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Abstract

New world hemorrhagic fever arenaviruses infection of humans results in 15–30% mortality. We

performed a high throughput siRNA screen with Junín virus glycoprotein-pseudotyped viruses to

find potential host therapeutic targets. Voltage-gated calcium channels (VGCC) subunits, for

which there are FDA-approved drugs, were identified in the screen. Knockdown of VGCC

subunits or treatment with channel blockers diminished Junín virus-cell fusion and entry into cells

and thereby decreased infection. Gabapentin, an FDA-approved drug used to treat neuropathic

pain that targets the α2δ2 subunit, inhibited infection of mice by the Candid 1 vaccine strain of the
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virus. These findings demonstrate that VGCCs play a role in virus infection and have the potential

to lead to therapeutic intervention of new world arenavirus infection.
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INTRODUCTION

The Junín, Machupo and Guanarito clade B new world hemorrhagic fever arenaviruses

(NWA) are associated with outbreaks in Argentina, Bolivia and Venezuela, respectively (1).

Humans become infected through direct contact with rodents or by inhalation of aerosolized

rodent excreta, primarily during harvest season or residential infestation (2). Because they

are readily transmitted by aerosols, these Category A arenaviruses are potential bioterrorism

agents and are included in the list of agents in the Material Threat Determinations and

Population Threat Assessment issued by the Department of Homeland Security (3).

Although an effective Junín virus vaccine has greatly decreased disease incidence, there are

sporadic cases of this as well as the other known and novel clade B arenaviruses (4–6).

Ribavirin is currently the only anti-viral drug in use for therapeutic or post-infection

prophylactic treatment of arenavirus infection, although it has mixed efficacy and serious

side effects in some individuals (7, 8). As such, there is a great need for the development of

new anti-arenavirus therapeutics.

Arenaviruses are enveloped RNA viruses whose entry is mediated by the viral glycoproteins

GP1 and GP2. Whereas old world arenaviruses like Lassa or lymphocytic choriomeningitis

virus (LCMV) use cell surface α-dystroglycan for cellular entry, clade B NWAs use

transferrin receptor 1 (TfR1) (9). Other viruses, such as the retrovirus mouse mammary

tumor virus (MMTV) also use TfR1 as entry receptors (10). Little is known about the steps

subsequent to NWA GP interaction with TfR1 on the cell surface except that fusion occurs

at pH 5, suggesting that trafficking to a late endosomal/lysosomal compartment is required

for entry (11–15).

Small molecule screens targeting NWA virion proteins have unveiled promising lead drug

targets, but these are not yet used therapeutically (16–19). Because RNA viruses have high

mutation rates, virus escape mutants to such therapies may arise. An alternative approach to

the development of therapeutics directed at viral genes is to target host factors that affect

infection. To this end, siRNA screens have identified novel factors not previously implicated

in infection by several viruses, but not arenaviruses (20–24).

Here, a siRNA screen with Junín GP-pseudotyped retroviral vectors to identify host factors

involved in NWA entry uncovered voltage-gated calcium channels (VGCCs) as pro-viral

genes. Importantly, VGCC inhibitors effectively inhibited NWA infection in culture and

administration of gabapentin, which specifically blocks the α2δ2 subunit, decreased Candid

1 infection of mice either after systemic or intracranial inoculation of virus. The discovery of

host factors that enhance or inhibit NWA infection contributes to our understanding about
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the biology of virus entry and potentially identifies new host targets for therapeutic

intervention.

RESULTS

RNAi screen identifies both anti- and pro-Junín virus host genes

Arrays of 4 independent siRNAs targeting ~9,000 genes grouped in a 2 × 2 pool format were

transfected into human U2OS cells. Seventy-two hr post-transfection, the cells were infected

with MLV-lacZ pseudotypes bearing the Junín Parodi strain GP (25). Forty-eight hr post-

infection, the cells were stained with anti-lacZ antibody and DAPI, subjected to automated

image analysis and the number of cells and % infection was analyzed for each well (Fig.

1A). Candidate genes were selected that modulated infection by a Z score of >1.5 or ≤1.5 in

both plates, which approximates a >2 standard deviation difference from the mean (>50%

difference in virus infection) (p≤0.001; Fig. S1). Toxic siRNAs were excluded based upon

decreased cell viability as measured by a robust Z score ≤2 (>30% decrease in cell number;

Fig. S1 and Table S1). Knockdown controls siRNAs for lacZ and TfR1 included on the

screening plates reduced infection by 6- and 2-fold (av. Z scores of −3.74and −2.22),

respectively (Fig. 1B).

