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Abstract Alphavirus budding is driven by interactions

between nucleocapsids assembled in the cytoplasm and

envelope proteins present at the plasma membrane. So far,

the expression of capsid and envelope proteins in infected

cells has been considered an absolute requirement for

alphavirus budding and propagation. In the present study,

we show that Semliki Forest virus and Sindbis virus

lacking the capsid gene can propagate in mammalian and

insect cells. This propagation is mediated by the release of

infectious microvesicles (iMVs), which are pleomorphic

and have a larger size and density than wild-type virus.

iMVs, which contain viral RNA inside and viral envelope

proteins on their surface, are released at the plasma

membrane and infect cells using the endocytic pathway in a

similar way to wild-type virus. iMVs are not pathogenic in

immunocompetent mice when injected intravenously, but

can infect different organs like lungs and heart. Finally, we

also show that alphavirus genomes without capsid can

mediate the propagation of heterologous genes, making

these vectors potentially interesting for gene therapy or

vaccination studies. The minimalist infectious system

described in this study shows that a self-replicating RNA

able to express membrane proteins with binding and fusion

properties is able to propagate, providing some insights

into virus evolution.

Keywords Alphavirus � Semliki Forest virus �
Sindbis virus � Capsid deficiency � Infectious microvesicles

Introduction

For most viruses, the capsid is an essential protein structure

that encloses and protects the viral genome. Many viruses

also have an envelope wrapping the viral capsid, which is
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usually derived from host cell membranes and incorporates

some viral glycoproteins. These proteins are important for

virus attachment and penetration into host cells.

Alphaviruses have been extensively studied because

they represent a good model for simple envelope RNA

viruses. Among alphaviruses, Semliki Forest virus (SFV),

Sindbis virus (SIN), and Venezuelan Equine Encephalitis

virus (VEE) have been characterized as the most repre-

sentative members of this genus. Although SFV and SIN

are able to infect and produce disease in humans, VEE and

other closely related alphaviruses can cause lethal

encephalitis and are considered a significant public health

threat in many areas of South, Central and North America.

However, massive outbreaks of the SFV-related alphavirus

chikungunya (CHIKV) in Indian Ocean islands and Asia,

and more recently in the Americas, has produced a high

morbidity, drawing worldwide attention to this type of

viruses [1, 2].

Alphaviruses contain a single-stranded positive-sense

RNA genome of 11–12 kb that is packaged into a nucle-

ocapsid (NC) of icosahedral symmetry (T = 4) formed by

240 subunits of the capsid protein [3]. The NC is enveloped

by a lipid bilayer containing 240 heterotrimers of glyco-

proteins E1 and E2, which mediate virus entry into target

cells [4]. Viral entry takes place through endocytosis fol-

lowed by low pH-mediated fusion of viral envelope and

endosome membranes, disassembly of NC, and release of

viral RNA into the cytoplasm (for a review see [5]). Upon

cell entry, viral RNA is translated to produce the replicase

(Rep), formed by four nonstructural protein subunits

(nsP1–4), which is able to synthesize a complementary

minus-sense genomic RNA (-RNA) during the early phase

of infection. Then, Rep uses this -RNA as template to

amplify viral genomes and to synthesize a subgenomic

RNA (sgRNA), which is translated to produce a large

structural polyprotein (capsid–p62–6K–E1). The capsid

protein contains a serine protease activity, which is

responsible for its auto-proteolytical cleavage from the

nascent chain. The rest of the polyprotein is processed in

the ER into three envelope proteins (p62, 6K, and E1),

which are then translocated to the plasma membrane. p62

and E1 associate to form heterotrimers and at a late stage of

the transport process p62 is cleaved by the host enzyme

furin, thus generating the E2 form and a small glycoprotein

called E3. E2 and E1 constitute the mature viral spikes [5].

E3 is lost in SIN, but remains on the virion surface in SFV.

In both SFV and SIN, the initial 100–200 nucleotides of the

capsid gene function as a translation enhancer, leading to

very high levels of viral structural proteins in infected cells

[6, 7]. The generation of new viral particles (VPs) involves

two processes that have been studied in great detail: (1)

packaging of viral RNAs into NCs and (2) budding of NCs

at the plasma membrane. The capsid protein can assemble

into NCs through specific interactions between capsid

monomers and between these monomers and genomic viral

RNA [8–11]. Neither the -RNA nor the sgRNA are usu-

ally packaged into VPs, because they lack a specific

packaging sequence located within the Rep gene.

The budding process is driven by specific interactions

between preformed NCs and spike glycoproteins E1 and

E2, leading to the release of virus into the extracellular

medium [12–15]. The expression of both capsid and

envelope proteins in infected cells has been so far con-

sidered a requirement for alphavirus budding and

propagation [16, 17]. Expression vectors based on several

alphaviruses have been developed by replacing the region

coding for the viral structural proteins with a heterologous

gene of interest [18–20]. Vector RNAs can be packaged

into VPs by co-transfecting them into cells together with

helper RNAs coding for the structural proteins [19, 21, 22].

