβ = 0.29 ± 0.01 nm and koff = 1.59
187± 0.12 s−1 for DC-SIGNR, and χβ = 0.23 ± 0.01 nm and koff =
1883.39 ± 0.35 s−1 for TIM-1, which is in good agreement with
189previous work.26 The koff is directly related to the bond lifetime
190τ (the time interval required for bond dissociation under
191equilibrium conditions, τ = 1/koff), which is commonly used to
192describe the intrinsic parameter of the bond mechanical
193stability. Our results give lifetimes of τ ≈ 630 ms and τ ≈ 300
194ms for the bond established between EBOV-VLP and DC-
195SINGR or TIM-1, respectively. These results reveal a two-fold-
196higher stability for the binding to DC-SIGNR, probably
197explained by the EBOV tropism as DC-SIGNR is expressed in

Figure 3. Probing EBOV-VLP binding to receptors on model surface. (a) Cartoon showing the probing of EBOV-VLPs to DC-SIGNR and TIM-1
receptors on the model surface and EBOV-VLPs on AFM tip. (b) Binding between a ligand and a receptor can be described as a two-state by the
Bell-Evans model. The transition from the bound state to the unbound state is separated by an energy barrier located at distance χβ. koff, and ku
indicate the dissociation rate observe with no external force (F = 0) or an external force F > 0 applied onto the bond. (c) Force versus time curve
where the slope of the curve extracted just before the unbinding event is determined to extract the loading rate (LR). (d) Representative force−
distance curves recorded at various retraction speeds (from 0.1 to 20 μm s−1) on model surface and showing specific adhesion events. (e,f)
Dynamic force spectroscopy (DFS) plot indicating the distribution of the rupture forces at different LR ranges for interactions between EBOV-VLP
and DC-SIGNR (n = 2242 data points) (e) or TIM-1 (n = 5220 data points) (f). The solid line represents the fit of the single-bond rupture events
with the Bell-Evans fit, giving koff and χβ values. Dashed lines represent the prediction of the force for the rupture of two simultaneous uncorrelated
interactions (using the Williams-Evans prediction). (g) The BP acquired at 1 μm s−1 is plotted as a function at the different contact times. A
monoexponential decay curve (line) using the least-squares fit provides access to the kon of the probed interactions. KD (koff/kon) value shows that
EBOV-VLP has a higher affinity for DC-SIGNR and TIM-1. All experiments were reproduced three times with independent tips and samples (n ≥
3) at least and the error bar shows s.d. of the mean value.
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198 several early targets for EBOV infection, including dendritic
199 cells, alveolar macrophages, and sinusoidal endothelial cells in
200 the liver and lymph node.14

201 Analysis of the rupture forces also revealed higher forces in
202 the DFS plot (Figure 3e,f) and respective force histograms
203 (Figures S5 and 6), which can be fitted with a second peak
204 within the multiple Gaussian peak distribution. Further
205 analysis using the predictive Williams-Evans model,27,28

206 which determines whether these higher forces could originate
207 from multiple uncorrelated bonds loaded in parallel between
208 the EBOV-VLPs and the receptors, suggests no particular
209 mechanical coupling between the individual bonds (Figure
210 3e,f, dashed curves).
211 Assuming that the receptor-bond complexes can be
212 approximated by a pseudo-first-order kinetics, we also
213 estimated the kinetic on-rate (kon) from our single-molecule
214 force spectroscopy experiments.29 This association rate is
215 extracted from the BP measured at various contact times and
216 depends on the effective concentration described as the
217 number of binding partners (ligand + receptor) within an
218 effective volume Veff accessible under free-equilibrium
219 interaction. Veff can be approximated by a half-sphere with a

220radius including the linker, the viral GP and the receptors (see
221SI Methods).29,30 For both DC-SIGNR and TIM-1, we
222observed that the BP increased exponentially with contact
223time, and we extracted interaction times of ∼200 and 80 ms,
224leading to kon values of 8.4 ± 1.6 × 106 M−1 s−1 and 2.2 ± 0.4
225× 107 M−1 s−1, respectively (Figure 3g). Finally, the
226dissociation constant KD is calculated as the ratio between
227koff and kon, yielding values around ∼15−20 nM for both
228complexes, which is close to the ∼26 nM affinity found
229previously for EBOV-GP−DC-SIGNR.31 These experiments
230demonstrate that EBOV-VLP can specifically bind to both DC-
231SIGNR and TIM-1 via high-affinity interactions in vitro.
232TIM-1 Acts as the First Foothold for EBOV-GP
233Binding. While our first experiments on purified proteins
234revealed that EBOV-VLPs can bind to TIM-1 through both
235GP and PS (after cleavage by the proteases), the extraction of
236the kinetics and thermodynamics revealed only one type of
237interaction. Therefore, we aimed to determine whether this
238interaction, recorded with native EBOV-VLPs, originated from
239binding to EBOV-GP. To this end, we functionalized the AFM
240tip with the purified EBOV-GP and probed the interaction to
241both DC-SIGNR and TIM-1 (Figure S7, Table S1). As