Hits were scored for siRNAs showing the same phenotype on both plates, representing at

least 2 different siRNAs, one from each pool (26). One hundred and two genes were

identified that altered Junín pseudovirus infection (Fig. 1C). Eighty-nine genes were pro-

viral (knockdown decreased infection) and 13 anti-viral (knockdown increased infection)

(Fig. 1C and Table S1). Molecular function (GO) analysis showed that the genes were

enriched in transmembrane proteins, macromolecule localization, nucleotide binding, and

voltage-gated channel activity (Fig. 1D).

Three additional independent siRNAs targeting 96 of the 102 genes were tested with Junín

pseudotypes to confirm the primary screen (Fig. 1C); 26 hits were validated (≥1 siRNAs in

the secondary screen affected infection). The relatively low 25% validation rate is likely due

to the use of unvalidated siRNAs in both the primary and secondary analyses, as well as cell

toxicity effects associated with transfection of some of the siRNAs (Table S1). Of these 26

hits, 10 affected only Junín but not VSV pseudotype infection (Fig. 1C and Table S1).

Ten genes were analyzed further (Table S1). To ensure that the siRNAs were not having off-

target effects, gene expression in U2OS cells was validated by real time PCR (Fig. S2A) and

in an additional human cell line, 293T (Fig.S2B); all the genes showed the same Junín and

VSV pseudotype infection phenotype in U2OS and 293T cells when knocked down (see

below). We also showed that siRNAs that diminished the gene’s RNA levels affected

infection, while siRNAs that did not decrease the RNA levels had no effect on infection

(Fig. S3A).

For subsequent analyses, pseudoviruses encoding the firefly luciferase gene were used, as

well as additional independent gene-specific siRNAs (Fig. S3B and Methods); cell viability

was analyzed in parallel using MTT assays (Fig. S3C).
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Several genes affect entry by NWAs but not other viruses

Seven of the 10 genes altered infection by Junín and VSV pseudotypes (ARFRP1, CLDN2,

CSDC2, DHX15, KSR2, LTBP2 and SSU72) (Fig. 1C). Junín virus and VSV enter cells

through acidic endosomes and this pathway might involve genes in common. Additionally,

the 7 genes could work at a post-entry step affecting MLV uncoating, reverse transcription,

genome integration or transcription. We thus examined infection of 293T-MCAT1 cells by

MLV Env pseudotypes, which moreover enter cells through non-acidic pathways. MMTV

pseudotype infection of U2OS cells stably expressing mouse TfR1 was also tested. While

human TfR1 but not mouse TfR1 serves as the entry receptor for Junín virus, the converse is

true for MMTV (10, 27). We also tested whether knockdown of these genes altered

Machupo virus pseudotype infection, another NWA that uses human TfR1 for entry.

Three classes of genes were identified: those that had the same effect on infection by all the

pseudoviruses (ARFRP1, CLDN2, CSDC2, DHX15, KSR2, LTBP2 and SSU72), those that

altered Junín, Machupo and MMTV pseudovirus infection (CACNA2D2 and TRIM11) and

TRIM2, whose knockdown uniquely decreased infection by Junín and Machupo

pseudoviruses (Fig. 2A; Fig. S4). siRNAs that targeted mouse or human TfR1 decreased

MMTV or Machupo and Junín pseudovirus infection, respectively, but not VSV or MLV

pseudovirus infection (Fig. 2A; Fig. S4A and B).

To determine whether the 10 genes also altered infection by replication-competent NWAs,

we tested siRNA treatment on Candid 1 infection. Infection was measured by RT-qPCR

with primers to the viral nucleoprotein (NP) gene to determine viral RNA levels; siRNAs

that targeted TfR1 and NP served as controls. With the exception of DHX15, all the siRNAs

showed an identical effect on Candid 1 and Junín pseudovirus infection (Fig. 2B).

Knockdown of DHX15 increased Junín, Machupo, VSV, and MMTV pseudovirus infection

but not Candid 1 or MLV pseudovirus infection (Fig. 2A and 2B, Fig. S4A and 4B).

Next, the effect of knockdown of the 10 genes on cell surface TfR1 expression and its ability

to transport transferrin (Tf) were tested. While a TfR1-specific siRNA significantly

decreased surface expression, TfR1 expression was not altered by siRNA treatment with any

of the 11 genes (Fig. 2C). Similarly, while TfR1 knockdown decreased the ability of cells to

internalize FITC-labeled Tf by about 2-fold, siRNAs targeting of the 12 genes had little or

no effect on uptake (Fig. S5A). Thus, none of the genes that alter Junín virus infection play a

role in TfR1’s normal cellular function.

Voltage-gated calcium channels are important for Junín virus entry

CACNA2D2 encodes an α2δ2 subunit of VGCCs. VGCCs mediate the influx of calcium

ions into neurons and muscle cells upon membrane polarization, and are composed of 4

subunits: α1, a 24 transmembrane-spanning domain protein constituting the channel pore,

α2δ2 subunit, a polyprotein which is cleaved to make a single subunit with a glycosylated

α2 domain disulfide-bonded to the δ2 membrane domain, a cytosolic β signaling subunit and

γ, another multi-membrane spanning protein (28). The α2δ2, β and γ proteins function as

auxiliary subunits modulating the activity of the α1 pore (28). While VGCC channel

proteins are expressed in many cell types at low levels, their function in non-neuronal or -
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muscle cells is not well-established. There are multiple genes for each subunit encoded in

the genome.