In the present study, we show that SFV and SIN lacking

the capsid gene can propagate in mammalian and mosquito

cells. This propagation is mediated by the envelope pro-

teins and seems to occur through the production of

infectious microvesicles (iMVs). These iMVs, which dis-

play envelope proteins on their surface and contain viral

RNA, are produced at the plasma membrane and are able to

infect cells in a similar way as wild-type (wt) alphavirus.

Materials and methods

Cells

BHK-21 cells (ATCC: CCL-10) were cultured in BHK

Glasgow MEM (Gibco BRL, UK) supplemented with 5 %

FCS, 10 % tryptose phosphate broth, 2 mM glutamine, and

20 mM HEPES (BHK complete medium). HuH-7 (Ja-

panese Collection of Research Bioresources Cell Bank:

0403), Hep3B (ATCC: HB-8064), and Vero (ATCC: CCL-

81) cells were grown in DMEM (Gibco BRL) supple-

mented with 10 % FCS and 2 mM glutamine. Aedes

albopictus cell line C6/36 (ATCC: CRL-1660) was grown

in Eagle’s minimum essential medium, containing 10 %

FCS. All media contained 100 lg/ml streptomycin and

100 IU/ml penicillin.

Plasmids

Plasmids pSFV-1, pSFV-LacZ, pSFV-helperS2, and pSFV-

helper-C-S219A have already been described [22, 23]. To

construct pSFV-spike and pSFV-enh-spike, a fragment of

3.9 or 4.2 kb containing the sequence including ‘‘subge-

nomic promoter ? p62–6K–E1 ? 30UTR’’ was obtained

from pSFV-helper-E [22] or pSFV-helper-S2, respectively,

by digestion with Xba I ? Spe I and inserted into pSFV-1
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digested with the same enzymes. pSFV-spike has the same

structure as the one previously described [17]. In pSFV-

enh-spike, the ORF p62–6K–E1 is fused to the sequence

coding for the first 34 amino acids of the capsid (translation

enhancer b1) using the foot and mouth disease virus 2A

autoprotease as a linker [22, 24]. To construct pSFV-enh-

spikeD6K, plasmid pSFV-enh-spike was digested with NdeI

and the 2.1 kb fragment spanning from position 708 in p62

to position 1171 in E1 genes was substituted by a synthetic

fragment (Genescript, Piscataway, NJ) of 1.9 kb covering

the same area, but in which the 6K sequence was com-

pletely deleted, as previously described [23]. To construct

pSFV-enh-spike-GFP, we first generated an intermediate

plasmid containing a multiple cloning site (mcs) between

the end of the E1 gene and the 30UTR (pSFV-enh-spike-

mcs) (information available upon request). A PCR fragment

spanning the sequence from the subgenomic promoter to the

end of 30UTR was obtained from pSFV-GFP (kindly pro-

vided by Prof. P. Liljeström, Karolinska Institute, Sweden)

and cloned into pSFV-enh-spike-mcs digested with Avr II

(present in the mcs) and Spe I. To construct pSIN-spike, a

PCR fragment containing SIN p62–6K–E1 sequence was

obtained using primers 50-TCTAGACCACCATGTCCGCA
GCACCACTGGTCAC-30 (forward) and 50-GGGCCCTCA
TCTTCGTGTGCTAGTC-30 (reverse), using plasmid

DHBB(50SIN) as template [21]. In the forward primer, an

ATG (underlined) and a ribosome-binding site (bold) were

included, since they are not present in the p62 sequence.

The 2.9 kb PCR fragment was digested with Xba I and Apa

I (in italics in the forward and reverse primers, respectively)

and cloned into the same sites in pSINrep5 [21]. A pSin-

Rep5 vector expressing GFP was used for in vitro

transcription of SIN-GFP RNA (kindly provided by T.

Furuta, Kyoto University, Japan).

Transfection of cells and production of viral

particles (VPs)

RNA synthesis and transfection into BHK, Hep3B, and

Vero cells by electroporation was performed as described

previously [18]. Electroporation of HuH-7 cells was per-

formed as described by Robinson et al. [25]. C6/36 cells

were transfected using Cellfectin� Reagent (Life Tech-

nologies). Co-culture studies were performed by mixing

electroporated and non-electroporated cells at 1:20 ratio

and plating 106 cells/9.5 cm2 dish, resulting in confluent

monolayers after cell attachment.

Packaging of recombinant SFV-LacZ or SFV-GFP

RNAs into SFV VPs was performed as described [22].

Briefly, BHK cells were co-electroporated with each

recombinant RNA and both SFV-helper-C-S219A and

SFV-helper-S2 RNAs, providing in trans the capsid and

envelope proteins, respectively. Packaging of SFV-spike,

SFV-enh-spike, and SFV-enh-spike-GFP into VPs was

performed by co-electroporating BHK cells with each of

these RNAs and helper-C-S219A RNA (Supplementary

Fig. 1). SFV VPs were harvested and purified by ultra-

centrifugation through a 20 % sucrose cushion as described

previously [26]. For UV-inactivation, the total amount of

SFV-LacZ VPs to be used was exposed to a 254 nm UV

light (two cycles of 15 min) by using a uvgl-25 compact

UV 4 W lamp (UVP, Upland, CA). After inactivation, the

viral titre had decreased by a factor of[107.