Figure 4. Exploring EBOV-VLPs binding to DC-SIGNR or TIM-1 on living cells. (a) AFM height image of two adjacent HEK 293T cells: DC-
SIGNR (fluorescently tagged) cell and an unlabeled negative control cell. Inset: overlay of fluorescent and DIC images of both cells. (b) FD-based
AFM adhesion map of cells recorded in the dashed square shown in (a) (inset). (c) DFS plots of data obtained using model surfaces (gray circles,
from Figure 3d) and on living cells (red circles, n = 778 data points from three independent experiments). (d) AFM height image with fluorescence
image in the inset showing the TIM-1 cell (green) and an unlabeled negative control cell. (e) Corresponding adhesion map recorded with EBOV-
VLPs. EBOV-VLPs bind strongly to TIM-1 cells (green) in comparison to the unlabeled cell shown in (d) (inset). (f) DFS plots of TIM-1-EBOV-
VLPs obtained using model surfaces (gray circles, from Figure 3e) and on living cells (red circles, n = 908 data points from three independent
experiments).
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242 anticipated, for DC-SIGNR we obtained a very good
243 agreement between the parameters extracted using the
244 EBOV-VLPs compared to the one using the purified GP
245 (Figure S7b,c). Stunningly, this is also the case for the complex
246 GP-TIM-1, implying that the EBOV-VLPs would mainly
247 interact with TIM-1 through its GP during the early binding
248 events (Figure S7d,e). This also indicates that binding to PS
249 may occur later during the subsequent step of the infection.
250 Since GP, due to its size, can potentially sterically hinder PS
251 binding, this step could only take place further downstream,
252 once GP is cleaved by CatB/L, just before its internalization
253 into the endosomes.32

254 Exploring EBOV-VLPs Binding to Cellular Receptors
255 on Living Cells. After the extraction of the parameters
256 describing the binding free-energy landscape of EBOV to its
257 cellular receptors on purified receptors, we wanted to further
258 validate that these binding events are also established in a
259 cellular context. To this end, HEK-293T cells were first
260 transiently transfected with DC-SIGNR-GFP. The expression
261 of DC-SIGNR on HEK-293T cells was validated using in-cell-
262 western assays (Figure S8). Next, HEK-293T and HEK-293T-
263 DC-SIGNR-GFP were cocultured and imaged using AFM tips
264 functionalized with EBOV-VLPs under physiologically relevant
265 conditions (37 °C, 95% relative humidity and 5% CO2)

f4 266 (Figure 4a, inset).33 Guided by fluorescence, an area where
267 control and transfected cells were adjacent was selected and
268 imaged. This allowed us to directly assess the proportion of
269 specific interactions to a particular receptor compared to other
270 interactions that might be established with constitutively
271 expressed receptors at the cell surface (Figure 4a,b,d,e). From
272 the adhesion map (Figure 4b), a clear difference appears
273 between the control and transfected cells. While control cells
274 show only rare adhesion events (bright pixels, ∼1.5%), the
275 transfected cells show a much higher density of adhesion
276 events (∼9.3%), homogeneously distributed on the cell surface
277 (Figure 4a,b).
278 Typical FD curves between EBOV-VLP and HEK-293T-
279 DC-SIGNR-GFP cells showed specific adhesion events on the
280 retraction curve (Figure S9) with rupture forces in the range of
281 100 to 300 pN across the applied LR range (Figure S9b).
282 Naturally, due to the PEG spacer, the size of the attached
283 EBOV-VLPs, and the elasticity of the cell surface and rupture
284 distances can exceed 200 nm. Overlay of the data on the DFS