In addition to CACNA2D2, CACNB3, encoding a β subunit, scored significantly as required

for infection in the primary screen (Table S1), as well as with 1/3 independent siRNAs in the

secondary screen (Fig. 1C). Several other α1 subunit genes including CACNA1S, and

additional α2δ2 and γ subunit genes scored as pro-viral hits in 1 well of the primary screen

as well (Table S2). To determine whether it was the α2δ2 subunit alone or the VGCC that

was required for Junín virus and MMTV entry, siRNAs to deplete expression of α1s and β3

were tested for their effect on infection by Junín, MMTV and VSV pseudotypes and

Candid1. While VSV was not affected, both Junín and MMTV pseudovirus, as well as

Candid 1 infection were significantly decreased by knockdown of the subunit genes (Fig. 3A

and Fig. 3B). Knockdown of the different VGCC subunits had no effect on Tf uptake (Fig.

S4). However, siRNA knockdown of CACNA2D2 and CACNB3 decreased surface

expression of the α1S subunit (Fig. S5A), and knockdown of CACNA1S and CACNB3

decreased CACNA2D2 protein levels (Fig. S5B), confirming that surface expression of the

different subunits is co-dependent even in non-neuronal cells.

Calcium channel inhibitors block Junín virus entry

There is a large body of evidence implicating Ca2+ uptake and virus infection (29). To

determine whether the decrease in Junín virus infection was the result of altered Ca2+ uptake

or to direct effects on the channel proteins, several drugs were tested for their ability to

inhibit infection by Junín GP, MMTV Env and VSV G pseudotypes, including the intra-

cellular calcium chelator BAPTA-AM and L-type VGCC antagonists. The VGCC inhibitors

nifedipine and verapamil, which target the α1S subunit, decreased infection by Junín and

MMTV pseudotypes but not VSV, with IC50s of 4.08µM and 2.03µM, respectively (Figs.

3C and S6). Neither BAPTA-AM nor the control ester BCECF-AM had an effect on

infection (Fig. 3C). U73122, which inhibits phospholipase C, affects intra-cellular Ca2+

signaling and receptor-mediated phosphinositol turnover, inhibited Junín and MMTV but

not VSV pseudovirus infection while its negative control, U73343 did not. Identical results

were obtained for Candid 1 infection (Fig. 3D).

Gabapentin, which belongs to a class of drugs specific for the α2δ2 subunit that are widely

used to treat neuropathic pain and epilepsy (30), was also tested. Gabapentin inhibited

infection Junín GP and MMTV Env pseudotypes and Candid 1 but not VSV G pseudotypes

(IC50 = 0.19mM) (Fig. 3C and 3D; Fig. S6). Gabapentin, verapamil and nifedipine had no

effect on Tf uptake or on TfR1 expression (Fig. S4). The VGCC inhibitors as well as VGCC

siRNA treatment inhibited infection by pseudotypes bearing the Lassa and LCMV GPs, old

world arenaviruses that use α-dystroglycan for entry, albeit to a lesser extent (Fig. S7).

VGCCs function at an early stage in Junín virus infection

That knockdown and inhibition of VGCCs decreased infection by both replication-

competent Candid 1 and Junín pseudoviruses suggested that the channel was playing a role

in entry. To determine when the VGCCs were functioning, we compared the kinetics of

verapamil inhibition to that of the vacuolar-type H+-ATPase inhibitor bafilomycin A (bafA).
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Pre-treatment of U2OS cells with bafA dramatically decreased Junín pseudovirus infection,

even when removed at 30 min post-infection (Fig. S8). Addition of bafA up to 30 min post-

infection also significantly decreased virus infection; when added 1 hr post-infection, the

drug had no effect (Fig. S8), demonstrating that virus entry into the cell from a low pH

compartment occurred within 1 hr after addition of virus to cells. We then carried out the

same kinetic experiment with verapamil. Similar to what was seen with bafA, addition of

verapamil prior to and during but not 30 min post-infection decreased Junín pseudovirus

infection (Fig. S8A). Neither verapamil nor bafA affected infection by MLV Env

pseudoviruses (Fig. S8B).

We next tested the role of VGCCs in virus binding to cells. FITC-labeled Candid 1 was

bound to human and mouse cells pre-treated with the siRNAs to TFR1 and CACNA1S.