Purification of infectious microvesicles (iMVs)

and control exosomes

Approximately, 107 HuH-7 cells were electroporated with

50 lg of SFV-enh-spike in vitro-transcribed RNA by

applying a pulse of 270 V and 950 lF using a Gene Pulser

II electroporator (BioRad, Hercules, CA). These conditions

resulted in approximately 50 % transfection efficiency.

This process was repeated ten times to electroporate a total

of 108 cells. Cells were incubated during 48 h at 33 �C, and
the medium was clarified by centrifugation at 800g during

15 min to eliminate cell debris. This procedure yielded a

total amount of 1.5 9 107 ± 1.6 9 106 IU (mean ± SD of

eight independent iMV stocks). To purify iMVs, the

supernatant was filtered using a 0.22 lm filter, centrifuged

at 10,000g during 2 h in a SW28 rotor (Beckman), and the

pellet was resuspended in a total volume of 200 ll of TN
buffer (50 mM Tris–HCl, pH 7.4, 100 mM NaCl) for fur-

ther use. The iMV recovery yield after the centrifugation

step was of 50.1 ± 22.9 % (n = 8). To determine the

density of purified iMVs or VPs, corresponding samples

were centrifuged through a 5–60 % sucrose gradient at

100,000g during 90 min. After centrifugation, fractions of

1 ml were collected and analysed for infectivity and

density.

For purification of control exosomes, we used standard

protocols previously described [27]. Briefly, untransfected

HuH-7 cells were grown in medium containing 2 % FBS

during 48 h. Then, the medium was collected and clarified

by centrifugation at 1500g for 15 min, yielding super-

natants that were further clarified by centrifugation at

10,000g for 1 h. Exosomes in the clarified supernatants

were pelleted at 100,000g through a 30 % sucrose cushion

for 16 h.

Infection of cells

Cells were infected with SFV VPs or iMVs as described

earlier [18]. For titrations, cells infected with serial dilu-

tions of VPs or iMVs were fixed with cold methanol at 24

or 6 h post-infection (h p.i.), respectively. Indirect

immunofluorescence was performed to determine the titres
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as described [28]. A rabbit antiserum specific for the nsP2

subunit of SFV Rep [29] or a murine polyclonal antiserum

specific for the SFV envelope proteins was used as primary

antibodies. The latter was obtained by immunizing C57BL/

6 mice intravenously with four doses of 107 VPs of SFV-

enh-spike given every 2 weeks. For neutralization studies,

VP or iMV samples were incubated with 5 lg/ml RNAse

during 20 min at 25 �C, 0.5 mg/ml proteinase K during

45 min at 37 �C, or with 1 % Triton X-100 during 1 h at

25 �C, respectively. For neutralization of endosomal pH,

cells were either incubated with 20 mM NH4Cl during

adsorption (1 h) and/or a 4 h period after adsorption. To

determine the number of PFUs present in VP stocks,

confluent monolayers of BHK cells were infected with

different dilutions of the virus, the medium was removed

after 1 h of adsorption, and overlay medium was added

(BHK complete medium–10 % FCS and Glasgow

MEM–0.2 % agarose, [1:1]). Cells were incubated for

72 h at 37 �C, fixed with 0.5 % glutaraldehyde in PBS,

and stained with 0.1 % crystal violet in methanol–H2O

(20:80).

Antibody labelling and electron microscopy

Immunogold labelling of SFV-LacZ VPs and iMVs was

performed using the protocol described by Gowen and co-

workers [30], but omitting the use of detergent. Murine

polyclonal antiserum specific for SFV envelope proteins

was used as primary antibody, which was then detected by

exposure to anti-mouse immunoglobulin G (IgG) conju-

gated to 10 nm colloidal gold (Sigma). The labelled

samples were then stained using Nanovan (Nanoprobes,

Yaphank, NY) prior to visualization at 30,0009 magnifi-

cation by conventional electron microscopy using a JEOL

JEM-1230 (Tokyo, Japan) microscope operating at 80 kV.

Images were recorded on a digital camera SC1000 ORIUS

(Gatan, Germany). Estimation of particle size was carried

out using ImageJ [31].

