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Abstract

Ebolavirus causes sporadic outbreaks of lethal hemorrhagic fever in humans with no currently
approved therapy. Cells take up Ebolavirus by macropinocytosis, followed by trafficking through
endosomal vesicles. However, few factors controlling endosomal virus movement are known.
Here we find that Ebolavirus entry into host cells requires the endosomal calcium channels called
two pore channels (TPCs). Disrupting TPC function by gene knockout, small interfering RNAs or
small molecule inhibitors halted virus trafficking and prevented infection. Tetrandrine, the most
potent small molecule we tested, inhibited infection of human macrophages, the primary target of
Ebolavirus in vivo, and also showed therapeutic efficacy in mice. Therefore, TPC proteins play a
key role in Ebolavirus infection and may be effective targets for antiviral therapy.

Ebolaviruses (EBOV), together with Marburgvirus, are a highly diverse group of viruses
that comprise the Filoviridae. Almost all of them, including the strain responsible for the
latest outbreak in West Africa, cause a highly lethal, rapidly progressing hemorrhagic fever
in humans, nonhuman primates and other forest animals (1, 2). However, there is currently
no licensed drug treatment or broadly active vaccine (3), making them significant public
health threats and potential biothreat agents. Since, like most viruses, EBOV depends on
host cell factors to complete its life cycle (4), blocking such interactions may have a large
impact on infection and disease outcome. Recent successes in cell culture and some animal
models suggest that this approach holds promise for rapidly bringing new drugs to the clinic

(5).
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EBOV binds to several types of cell surface proteins to initiate host cell entry (6-8), after
which it is internalized by macropinocytosis and follows an endosomal route to reach acidic
compartments (9, 10). There, host proteases such as cathepsins cleave the viral glycoproteins
(GPs) (11), which bind to the endosomal membrane protein, NPC1, and eventually facilitate
the release of the viral core to the cell cytoplasm where replication begins (12, 13).
Previously, we showed that host calcium signaling proteins were important for EBOV host
cell entry but were unable to identify the functional mechanism nor address whether they
could be therapeutic targets (14).

To identify and characterize upstream effectors regulating calcium signaling in the context
of EBOV infection, the importance of calcium channels was tested using antagonists for
each of the 4 common channel types (Fig. 1, A-C; and fig. S1). Only compounds blocking
L-type channels inhibited EBOV infection in HelLa cells, which is consistent with previous
reports (15, 16). Verapamil, an FDA-approved drug used to treat cardiovascular diseases,
efficiently inhibited EBOV infection with an IC50 of 4 uM (Fig. 1A). Similarly, two other
structurally distinct L-type channel antagonists, nimodipine and diltiazem, also reduced
EBOV infection efficiency (fig. S1, A and B). Tetrandrine, originally isolated from Chinese
and Japanese herbs but now produced synthetically, was especially potent, with an IC50 of
55 nM (Fig. 1B). By contrast, gabapentin, representing a fifth distinct class of L-type
channel inhibitor, had no effect even at high concentrations (Fig. 1C). This finding
suggested that classical L-type channels were not the upstream factor in EBOV calcium-
channel dependence. Recently, verapamil, nimodipine and diltiazem were shown to also
inhibit calcium signaling triggered by nicotinic acid adenine dinucleotide phosphate
(NAADP) (17). NAADRP is a highly potent intracellular calcium mobilizing agent and
stimulates intracellular calcium channels to release Ca2* from endosomes and lysosomes
(18). This pathway is specifically blocked by the small molecule antagonist Ned19 (19). We
found that Ned19 also blocked EBOV infection (Fig. 1D). All inhibitors tested showed no
cytotoxicity at the highest concentration used (fig. S2). Like verapamil and Ned19,
tetrandrine was also a potent inhibitor of NAADP-stimulated calcium release (Fig. 1E; and
fig. S3). These results suggested a role for NAADP-stimulated calcium channels in EBOV
infection and that tetrandrine could block this host factor.

NAADP has been suggested to regulate endosome maturation through vesicular fusion and
trafficking (20). This would suggest a role in virus entry into cells, which was tested using
pseudotyped viruses. Infection of cells by recombinant vesicular stomatitis virus bearing the
glycoprotein of EBOV (rVSV-EBOV-GP) was highly sensitive to tetrandrine, verapamil or
Ned19 (Fig. 1F; and fig. S4A). This suggests that NAADP-stimulated channel activity
specifically affects the GP-mediated entry step of EBOV. Moreover, tetrandrine and
verapamil potently inhibited infection of recombinant VSV bearing Marburgvirus
glycoprotein, but only weakly for VSV, Lassa virus, Venezuelan equine encephalitis virus or
Rabies virus (Fig. 1F; and fig. S4, B and C), suggesting filoviruses are much more
dependent on this pathway than other virus types.