While treatment with the CACNA1S siRNA alone did not alter the amount of virus bound to

human cells, bound virus was significantly decreased in cells co-transduced with siRNAs to

both TFR1 and CACNA1S or CACNA2D2 compared to TFR1 alone (Fig. 4A). Knockdown

of CACNA1S or CACNA2D2 but not mouse TFR1 in mouse cells also decreased binding

(Fig. S11A); mouse TfR1 does not bind NWAs (27).

We also tested whether virus binding decreased surface expression of the receptors. When

human cells were incubated with Candid 1, there was a significant reduction in the surface

expression of both α1S and TfR1 but not major histocompatibility class I (MHC-I) (Fig.

4B); this effect was specific for Candid 1, since incubation with VSV pseudotypes had no

effect. Incubation of mouse cells with Candid 1 decreased α1S surface expression while

having no effect on mouse TfR1 levels (Fig. S11B).

To test if VGCCs were required for efficient virus-cell fusion, we used syncytia-induction as

a surrogate assay. Expression of the Junín virus GP on the cell surface leads to syncytia

formation at pH5 but not pH7 (31, 32). Mouse cells were treated with siRNAs targeting

TFR1, CACNA1S or CACNA2D2, transiently transfected with a Junín GP expression

construct and then pulsed at pH5 or pH7. The cells transfected with the VGCC subunit

siRNAs showed significantly smaller syncytia (fewer nuclei/syncytium), as well as fewer

syncytia (Fig. 5A and 5B). Syncytia-induction was not dependent on TfR1 since it occurred

in mouse cells (Fig. 5A) and TFR1 knockdown had no effect. Similar results were obtained

with gabapentin- or verapamil-treated cells, whereas genistein, which inhibits Junín

infection by blocking a signaling step in infection (33), had no effect (Fig. 5C). Collectively,

these data suggest that virus binds to VGCCs and that this interaction plays a role in virus

entry at the virus-cell fusion step.

Gabapentin blocks Junín virus infection in vivo

We next tested whether VGCCs were required for infection of mice. Junín virus can infect

mouse cells via a TfR1-independent mechanism, albeit inefficiently compared to human

cells (32, 34). Knockdown of CACNA1S or CACNA2D2 greatly decreased infection of

mouse macrophage cells by both Junín and MMTV pseudotypes (Fig. S12A) and gabapentin

treatment inhibited Candid 1 infection (Fig. S12B). In contrast, only MMTV and not Junín

infection was affected by TFR1 knockdown (Fig. S12A), as we previously reported (32).
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We then tested the effect of gabapentin in mice. Mice can be infected systemically (35, 36)

or intracranially (37) with pathogenic Junín virus; moreover, the Candid 1 vaccine strain

was generated by extensive passaging after injection into newborn mouse brains (38). Four

week old mice were given an intravenous injection of different amounts of gabapentin

followed by intra-peritoneal inoculation with 1 × 106 pfu of Candid 1; mice received the

same daily dose of drug until sacrifice at 1 week pi. With doses as low as 10µg/g body

weight, gabapentin significantly reduced viral RNA levels and titers (Fig. 6B and C).

Similar results were obtained after intra-cranial injection of newborn mice with Candid 1

and administration of the indicated doses of gabapentin via intra-peritoneal injection.

Gabapentin treatment had a dramatic effect on virus RNA levels (Fig. 6C) and virus titers in

the brains of treated mice (Fig. 6D); several had titers 104-fold lower than the average

untreated mouse. Importantly, gabapentin blocked in vivo infection of mice using either

route of administration when given at doses well below the maximum tolerated dose in

humans (up to 3600 mg/day). Thus, VGCCs are also critical for Junín virus infection in vivo

and may serve as a therapeutic target.

Discussion

Rodent-borne arenaviruses remain an important human health concern. The NWAs cause

hemorrhagic fever in humans with about 30% mortality (2) while the old world arenavirus,

Lassa virus found in western Africa, infects 300,000–500,000 individuals annually, with

approximately 5,000 deaths (39). With the exception of Junín virus, there are no vaccines

available for preventative or prophylactic treatment of infection by these viruses and

ribavirin, which has only limited efficacy, is the only anti-viral therapeutic currently in use.

Here, using Junín GP-pseudotyped MLV cores, we show that siRNA screening for host

genes involved in arenavirus infection can successfully lead to the identification of new

cellular targets for therapeutic intervention.

Only 100 genes passed our initial stringent validation criteria, and of these, only 29 were

validated with additional siRNAs. Indeed, even TFR1 did not score as a pro-viral hit in the

screen. We believe that the low number of identified genes is due to the use of pooled,

unvalidated siRNAs in the library that either do not “hit” or sufficiently decrease expression

of their targets; additionally, there are on- and off-target effects on cell viability. This is

supported by our finding that some siRNAs to some of the VGCC channel genes, such as

CACNA1S decreased infection in 1 of the 2 screening plates.