RT-PCR

Samples containing purified VPs or iMVs were treated with

5 lg/ml RNAse, or mock incubated, during 40 min at

25 �C, and RNA was extracted first with phenol and then

with chloroform in the presence of 10 lg of Poly-A Carrier

RNA (Qiagen). RNA was precipitated with ethanol and

0.1 M sodium acetate, washed with 70 % ethanol, and

resuspended in 20 ll of H20. Two lg of RNA obtained in

this way was mixed with 5 ng of in vitro-transcribed SFV-

DRep-GFP RNA. This latter RNA does not contain the

replicase sequence and was used as an internal control for

the RT-PCR. After DNAse treatment, RNAs were tran-

scribed into cDNA with GoScriptTM Reverse Transcriptase

(Promega) using a mix of random primers. cDNAs were

quantified by real-time PCR with the GoTaq� 2-Step

RT-qPCR System kit (Promega) using oligonucleotides

50-CTGTTCTCGACGCGTCGTC-30 (forward) and 50-GA
GGTGTTTCCACGACCC-30 (reverse) to amplify a 202 nt

fragment of nsP2 subunit of SFV Rep. GAPDH was

amplified using primers 50-CCAAGGTCATCCATGA
CAAC-30 (forward) and 50-TGTCATACCAGGAAA
TGAGC-30 (reverse), and human b-actin with primers

50-AGAGCTACGAGCTGCCTGAC-30 (forward) and 50-A
GCACTGTGTTGGCGTACAG-30 (reverse). GFP, used as

internal control, was amplified with primers: 50-ACGGCA
AGCTGACCCTGAA-30 (forward) and 50-GGGTGC
TCAGGTAGTGGTT-30 (reverse). For analysis of RNA

present in cells, monolayers were collected at the indicated

times after electroporation and RNA was extracted with the

MaxWell 16 research system (Promega). 1.25 lg of RNA

from each sample was analysed by quantitative RT-PCR as

described above for iMVs. To determine the relative levels

of SFV plus- and minus-RNA strands, RNAs extracted

from iMVs, VPs, or cells, were transcribed into cDNA

using primers 50-GACGCGTCGTCAGCCAGGG-30 and

50-CCACGACCCCTGCACCTGC-30, which hybridize to

the SFV nsP2 region and are complementary to the minus-

and plus-RNA strands, respectively. cDNAs were quanti-

fied by real-time PCR using these last two oligonuleotides

as described above. Data were analysed using CFX

Manager software (Bio-Rad).

Analysis of protein expression by Western blot

Whole cell lysates from SFV-transfected BHK or HuH-7

cells were obtained by incubation in a buffer containing

1 % IGEPAL (Sigma, St. Louis, MO), 50 mM Tris HCl pH

7.6, 150 mM NaCl, 2 mM EDTA, and 1 lg/ml PMSF

(Sigma), cleared by centrifugation for 6 min at 6000 rpm

in a refrigerated microcentrifuge, and quantified by Brad-

ford assay. iMVs were obtained from the supernatant of

electroporated HuH-7 cells, which was clarified by low

speed centrifugation, filtered, and purified as described

above. Purified VPs, iMVs, or cell lysates were analysed by

SDS-PAGE in 10 % polyacrylamide gels, transferred to a

nitrocellulose membrane, and incubated with the following

primary antibodies: murine polyclonal antiserum against

SFV envelope proteins (in this case, samples were run

under non-reducing conditions to allow a good separation

of E1 and E2 bands), murine monoclonal antibody against

SFV capsid protein (clone C42 kindly provided by Dr.

Irene Greiser-Wilke, Institute of Virology, Hannover,

Germany) [32], rabbit polyclonal antisera specific for SFV

nsP1 and nsP4 (kindly provided by Dr. Tero Ahola,

University of Helsinki, Finland) or for nsP2 and nsP3 Rep

subunits (generated in our laboratory), rabbit polyclonal

3900 M. Ruiz-Guillen et al.

123



antiserum specific for b-actin (Sigma), and murine mono-

clonal antibodies specific for human CD63 (Developmental

Studies Hybridoma Bank, IA) and TSG101 (Abcam,

Cambridge, UK). Peroxidase-conjugated goat anti-mouse

(Thermo Fisher Scientific, Waltham, MA) and sheep anti-

rabbit (Cell Signalling, Danvers, MA) antisera were used as

secondary antibodies. Proteins were visualized using the

Western Lightning Chemiluminescence Reagent Plus

(Perkin Elmer Life Sciences, Waltham, MA).

Animal manipulations

Five weeks old C57BL/6 female mice were purchased from

Harlan (Barcelona, Spain) and maintained under standard

pathogen-free conditions according to the ethical institu-

tion’s guidelines. Vectors were injected intravenously at

the indicated doses diluted in 100–300 ll of saline (Fig. 7).
At the indicated times, blood samples were obtained by

orbital sinus bleeding, cells were removed by low-speed

centrifugation, and the supernatant was frozen at -80 �C
for subsequent virus assay. At 48 h, a brain fraction was

homogenized and suspended in EMEM with 2 % FBS to

obtain a 10 % suspension (wt/vol), which was then cen-

trifuged at 7339g for 10 min. The supernatant was

decanted, and the suspension was frozen at -80 �C for

subsequent virus assay. The number of infectious units

present in the serum and brain homogenates was deter-

mined as described above. For RT-PCR analysis, mice

were killed 48 h after treatment and 20 mg of the indicated

tissues was homogenized in 200 ll of chilled 1-thioglyc-

erol/homogenization solution using FisherbrandTM

Disposable Pestle System (Fisher Scientific). Samples were

then processed on a MaxWell 16 research system (Pro-

mega) and analysed by quantitative RT-PCR as described

above.