285plot obtained for the purified DC-SIGNR reveals that the
286binding force for the single-bond matches very well with the
287value predicted from our above experiments (Figure 4c).
288Strikingly, despite the short contact time of ∼1 ms with the cell
289surface, specific binding events with DC-SIGNR are
290established even in a complex cellular environment. Together,
291these results indicate that EBOV-VLP interacts with DC-
292SIGNR on cell surfaces using similar high-affinity interactions
293as measured on model surfaces.
294Similarly, we evaluated the binding of EBOV-VLPs to TIM-
2951 in the cellular context by transiently transfecting HEK-293T
296with TIM-1-GFP, and we evaluated its functional expression
297(Figure S10a,b). FD-based AFM using AFM tip derivatized
298with the EBOV-VLPs revealed that most adhesion events are
299localized on the transfected cells (Figure 4d,e). Analysis of the
300rupture force (Figure S11) and comparison with the data
301extracted on purified TIM-1 (Figure 4f) confirmed that EBOV
302binds to TIM-1 within a short contact time with the cell
303surface. The live cell data set clearly shows that EBOV has the
304ability to rapidly engage with the DC-SIGNR and the TIM-1
305receptors immediately after landing on the cell surface,
306confirming that these two receptors play an important role in
307infection.

308■ DISCUSSION

309EBOV entry requires the concerted action of multiple
310membrane receptors in the host, including two types of
311receptors, namely C-type lectin receptors and PS receptors.34

312After binding to the cell surface, EBOV is internalized into the
313endosomes through the macropinocytosis pathway.35 Sub-
314sequently, the GP is cleaved to trigger the membrane fusion at
315the endosomes.36,37 Among PS receptors, the role of TIM-1
316remains elusive and is controversially discussed in the
317literature. A recent study highlights a role for TIM-1 in PS
318binding during the cellular attachment, allowing it to better
319resist external mechanical perturbations,26 whereas another
320study suggests that TIM-1 serves as a receptor via a direct
321interaction with EBOV-GP.13

322Using single-virus force spectroscopy, we investigated EBOV
323binding to both DC-SIGNR and TIM-1 by quantifying the
324binding strength to each receptor in vitro on model surfaces
325and on living cells, mimicking physiologically relevant
326conditions. We demonstrated that both DC-SIGNR and

Figure 5. Multiple receptors mediate EBOV binding to host cells with high affinity. Models of EBOV binding to receptors: GP mediates EBOV
high-affinity binding to DC-SIGNR and TIM-1. Binding to PS is sterically hindered during the early binding step.
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327 TIM-1 are specific receptors for EBOV early binding to cellular
328 surfaces. The kinetic and thermodynamic investigations
329 pointed out that EBOV-GP specifically binds to DC-SIGNR/
330 TIM-1 with remarkable high affinity (KD in the nM range,

f5 331 Figure 5). Similar experiments conducted with the purified GP
332 leads to the same conclusion, undoubtedly confirming a direct
333 interaction.
334 For the first time, we studied at the single virion-level, how
335 enzymes trigger change at the virion surface and how it
336 influences binding properties to cell surface receptors. After
337 EBOV attachment to the cell surface, the viral particles can be
338 cleaved by Cat-B/L and/or TACE. We used AFM to
339 understand how virus binding properties are modified upon
340 enzymes processing. After GP cleavage in the membrane-
341 proximal external region by TACE, we observed that EBOV-
342 VLP still binds to TIM-1. This binding can be impeded by the
343 injection of Annexin-V, suggesting that TIM-1 binding to PS is
344 promoted after enzymatic cleavage. Binding of TIM-1 to PS is
345 also observed after cleavage by Cat-B/L under low-pH
346 conditions with a slightly lower frequency compared to
347 TACE treatment (Figure 2e). Together, these results strikingly
348 demonstrate that TIM-1 acts as a dual-receptor to both EBOV-
349 GP and PS with the latter being favored after enzymatic
350 cleavage within the endosomes.17

351 Findings reported here elucidate the complex interplay
352 between EBOV and its cellular receptors prior to viral entry.
353 Binding of EBOV-GP to TIM-1 and DC-SIGNR serves as the
354 initial high-affinity binding just before the cellular entry. Then,
355 under the action of Cat-B/L and TACE enzymes during
356 endocytosis EBOV-GP is partially cleaved and the TIM-1
357 receptors present will be able to bind specifically to the PS,
358 thus promoting the membrane fusion step (Figure 5). This
359 two-step entry mechanism, orchestrated by a single cellular
360 receptor, demonstrates the complexity and elegance of the
361 EBOV infection mechanism. This important result points
362 directly to the key role of the TIM-1 receptor making it an
363 ideal candidate for the development of targeted antiviral
364 molecules.
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