We identified several genes that affected infection by all the pseudotypes as well as by the

Junín vaccine strain Candid 1, including ARFRP1, CLDN2, CSDC2, KSR2, LTBP2 and

SSU72. These host genes may play a general role in entry by enveloped viruses and thus

represent additional promising targets for the development of pan-anti-viral therapies. One

gene, DHX15, uniquely affected infection by the pseudoviruses but not Candid 1. DHX15,

which encodes a DEAH box-containing ATP-dependent RNA helicase with roles in both

spliceosome and ribosome biosynthesis, has the potential to alter host gene expression

through either its role in splicing or translation (40, 41). Its knockdown could result in

differential effects on one-hit pseudovirus and replication-competent arenavirus infection.
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TRIM2 was found to be anti-viral only for the NWAs. TRIM2 is a ubiquitin ligase belonging

to a gene family that includes a large number of viral restriction factors (42). TRIM2 is

highly expressed in neuronal cells and is believed to play a role in cellular polarization by

ubiquitination of neurofilament light chains (43). However, it is also expressed at low levels

in other cell types, including as shown here, U20S and 293T cells as well as in other tissues

(44). Another member of the TRIM family found in the screen, TRIM11, was pro-viral for

infection by Junín virus and MMTV; this factor has also neuronal cell function (45) and was

previously shown to enhance MLV entry by interfering with the Ref1 restriction factor (42).

Further studies on the how these different factors affect NWA infection, as well as infection

by retroviruses, are currently in progress.

Importantly, the VGCC channel protein genes CACNA1S, CACNA2D2 and CACNB3 were

identified in the screen as necessary for efficient infection by Junín virus. Because of the co-

dependence of the different VGCC subunits on their expression on the cell surface, our

studies do not distinguish whether it is the VGCC or a particular subunit that is required for

efficient Junín virus infection. However, we showed that VGCCs likely play an early role in

the infection pathway: their cell-surface expression increases virus binding to cells, they are

co-downregulated with TfR1 when bound to virus and they are required for efficient pH5-

dependent virus GP-mediated cell fusion. In contrast, knockdown or pharmacological

inhibition did not apparently alter TfR1 expression or function, indicating that the two

receptors do not interact, at least in the absence of virus. Our data suggest that the channel

proteins are involved in the initial steps of virus entry, perhaps by serving as co-receptors for

entry.

Several studies have shown that there is low-level infection by NWAs on murine cells and

those from other species whose TfR1 does not bind NWAs (11, 27, 32, 34). Our data

suggest that VGCCs are important for the low-level TfR1-independent infection seen in

mice and may function as entry receptors in this species. Our data may explain how the

Candid 1 vaccine was able to be generated by passage through newborn mouse brains

without using murine TfR1 for entry (38). Interestingly, about 10% of individuals infected

with NWAs experience neurological symptoms which may be in part because VGCCs are

highly expressed on neuronal cells, although the origin of the neuropathology has not been

definitively linked to direct virus infection or specific histopathology (2).

The requirement for VGCCs led us to test well-known drugs that target these channels for

their effect on infection, and indeed, verapamil, nifedipine and gabapentin all efficiently

inhibited infection by both Junín pseudoviruses and the Candid 1 vaccine strain in cell lines.

Although nifedipine, verapamil and gabapentin are known to affect decrease cellular

calcium levels by decreasing its uptake, this did not appear to play a role in inhibiting virus

infection as is the case for other viruses such as enteroviruses (46), since the Ca2+ chelator

BAPTA-AM had no effect on infection. We do not yet know how nifedipine and verapamil,

which bind the α1s subunit or gabapentin, which binds the α2δ2 subunit, alter VGCC/virus

interaction, although given the negative effect on virus-cell fusion, this likely occurs through

drug-induced structural changes in the receptor that prevent virus binding (47, 48).

Interestingly, down-modulation of VGCCs by siRNAs or drugs also decreased infection by

MMTV pseudotypes, which also use TfR1 for entry, as well as to a lesser extent by LCMV
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or Lassa pseudotypes, which do not. Further work is required to determine if the effects for

these viruses are via the same or a different entry mechanism than we found for Junín virus.

Gabapentin was effective in reducing Candid 1 infection in an in vivo mouse model. While

these data are promising in identifying new potential therapeutics for treatment of NWAs,

we have only demonstrated in vivo gabapentin efficacy with the Junín virus vaccine strain

and in an animal model that does not support pathogenic infection. Further studies treating

pathogenic Junín virus infection in guinea pigs, the small animal model which best mimics

human pathogenesis, are currently planned.

While the Junín virus vaccine has greatly decreased disease incidence in Argentina, sporadic

cases of infection still occur in endemic areas. Moreover, there are other clade B viruses,

such as Machupo virus, and new members that are frequently discovered, for which there

are no vaccines or good therapeutics (6). Our finding that VGCCs are important for NWA

entry and that commonly used drugs that target the channel proteins block infection by Junín

virus, suggests an effective off-label use of VGCC blockers in the treatment of NWA

infection.