Statistical analysis

All error terms are expressed as the standard deviation

(SD). Prism software (GraphPad Software Inc., San Diego,

CA) was employed for statistical analysis. Mann–Whitney

U test was used to compare two experimental groups.

Paired t test was used in those experiments where the same

samples were analysed for different parameters or under

different treatments (Figs. 4c, 5b–d). Two-way ANOVA

followed by Tukey’s post-tests was used for comparison

among groups in Fig. 8b. p values\0.05 were considered

to be statistically significant.

Ethics statement

Mice were maintained under standard pathogen-free con-

ditions according to our ethical institution’s guidelines.

Animals were anesthetized with an intraperitoneal injection

of a ketamine/xylazine mixture and killed by cervical

dislocation. The protocol to perform the animal experi-

ments described in this work was reviewed and approved

by our local Institutional Animal Care and Use Committee

(IACUC): Comité de Ética para la Experimentacion Ani-

mal de la Universidad de Navarra (protocol identification

number: 105-14). Our local IAUCC adheres to the Direc-

tive 2010/63/EU of the European Parliament and of the

Council of 22 September 2010 on the protection of animals

used for scientific purposes.

Results

SFV and SIN devoid of capsid gene can propagate

in cell culture

An SFV vector containing the sequence of SFV envelope

proteins (p62–6K–E1) fused to the minimal SFV capsid

translation enhancer (SFV-enh-spike) was initially con-

structed as a tool to generate a polyclonal antiserum

against SFV envelope proteins (Supplementary Fig. 1).

This vector was packaged into VPs by co-transfecting

BHK-21 (BHK) cells with SFV-enh-spike and SFV-

helper-C-S219A RNAs, the latter lacking the SFV pack-

aging signal and providing the capsid gene in trans [22]

(Supplementary Fig. 1). In this last RNA, the S219A

mutation in the capsid abolishes its proteolytic activity,

preventing the processing of the structural polyprotein if a

full-length genome is generated by recombination [22].

Unexpectedly, SFV-enh-spike VPs were able to mediate

the spreading of viral protein expression in monolayers of

different mammalian cell lines including BHK, Hep3B,

HuH-7, and the mosquito cell line C6/36 (Fig. 1). This

effect was not due to the generation of replication-profi-

cient virus (RPV), since no RPVs were detected by a

plaque-forming unit (PFU) assay. In addition, propagation

of this vector was not as efficient as that of wtSFV

(Fig. 1b). However, to rule out that recombinant genomes

containing all or part of the capsid gene could have been

generated during the packaging of SFV-enh-spike, BHK

cells were electroporated only with SFV-enh-spike RNA,

and co-cultured with non-electroporated cells at a 1:20

ratio (Fig. 2a). As shown in Fig. 2b, SFV-enh-spike was

able to propagate from transfected cells to neighbouring

cells, reaching most cells in the monolayer at 36 h. p.i.

This effect was not observed in a co-culture of cells

electroporated with SFV-LacZ RNA (Supplementary

Fig. 1), which gives a pattern of individual cells at all

analysed time points (Fig. 2b). As observed with infected

cells, the propagation of wtSFV from transfected cells was

also more efficient than that of SFV-enh-spike (Fig. 2c).
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Fig. 1 Propagation of SFV

devoid of capsid in different cell

lines. a SFV RNA genomes

devoid of capsid (SFV-enh-

spike or SFV-spike, abbreviated

in the diagram as SFV-DC)
were packaged into VPs by co-

electroporation of BHK cells

with a helper RNA able to

provide the SFV capsid in trans

(SFV-helper-C-S219A,

abbreviated as SFV-helper-C).

SFV-LacZ VPs were generated

by co-electroporation of BHK

cells with SFV-LacZ RNA and

two helper RNAs providing the

SFV capsid and envelope

proteins in trans, respectively

[22] (not shown in the diagram).

VPs were collected at 24 h post-

electroporation and used to

infect monolayers of BHK cells

(b) or the indicated cell lines

(c) at MOI 0.05. Cells were

fixed at the indicated times and

analysed by

immunofluorescence (IF) with a

polyclonal antiserum specific

for the nsP2 subunit of SFV Rep

(a-nsp2) (b), or with a

polyclonal antiserum specific

for SFV envelope proteins (a-
spikes) (c). Images correspond

to a representative experiment

from at least two independent

experiments performed in

triplicate with similar results.

Magnification of images: 9200

(except for images of C6/36

cells that were taken at 9400).

Scale bar in all images: 50 lm
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SFV-enh-spike expresses the first 34 amino acids of the

capsid, which according to many studies are insufficient to

form functional NCs [8]. However, to discard any possible

implication of capsid fragments in propagation, we con-

structed an SFV vector that expresses the envelope proteins

without any capsid sequence (SFV-spike, Supplementary

Fig. 1). The absence of capsid expression from this vector,

as well as from SFV-enh-spike, was confirmed by Western

blot analysis of cells electroporated with their respective

RNAs (Supplementary Fig. 2a). SFV-spike was able to

propagate after electroporation of vector RNA into BHK

cells co-cultured with non-electroporated cells, demon-

strating that propagation of SFV can take place in the

complete absence of capsid sequences (Fig. 2b). This

process was also observed in cells infected with SFV-spike

VPs packaged as described for SFV-enh-spike (Fig. 1b).