To gain further insight into the connection between the NAADP-mediated pathway and
EBOV infection, we sought to identify the effector calcium channel required for the
infection. Recent studies have shown that two pore channels (TPCs) are the major calcium
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channels activated by NAADP (21). They are also activated by the phosphoinositide
P1(3,5)P2 and are highly conserved proteins with both TPC1 and TPC2 present in humans,
mice and other animals (22). We found that mouse embryonic fibroblasts (MEFs) lacking
TPC1 or TPC2 expression (Tpcnl™~ Tpen2~/7) resisted EBOV infection (Fig. 2A).
Overexpression of human TPCs in the mutant cells significantly recovered the infectivity
(fig. S5), suggesting the specific effects of gene knockout. Similarly, even though
suppression of TPC expression by small interfering RNAs (siRNAs) was incomplete (fig.
S6), EBOV infection was reduced in HelLa cells transfected with either TPC1 or TPC2
SiRNAs (Fig. 2B). In addition, overexpression of a dominant negative form of TPC2, which
was reported to efficiently block NAADP-stimulated calcium release (23), inhibited EBOV
infection (Fig. 2C). Furthermore, Ebola virus-like particles (\VLPs) incubated with cells,
localized to TPC1 and TPC2 positive endosomal compartments (Fig. 2D). Whole
endolysosomal patch-clamp analyses showed that tetrandrine blocked both TPC1- and
TPC2-mediated current elicited by PI(3,5)P2 as well as NAADP (Fig. 2, E and F; and fig.
S7). In contrast, gabapentin, which did not inhibit virus infection, had no effect on TPC2
function. Together, our data showed that TPCs, the effector channels of NAADP and
P1(3,5)P2-mediated signaling, are important for EBOV infection, probably while virus is
inside endosomes. Calcium channel inhibitors targeted TPCs, with tetrandrine being the
most potent.

During host cell entry, EBOV is transported to acidic endosomes, which express LAMP1
(9). We found that VVLPs still localized to LAMP1-positive vesicles in Tpcn1~/~ and
Tpcn2~/~ MEFs as well as inhibitor-treated cells (fig. $8), indicating that this step was
unaffected. The EBOV GP is then cleaved by endosomal cysteine proteases before virus-
endosome membrane fusion can occur (11), and so we next examined if pre-cleaved GPs
could overcome the action of the inhibitory drugs using rVSV-EBOV-GP pretreated with
the protease thermolysin. Treatment with Ned19, tetrandrine or verapamil still efficiently
blocked pre-cleaved virus infection, but a control cysteine protease inhibitor E-64-D did not
(fig. S9), indicating that the calcium channel inhibitors impact a late entry step following GP
proteolysis in endosomes. When membrane fusion was evaluated, using a virus contents
release assay (24), these inhibitors significantly reduced the contents mixing signal (Fig. 3A;
and fig. S10), indicating that virus-endosome membrane fusion and virus capsid release into
the cell cytoplasm were arrested.

A recent study showed that blocking TPC2 function resulted in accumulation of epidermal
growth factor (EGF) in LAMP1-positive endosomal compartments, suggesting a block of
endosomal trafficking in the acidic compartments (25). We found that tetrandrine-treated
HeLa cells showed a similar accumulation of EGF as well as Tpcn2~/~ MEFs while
Tpcnl~~ MEFs showed less EGF accumulation (Fig. 3, B and C). Moreover, Ebola VVLPs
and EGF colocalized in tetrandrine-treated cells (Fig. 3D), suggesting that both are using or
converging upon a common endosomal trafficking route which is regulated by TPCs.
Previously, EBOV entry was shown to be dependent on another endosomal protein, NPC1
(12, 13). The small molecule U18666A induces a phenotype that mimics NPC1 deficiency,
leading to cholesterol accumulation in endosomes. When cells were treated with U18666A,
the pattern of EGF accumulation was similar to that seen after treatment with tetrandrine
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(Fig. 3C). Moreover, treatment of rVSV-EBOV-GP-infected cells with verapamil or
U18666A revealed similar inhibitory kinetics with each becoming ineffective when the drug
was added 1.5-2 hours post-infection (fig. S11), suggesting that each impacted virus
infection close to the same time. To further investigate this relationship and characterize the
infection step affected by TPCs, viral colocalization with NPC1 or TPC2 was investigated
(Fig. 3E). In untreated cells, VLPs were found in compartments containing both NPC1 and
TPC2 as well as a distinct compartment containing only TPC2. However, treatment with
tetrandrine significantly (and other channel inhibitors less potently) increased accumulation
of VLPs in the TPC2(+)/NPC1(+) compartment while proportionately decreasing TPC2(+)/
NPC1(-) compartment colocalization (Fig. 3F). These results suggest that disrupting
endosomal trafficking with tetrandrine potently alters viral distribution such that VVLPs are
retained in the NPC1(+) compartment. Since decreased colocalization with the TPC2(+)/
NPC1(-) compartment correlated with reduced infectivity, EBOV likely uses this
compartment to enter host cells. U18666A again gave a similar outcome in VLP localization
as calcium channel inhibitors (Fig. 3F). This may be explained by a recent report showing
that U18666A treatment caused endosomal calcium depletion. Moreover, cells carrying a
defective NPC1 were shown to have a loss of NAADP response, suggesting a close
association of TPCs and NPC1 in host cells, which may affect EBOV infection (26).