METHODS

Study design

This study used automated high throughput siRNA library screening as a first step in the

identification of genes that enhanced (pro-viral) or inhibited (anti-viral) infection by Junín

virus. After using stringent criteria for gene selection from the primary screen, they were

subjected first to secondary automated screening using different siRNAs and then to a series

of cell-based assays to determine their specificity for NWAs versus other viruses, if any

were feasible therapeutic targets. Details regarding sampling and experimental replicates for

these assays are included in the figure legends.

Cells and pseudoviruses

U2OS (human osteosarcoma) and MCAT1-293T (49) cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS); the

media for the latter was supplemented with 5 µg/ml geneticin (Invitrogen). NMuMG

(normal murine mammary gland) epithelial cells (ATCC) were cultured in DMEM/10%

FBS/10µg/ml insulin. NR-9456 mouse macrophages (NIAID/NIH BEI Research Resources

Repository) were cultured in the presence of sodium pyruvate. 293T cells were transiently

transfected with pHIT60 (MLV Gag-pol encoding plasmid), pHIT111/pFB luciferase (MLV

genome harboring either lacZ/luciferase reporter gene), and expression vectors containing

the respective viral glycoprotein gene (Junín GP, Machupo GP, MMTV Env, VSVG, MLV

Env, Lassa GP, LCMV GP) (10, 25, 50–52). Pseudotypes were harvested at 48h post-

transfection, filtered through 0.45µM filters (Millipore) and stored at −80°C. When required,

pseudovirus was concentrated on Amicon Centrifuge columns (Amicon, Inc.).
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High-Throughput Screening

The Ambion druggable genome RNAi library containing siRNAs targeting human genes

was used for the screen. siRNAs were spotted on black, clear bottom 384 well plates

(Corning). Set one (plates 1–27) contained 2 siRNAs per well, set 2 (plates 28–54)

contained two different siRNAs per well for the same gene. Reverse transfection with

Hiperfect transfecting reagent (Qiagen) was used to transfect the siRNAs. 72h after

knockdown, the cells were infected with Junín-pseudotyped MLV virus with a Lac-Z

reporter gene and 48h post-infection stained with rabbit Anti-Lac Z antibody (Cappel, Inc.)

followed by anti-rabbit Alexa488 (Invitrogen) and DAPI (Sigma). The plates were imaged

using ImageXpress Micro (Molecular Devices) with a 20× objective. Three images were

acquired per well in both the DAPI and 488 nm channels. The percentages of infected and

DAPI-positive cells were calculated using automated image analysis software (MetaXpress,

Leica). The percent infection was log transformed to calculate Z-scores for each well. “Hits”

were identified as those wells that exhibited a change in infection (increase or decrease) by

≥1.5 standard deviations from average Z –score for the entire plate. Toxic siRNAs were

excluded based upon decreased cell viability as measured by a Z-score ≤2 which

corresponds to a decrease in cell number of more than 30%. Each plate also included

siRNAs to human transferrin receptor (Dharmacon), lacZ (Invitrogen) and siDeath (Qiagen).

After the primary screen, 99 of the 102 genes that scored as hits were re-tested with 3

independent siRNAs (Qiagen, Inc.) (Table S3). Additional siRNAs were used for

knockdown assays with luciferase viruses and Candid 1 (Table S4). TFRC siRNAs

(Ontarget Smart Pool; Thermo Scientific, Inc.) were used in all the assays.

Candid 1 infection

Candid 1 was propagated in Vero cells. siRNA-transduced U2OS cells were seeded in 96

well plates and infected with Candid 1 (MOI 0.1/cell). Residual, unattached virus was

washed off with PBS and DMEM supplemented with 2% FBS. RNA was harvested at 24 hr

pi and analyzed by reverse transcribed real-time qPCR. Candid 1 RNA was analyzed by RT-

qPCR, as previously described (32). All assays were performed in triplicate and each assay

was performed at least 3 times.

Luciferase assays

Cells were infected with pseudoviruses containing the luciferase reporter gene in a 96 well

format. At 24 hr pi, the cells were incubated with the Britelite plus (Perkin Elmer) substrate

for 5 min. Luciferase activity was measured using an automated plate reader (Molecular

Devices). All assays were performed in triplicate and each assay was performed at least 3

times.

CACNA1S and surface TfR1 levels

U2OS cells were transfected with the indicated VGCC subunit siRNAs. Seventy two hour

post-transfection cells were harvested with PBS/1mM EDTA and stained with mouse anti-

dihydropyridine binding complex (α1s) antibody (Millipore). Cells were washed with

PBS/2% FBS/0.01% sodium azide and stained with Alexa488-conjugated secondary
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antibody. TfR1 levels were determined by FACS using human anti-CD71-PE or -FITC

(Invitrogen).