Propagation appeared to be more efficient when using the

SFV-enh-spike RNA, indicating that overexpression of

Fig. 2 Propagation of alphavirus genomes without capsid upon cell

transfection. a BHK cells were electroporated with the indicated

alphavirus vector RNAs and co-cultured with non-electroporated cells

at a ratio of 1:20. Cells were fixed at the indicated times and analysed

by IF with a-nsp2 serum (b), a-spikes serum (c and upper images in

e), or a monoclonal antibody specific for SIN E2 protein (lower

images in d). GFP expression was visualized with the appropriate

filter (upper images in d). Lower images in e show DAPI staining of

nuclei. All panels correspond to a representative experiment from at

least two independent experiments performed in triplicate with

similar results. Magnification of images is 9200 (b–d) or 9100 (e).
Scale bar in all images: 50 lm
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envelope proteins favoured this process (Figs. 1b, 2b; see

also Supplementary Fig. 2 for a comparison of protein

expression between vectors). To assess whether this phe-

nomenon takes place in other alphaviruses, a SIN vector

expressing its envelope proteins and with the whole capsid

sequence deleted was also constructed (SIN-spike, Sup-

plementary Fig. 1). SIN-spike was also able to propagate

very efficiently in co-cultures of vector RNA-electropo-

rated and non-electroporated BHK cells (Fig. 2d). In

contrast, a SIN vector in which the structural genes were

replaced by GFP, used as control (SIN-GFP, Supplemen-

tary Fig. 1), was unable to propagate.

The small 6K envelope protein was also dispensable for

propagation, since an SFV-enh-spike vector RNA in which

the 6K sequence had been deleted (SFV-enh-spikeD6K,
Supplementary Fig. 1) was also able to propagate in co-

cultures of vector RNA-electroporated and non-electropo-

rated BHK cells (Fig. 2e). This vector was able to express

levels of spike proteins that were similar to those of SFV-

spike (Supplementary Fig. 2b), but did not express 6K

(data not shown). These results show that propagation of

alphavirus can take place even if only Rep and spike gly-

coproteins p62 and E1 genes are present in the viral

genome.

Propagation is mediated by the envelope proteins

and does not require cell fusion

The fact that SFV and SIN vectors expressing Rep and a

reporter gene (SFV-LacZ and SIN-GFP) were unable to

propagate indicates that propagation of alphavirus genomes

devoid of capsid should be mediated by the expression of

the envelope proteins. The role of envelope proteins was

supported by the fact that transmission of the SFV-enh-

spike vector was inhibited by incubating infected cells with

a murine polyclonal antiserum against the SFV envelope

proteins, a phenomenon that was also observed in cells

infected with wtSFV, used as positive control (Fig. 3a). In

contrast, in both cases, propagation was not inhibited when

cells were incubated with preimmune serum, used as

negative control. Since the spike proteins are able to

mediate the fusion of membranes, one possible mechanism

for the propagation of SFV without capsid could be the

fusion of cells expressing the envelope proteins with

neighbouring cells. However, the fusogenic activity of

SFV-spike proteins requires a pH\ 6 [33], which was not

detected in the extracellular medium of infected or trans-

fected cultures (data not shown). Additionally, syncytia

were not observed in cell monolayers infected with SFV-

enh-spike in which the vector had propagated (Fig. 3b).

This result was confirmed by labelling cellular plasma

membranes with wheat germ agglutinin conjugated with a

fluorescent dye (Supplementary Fig. 3). Nevertheless,

when these monolayers were incubated at pH 5, during a

few minutes syncytia were induced very efficiently, sug-

gesting that fusion does not take place under normal cell

culture conditions (Fig. 3b, Supplementary Fig. 3). A

similar outcome was observed in cells infected with

wtSFV, although in this case viral propagation to most cells

led to a general fusion of the monolayer at pH 5. As

expected, syncytia were not observed in cell monolayers

infected with SFV-LacZ when incubated at pH 5.

Cells transfected with SFV genomic RNA devoid

of the capsid sequence release infectious material

to the supernatant

Propagation of SFV devoid of capsid could result from the

release of infectious material from infected or transfected

cells to the medium. We analysed the presence of infec-

tious material in the supernatant of mammalian or

mosquito cell lines transfected with an SFV RNA devoid of

the capsid. As shown in Fig. 4a, all cell lines electroporated

with SFV-enh-spike RNA were able to produce infectious

material at a level of 103–105 infection units (IU)/ml/24 h,

with the highest titres being produced by HuH-7 cells.