Finally, we addressed whether TPC function could be targeted for anti-EBOV therapy. First,
primary macrophages, an initial target of virus infection in humans and other animals were
evaluated. Similar to HeLa cells, tetrandrine potently blocked EBOV infection in human
monocyte-derived macrophages, with verapamil and Ned19 being effective but requiring
high doses (Fig. 4A; and fig. S12) that did not show cytotoxicity. Of these, tetrandrine was
the best candidate for animal testing because of its high potency and low cytotoxicity in
culture. Moreover, the dose of tetrandrine needed to inhibit virus infection (IC50 = 55 nM)
was at least 40 times less than safe plasma concentrations achieved in mice and was reported
to have good pharmacological properties, being well tolerated and having a long circulatory
time (27). We therefore assessed therapeutic efficacy in the mouse model of EBOV disease
(28). Mice were challenged with mouse-adapted EBOV, and then given tetrandrine or saline
every 2 days for 1 week. Starting tetrandrine treatment soon after infection significantly
enhanced the survival of mice without any detectable side effects (Fig. 4B). Clinical scores
in treated mice remained low compared to the control group (Fig. 4, C and D). Virus titers in
sera measured at day 3 post-inoculation showed a 1000-fold decrease (Fig. 4E) and by day 9
virus was undetectable. Furthermore, when the treatment was started 1 day after virus
challenge, half the mice survived (Fig. 4F). These results indicate that tetrandrine is highly
effective against disease in mice.

Taken together, we identified a role for TPCs in EBOV infection. These calcium channels
appear responsible for controlling movement of endosomes containing virus particles. By
disrupting TPC function we prevented EBOV from escaping the endosomal network into the
cell cytoplasm, preventing infection. TPCs proved effective targets for existing drugs, with
the bisbenzylisoquinoline alkaloid, tetrandrine, being the most potent. This may be due to its
ability to block both TPC1 and TPC2, which regulate different stages of endosomal
trafficking (22). Tetrandrine is one representative from this drug class with others being
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found in plants around the world (29) and these may also block EBOV infection. Since the
entry of Marburgvirus, a distantly related filovirus, was also affected, it is likely that all
filoviruses require TPC function to infect cells and that tetrandrine is a broad-spectrum
filovirus inhibitor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Inhibitors of NAADP signaling block EBOV infection

Dose response curves for verapamil (A), tetrandrine (B), gabapentin (C) and Ned19 (D)
were determined by pretreating HeLa cells with the indicated doses of each compound and
then infecting with a recombinant EBOV encoding GFP as a marker of infection (EBOV-
GFP). Infection efficiencies were calculated by dividing the numbers of GFP positive cells
by those of total cells and normalizing the infectivity to untreated cells (mean + SD, n = 3).
Each data set is representative of three independent experiments. (E) The impact of the
indicated compounds on NAADP-stimulated calcium release was measured by stimulating
cells with 1 pM NAADP-AM (30, 31) or control DMSO and imaging cell fluorescence after
addition of the calcium sensitive dye, Fluo-4. Cells showing Fmax/Fo > 2 (Fmax: maximum
fluorescence intensity, Fo: mean fluorescence intensity before stimulation) were counted as
responsive cells. At least 800 cells were analyzed for each treatment and data averaged over
3 experiments + SD. (F) Pseudotyped viruses bearing the glycoproteins of EBOV (rVSV-
EBOV-GP) or VSV (rVSV-VSV-G) and encoding firefly luciferase as an infection marker
were used to show entry dependence of EBOV on NAADP signaling. Cells were treated
with tetrandrine (2 uM) or Ned19 (100 uM), and then infected with either pseudotyped
virus. Luciferase activities were normalized to untreated controls.
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Fig. 2. The endosomal calcium channels TPC1 and TPC2 are necessary for EBOV infection
(A) Mouse embryonic fibroblasts (MEFs) from WT, Tpcn1~/~ or Tpcn2~/~ mice (25, 32)