RNA isolation and RT-qPCR

Cells were washed with RNALater reagent (Ambion) and total RNA was isolated using

RNeasy kit (Qiagen). cDNA was synthesized using Qiagen Reverse transcript kit. RNAs

were analyzed by reverse-transcribed real-time quantitative PCR (RT-qPCR) using a

7800HT sequence detector system (Applied Biosystems) with the indicated primer pairs. All

RT-qPCR reactions were performed using a Power SYBR green PCR kit (Applied

Biosystems). All RNA amplifications were normalized to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). The fold change in RNA was calculated by the delta-delta CT

method.

Inhibitors

U73122 (25µM; Enzo), U73343 (10µM; Enzo), BCECF-AM (10µM; Invitrogen), BAPTA-

AM (10µM; Invitrogen), gabapentin (500 µM; Sigma), nifedipine (10µM; Sigma) and

verapamil (10µM; Sigma), were diluted in DMEM and cells were pretreated for 1h or 5h

(for gabapentin) at 37°C prior to and during infection with the pseudoviruses or Candid1.

After 18 hr the media was replaced without inhibitors, unless otherwise indicated. Virus

infection was assayed at 48 hr post-infection. MTT assays were performed to ensure that

inhibitors were not cytotoxic to cells at the concentrations used (Fig. S7).

Binding assay using FITC labeled Candid1

Candid 1 was concentrated by centrifugation on 30% sucrose cushions, titered and labeled

with FITC using Fluorotag FITC conjugation kit (Sigma). Cells were pretreated with

inhibitors or transfected with siRNAs and incubated with FITC-labeled Candid 1 for 1 hr on

ice and then transferred to 37°C for 1h; a particle/cell ratio of 1000 was used to ensure

saturation of all binding sites. Cells were detached using PBS/1mM EDTA and resuspended

in PBS containing 2% FBS/0.01% sodium azide. Cells were analyzed by FACS

(FACSCalibur; Becton Dickinson) using FlowJO (Tree Star, Inc.) software.

Syncytia assay

NMuMG cells were reverse transfected with siRNAs using Lipofectamine RNAiMax

reagent (Invitrogen) or treated with VGCC inhibitors as described above. Twenty four hr

later, the cells were transfected with the Junín virus GP expression vector, using

Lipofectamine LTX reagent (Invitrogen). After 48hr, the cells were pulsed for 5 minutes

with citrate buffer (pH 5 or pH 7), refed with fresh medium and incubated overnight at

37°C. The cells were fixed with methanol and stained with Giemsa (Sigma, Inc.). The

number of syncytia and number of nuclei in each syncytium were scored across 20 different

fields in each of 4 experiments. The data are presented as the % relative to the control

siRNA-treated cells.
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Mice

Mice were housed according to the policies of the Institutional Animal Care and Use

Committee of the University of Pennsylvania and all experiments were approved by this

committee. C57BL/6 mice were purchased from the Jackson Laboratory and were housed

and bred at Penn under ABSL2 conditions. Six or 8 day old pups were treated with

gabapentin (100 µg/g) via intraperitoneal inoculation. One hr after gabapentin treatment, the

mice were injected with Candid 1 (1×104 pfu; 20–30 µl) by intracranial injection into the left

brain hemisphere using a 28G ½ in needle. The pups initially treated with gabapentin

received additional doses at 2, 3 and 4 dpi. Mice were sacrificed at 5 dpi and the left brain

hemisphere was collected. The brain was homogenized by douncing with the plunger of an

insulin syringe (Becton Dickinson) and then centrifuged for 10 min, 8000 rpm at 4°C. The

supernatant was used to titer Candid 1 by plaque assay as described previously (32).

RNALater reagent (Ambion) was added to the brain homogenate and total RNA was

isolated using Trizol (Ambion). For systemic infections, 4 week old mice received

intravenous injections of 10, 100 or 500µg/g gabapentin (Hi-tech Pharmacon). One hour

after treatment, mice were inoculated intraperitoneally with JUNV Candid1 (1×106 pfu) in

no more than 1ml with a 27G ½ in needle. Daily gabapentin treatments at the same doses

were administered intraperitoneally. At one week post-infection mice were sacrificed and

the spleens were homogenized by douncing and centrifuged to generate a cell pellet and

supernatant. The supernatants were titered on Vero cells and RNA was isolated from the

pellet using RNeasy kits (Qiagen, Inc.).