Interestingly, the infectious material produced by trans-

fected cells was also able to propagate after infection of

new cell monolayers, as shown by a dramatic increase in

the number of cells expressing the spike proteins between 6

and 40 h p.i. (Fig. 4b). No infectious material was detected

in cells electroporated with SFV-LacZ. Furthermore, the

infection material was able to transfer SFV RNA into

infected cells, with cellular viral RNA levels increasing

approximately 15-fold between 6 and 24 h p.i. (Supple-

mentary Fig. 4), while viral RNA levels in cells infected

with a non-propagative SFV vector expressing GFP (SFV-

GFP, Supplementary Fig. 1) did not show a significant

increase. As observed earlier, propagation was more effi-

cient in cells infected with wtSFV, in which cellular viral

RNA levels increased [3000 fold during a similar time

interval. These data conclusively demonstrate that SFV

devoid of capsid can propagate in a way similar to an

infectious virus.

Purification of infectious material and neutralization

of infectivity

Next, we characterized in detail the infectious material

produced by SFV without capsid. For that purpose, we first

generated a suitable amount of infectious material to be

analysed. Approximately, 108 HuH-7 cells were electro-

porated with SFV-enh-spike, SFV-LacZ RNAs or mock

electroporated as described in ‘‘Materials and methods’’.

Briefly, supernatants were collected at 48 h p.i. and, after

clarification at low speed, centrifuged at 10,000g for 2 h.
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These conditions allowed to efficiently pellet the infectious

material. After centrifugation, an average titre of

[1.9 9 107 IU/ml was obtained from cells transfected

with SFV-enh-spike with an average recovery yield of

[50 %. No IUs were detected in the case of supernatants

purified from SFV-LacZ RNA- and mock-electroporated

cells.

To characterize the role of the different components

present in infectious material produced by SFV-enh-spike-

transfected cells, purified IUs were treated with ribonu-

clease A (RNAse), proteinase K, or Triton X-100 before

infection. While RNAse treatment had no effect on their

infectivity, both proteinase K and Triton X-100 were able

to almost completely block infectivity (Fig. 4c). These data

suggest that the infectious material contains viral RNA

within an envelope that has the spike glycoproteins on its

surface. For this reason from now on, we will refer to this

material as infectious microvesicles (iMVs). Furthermore,

the infectivity of iMVs was strongly inhibited in the

presence of a lysosomotropic agent (20 mM NH4Cl),

which is able to accumulate in lysosomes (Fig. 4c). If this

agent was present only during a 60 min viral adsorption

period, iMV infection was inhibited by 88.2 %, which was

comparable to wtSFV infectivity inhibition (96.8 %). This

inhibition was even higher if NH4Cl was present during the

adsorption and a 4-h post-infection period, reaching[99 %

for both iMVs and wtSFV. However, if NH4Cl was added

after the adsorption period, the infectivity was only

Fig. 3 Propagation of SFV without capsid is mediated by the

envelope proteins and does not require cell fusion. a BHK cell

monolayers were infected with SFV-enh-spike VPs at MOI 0.1, or

with wtSFV at MOI 0.025, and incubated for 24 h (SFV-enh-spike) or

10 h (wtSFV) in the presence of a-spikes serum, or with preimmune

serum (in both cases diluted 1:50). b BHK cells were infected with

SFV-enh-spike and SFV-LacZ VPs at MOI 0.05, or with wtSFV at

MOI 0.025, and 16 h later were incubated during 3 min with PBS at

the indicated pH. Cells were washed and incubated for 3 h with BHK

complete medium. In both a and b, cells were fixed and analysed by

IF with a-spikes (a) or a-nsp2 sera (left images for each pH in b).
Nuclei in (b) were visualized with DAPI (right images for each pH).

Magnification: 9100 (a) or 9200 (b); scale bars 50 lm. Panels

correspond to a representative experiment from at least two indepen-

dent experiments performed in triplicate with similar results. See also

Supplementary Fig. 3 for higher magnification images in which cell

membranes have also been labelled
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modestly inhibited (23.7 and 26.2 % inhibition for iMVs

and wtSFV, respectively). These data suggest that iMVs

use a mechanism of entry that requires acidification of

endosomes in a similar way to wtSFV [34].

Analysis of protein and RNA content of iMVs

The presence of SFV envelope proteins in iMVs was

confirmed by Western blot (Fig. 5a). Both E1 and E2 were

detected in iMVs purified from cells electroporated with

SFV-enh-spike RNA, while these proteins were not present

in material purified from SFV-LacZ- or mock-electropo-

rated cells. As expected, the capsid protein was only

detected in SFV VPs used as control. Interestingly, iMVs

produced a much stronger signal for E1 and E2 than SFV

VPs (notice that in Fig. 5a, the gel was loaded with

5 9 107 VPs of SFV-LacZ and 105 IU of iMVs to obtain a

comparable signal). This suggests that the particle-to-in-

fectivity ratio of iMVs is higher than that of SFV VPs,

although differences in size and envelope proteins density

between VPs and iMVs could also result in different

amount of spike proteins per infection unit.