were infected with EBOV-GFP. The frequency of GFP positive cells in the total cell
population was normalized to total cells. (B) HeLa cells were transfected with either two
independent non-targeting, TPC1-specific or TPC2-specific SiRNAs and infected with
EBOV-GFP. The frequency of GFP positive cells in the total cell population was normalized
to mock-transfected cells. (C) HeLa cells overexpressing a dominant negative form of TPC2
(L265P) tagged with GFP were infected with WT EBOV. Cells expressing GFP alone were
used as control. Infected cells were detected using anti-EBOV GP antibody. The proportion
of cells showing GFP fluorescence that were infected was calculated. All data for (A), (B)
and (C) are mean + SD (n = 3) and representative of three independent experiments. (D)
Colocalization of Ebola VLPs with TPC1 or TPC2 was determined by incubating VVLPs
(red) for 2 h with cells transfected with TPC1 or TPC2 tagged with GFP (green).
Colocalized particles were indicated by arrowheads. Scale bars, 10 um. (E) Whole
endolysosomal currents were recorded from TPC2-expressing HEK293T cells using
modified conventional patch-clamp with PI(3,5)P2 (33-35). Current-voltage relations were
recorded in the presence or absence of tetrandrine (500 nM). (F) Bar diagram summarizing
data of current amplitude of TPC2 or TPCL1 in the presence of gabapentin (100 pM), Ned19
(200 pM) or tetrandrine (500 nM), normalized to those before drug application. * indicates P
< 0.001 using Student's t test, compared to current in the presence of gabapentin for TPC2 or
without inhibitors for TPC1. Data are mean + SEM.
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Fig. 3. Blocking TPC function impacts EBOV entry through endosomal compartments
(A) VLPs loaded with p-lactamase were used to measure membrane fusion and virus capsid

release into the cytoplasm after each treatment (as for fig. S10). The number of cells
showing signal were divided by the number of total cells. (B) Evaluation of EGF trafficking
in TPC knockout cells. Representative confocal images of WT, Tpcn2~/~ and Tpcnl=/~
MEFs incubated with AlexaFluor555-EGF. (C) Evaluation of EGF trafficking in tetrandrine
or U18666A-treated cells. Representative confocal images of HeLa cells incubated with
AlexaFluor555-EGF (red) in the presence or absence of tetrandrine or U18666A. (D)
Colocalization of Ebola VLPs and EGF. HeLa cells were incubated with AlexaFluor555-
EGF (red) for 30 min followed by Ebola VVLPs (green) for 3.5 h in the presence of
tetrandrine. VLPs were stained with a GP-specific antibody. Examples of colocalized
particles are indicated by arrowheads. Scale bars, 10 yum for (B), (C) and (D). (E) Effect of
tetrandrine on colocalization of Ebola VVLPs with TPC2- and/or NPC1-positive endosomes
was measured. HeLa cells overexpressing GFP-tagged TPC2 (green) and myc-tagged NPC1
(red) were pretreated with inhibitors and incubated with VVLPs (blue) for 4 h. Insets show
magnified areas of the image and arrowheads indicate examples of VLPs that are associated
with the TPC2(+)/NPC1(-) compartment (left panel) or the TPC2(+)/NPC1(+) compartment
(right panel). Scale bars, 5 um. (F) In the presence of the indicated inhibitors, the ratio of
VLPs colocalizing with the TPC2(+)/NPC1(+) compartment (left) or the TPC2 (+)/NPC1(-)
compartment (right) was calculated. * and ** indicate P < 0.05 and P < 0.005, respectively,
using unpaired Student's t-test to compare treated to untreated cells. Data are mean + SEM
(n=3or4).
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Fig. 4. Tetrandrineinhibits EBOV infection both in vitro and in vivo
(A) Macrophages were treated with tetrandrine (8 uM) and then infected with EBOV-GFP.

After 48 h, the frequency of GFP positive cells was calculated and normalized to untreated
controls. The data are mean £ SD (n = 3) and representative of two independent
experiments. (B) Female Balb/c mice injected intraperitoneally with mouse-adapted EBOV
were treated with 30 mg/kg of tetrandrine or control saline on days 0, 1, 3,5 and 7 (n = 8 for
each group). Survival curves are shown. * P = 0.0008 by log-rank (Mantel-Cox) test. (C and
D) Clinical scores of EBOV-infected mice. Disease signs included weight loss, rough hair
coat, squinty eyes, hunched back, moderate unresponsiveness, labored breathing and
persistent prostration. Based on these criteria, a clinical score for each day was calculated
and plotted (individually indicated by symbols) for the untreated animals (C) or tetrandrine-
treated animals (D). (E) Virus titer in sera of infected mice was measured by plaque assays.
* P =0.006 by unpaired Student's t test. (F) Delayed treatment of EBOV-challenged mice.
Female Balb/c mice injected intraperitoneally with mouse-adapted EBOV were treated with
30 mg/kg or 90 mg/kg of tetrandrine or control saline on days 1, 3, 5and 7 (n = 7 for each
group). Survival curves are shown * P = 0.04 by log-rank (Mantel-Cox) test comparing to
untreated animals.
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