Statistical Analysis

Statistical analysis was done using Prism software. Methods used to calculate p values are

described in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
High throughput siRNA screening results. (a) Schematic representation of screen. (b)

Representative infection levels from the 384 well screen plates that were transfected with

siRNAs targeting the reporter (lacZ), the entry receptor (TfR1), random siRNA control (C)

or no siRNA (−). The transfection efficiency on each plate was monitored using siRNA

death (death). (c) Heat map of infection Z-scores for 96 genes identified in the Junín primary

(1A, 1B) and secondary screen (2A, 2B, 2C), and VSV with siRNAs from the secondary

screen. Blue indicates decrease in infection and red indicates increase in infection. (d) Gene
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ontology biological process terms significantly (p≤0.05) overrepresented by the 96 genes

that scored in the primary screen.
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Fig. 2.
Gene knockdown effects on Junín pseudovirus or Candid 1 infection and TfR1 levels. (a)

The indicated siRNAs were transfected into U2OS stably expressing mouse TfR1 receptor

and infected with MLV-pseudotyped with the Junín (open bars), MMTV (grey) or VSV

(black) glycoproteins. Infection levels were measured by luciferase assays; values are

normalized to the control siRNA to calculate relative infection. Data present the mean ± SD

of three independent experiments. (b) U2OS cells were transfected with indicated siRNAs

and 72h post-transfection, challenged with Candid 1. Quantitative RT-PCR for the

expression of Junín NP was analyzed 24 hpi; a siRNA targeting the NP served as a control.

Data present the mean ± SD of three independent experiments. (c) Surface TfR1 (CD71)

levels were quantified in U2OS cells after 72h post-siRNA transfection by FACS. A siRNA

targeted to TFR1 was used as a control. This experiment was performed twice with similar

results. Statistical significance was determined by one way (b) or two way (a) ANOVA. *,

p≤0.05.

Lavanya et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2014 July 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
VGCCs are required for efficient infection by Junín virus and MMTV. (a) siRNAs that

target the different calcium channel subunits as indicated were transfected into U2OS stably

expressing the mouse TfR1 receptor. Cells were infected with Junín-(open bars), MMTV-

(grey bars) or VSV-(black bars) pseudotyped virus. (b) U2OS cells were transfected with

indicated siRNAs and challenged with Candid virus for 24h. RT-qPCR for the expression of

Junín NP was analyzed. (c) U2OS cells stably expressing mouse TfR1 receptor were pre-

incubated for 1h with indicated inhibitor, except gabapentin (5 hr pre-incubation). Cells

were infected with indicated pseudovirus and luciferase activity was assayed. (d) U2OS cells

were pretreated with the indicated Inhibitors and infected with Candid. Reverse transcribed

RT-qPCR for the NP was analyzed. All graphs show the mean ± SD of three independent
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experiments. Statistical significance was determined by one- (b, d) or two-way (a, c)

ANOVA. *, p≤0.05.
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Fig. 4.
Interaction of Candid 1 with VGCC subunits on the cell surface. (a) Cells treated with the

indicated siRNAs and incubated with FITC-labeled Candid 1. Shown is a representative

FACs plot and below the graph, the average MFI of the peaks averaged from 2 independent

experiments. (b) Candid 1 or VSV pseudoviruses were incubated on ice for 30 min and then

shifted to 37C for 1 hr. Cells were stained with anti-α1S, -TfR1 and –MHC Class I

antibodies and analyzed by FACS.
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Fig. 5.
VGCCs are required for virus-cell fusion. (a) NMuMG cells were transfected with the

indicated siRNAs, transfected with a Junín GP expression vector and subjected to a pH7 or

pH5 pulse. Syncytia are circled in white. (b) The number of syncytia (top) and number of

nuclei/syncytium (bottom) in cells transfected with TFR1, CACNA1S or CACNA2D2

siRNAs relative to the siControl-transfected cells. Values represent the mean ± SD of 4

independent experiments. (c) Syncytia-induction in cells treated with the indicated drugs

relative to untreated cells. Abbreviations: GEN, genistein; GAB, gabapentin; VER,
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verapamil. Values represent the mean ± SD in 3 independent experiments. Statistical

significance was determined by one way ANOVA. *, p≤0.05.
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Fig. 6.
Gabapentin blocks Candid 1 infection of mice. (a) Junín NP RNA detected by reverse-

transcribed RT-qPCR mice inoculated systemically with Candid 1 and treated with the

indicated amounts of gabapentin. Two mice treated with 500 µg/g produced virus; these

mice likely did not receive an adequate dose of gabapentin by tail vein injection because the

large volume administered caused rupture of the vein. (b) Candid 1 titers in the spleens of

gabapentin-treated mice. (c) Junín NP RNA in the brains of gabapentin-treated mice infected

with Candid 1 by intra-cranial inoculation. (d) Candid 1 titers in the brains of treated mice.

Two experiments where 4 (6-day) and 5 (8-day) mice were used for each condition.

Statistical analysis was done using a double-tailed Student’s T-test using an error cutoff of p

= 0.05. P values for the different comparisons are indicated above the graphs.
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