To determine the origin of iMVs, we first analysed

whether they contained markers from different subcellular

compartments. This analysis showed that SFV-enh-spike

iMVs only contained trace amounts of lysosomal (Lamp2,

Supplementary Fig. 5a) and exosome markers (TSG101

and CD63 [35], Supplementary Fig. 5b), indicating that

most likely these vesicles are not from lysosomal or exo-

somal origin. In contrast, enrichment in iMVs of

Na?K?ATPase, a ubiquitously expressed oligomeric

plasma membrane complex, indicates that they are likely

generated at the cytoplasmic membrane (Supplementary

Fig. 5a). To confirm this possibility, we transfected HuH-7

cells with SFV-enh-spike RNA, labelled them with [35S]

methionine-cysteine, and performed cell surface biotiny-

lation as described [36]. We then allowed the release of

iMVs from cells during 18 h and incubated the supernatant

with streptavidin-coated magnetic beads. As shown in

Supplementary Fig. 6, we were able to visualize SFV-spike

proteins only in streptavidin-retrieved supernatants derived

from cells in which we had performed cell surface

biotinylation, strongly suggesting that iMVs are generated

at the plasma membrane. To obtain additional evidence of

Fig. 4 Cells transfected with SFV RNA devoid of capsid release

infectious material. a The indicated cell lines were electroporated

with SFV-enh-spike RNA as described in ‘‘Materials and methods’’,

supernatants were collected at 24 h and titrated by infecting BHK cell

monolayers that were analysed by IF with a-spike serum. b Propa-

gation of infectious material released by SFV-enh-spike-transfected

HuH-7 cells was assessed by infecting BHK cells monolayers at MOI

0.05 and analysing spike expression at the indicated times by IF

(magnification: 9100; scale bars 50 lm). c Effect of different agents

on the infectivity of infectious microvesicles (iMVs) or wtSFV used

as control (MOI 0.1 in both cases). For NH4Cl treatment, cells were

incubated with this agent at a concentration of 20 mM during the

60 min. virus adsorption period (ad), during adsorption and a 4-h

post-infection period (ad ? inf), or only during the 4 h post-infection

period (inf). The percentage of infectivity in each case was calculated

considering the infectivity of non-treated samples as 100 % (non-

treat). Prot K, proteinase K; Trit. X100, Triton X-100. In a and c data
are the mean ? SD of three experiments. ***p\ 0.001
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iMVs budding at the plasma membrane, we performed

thin-section transmission electron microscopy (TEM) of

cells transduced with SFV-spike. These cells showed some

100- to 150-nm spherical structures that sometimes

appeared to be attached to the cell surface by a small

‘‘neck’’ and that could represent iMVs budding from the

plasma membrane (Supplementary Fig. 7). wtSFV-infected

cells used as control showed numerous VPs of 60–70 nm

on the cell surface.

We also assessed whether iMVs could be derived from

virus replication complexes (RCs), which originate at the

plasma membrane, being later transported to the surface of

large acidic vacuoles by different components of the

cytoskeleton [37, 38]. RCs function in the synthesis of

double-stranded RNA replicative intermediates and contain

all viral nsPs [39, 40]. NsP1, nsP3, and nsP4 subunits of

SFV Rep were not detectable in iMVs by Western blot

analysis (Supplementary Fig. 5c). The observation that

other cell proteins, like b-actin, were detected at low levels

in iMVs (and trace amounts of nsP2; see Supplementary

Fig. 5a–c, e-spike lane) could indicate that some proteins

are unspecifically incorporated into iMVs. The absence or

the lack of enrichment of nsPs in iMVs suggests that they

are not derived from RCs.

To quantify the viral RNA packaged inside iMVs, we

isolated RNA from purified iMVs and analysed it by

qRT-PCR using oligonucleotides specific for the SFV Rep

sequence. As shown in Fig. 5b, purified iMVs contained

Fig. 5 Characterization of iMVs. a Microvesicles purified from

HuH-7 cells electroporated with the indicated RNAs were analysed by

Western blot with a mixture of a-spike and anti-capsid sera. The gel

was loaded with 105 IU of SFV-enh-spike iMVs (e-spike) or an

equivalent volume of material purified from SFV-LacZ (LacZ) or

mock-electroporated cells. A sample containing 5 9 107 purified

SFV-LacZ VPs was used as control (VP). b Samples containing 106

IU of purified SFV-enh-spike iMVs (e-spike), or equivalent volume of

material purified from SFV-LacZ (Z) or mock-electroporated cells

(mock), were analysed by quantitative RT-PCR, with or without

previous RNAse treatment, using oligonucleotides specific for SFV

Rep or GAPDH as described in ‘‘Materials and methods’’. A sample

containing 106 purified SFV-LacZ VPs was used as positive control

(VP). When indicated, iMV samples were treated with 0.1 % Triton

X-100 for 15 min at RT previous to RNAse treatment (Triton). Data

is shown as 2-D(Ct mock-Ct iMV or VP) for each gene. c HuH-7 cells

electroporated with SFV-enh-spike (e-spike), SFV-LacZ (LacZ)

RNAs or mock-electroporated were analysed at 24 h post-electropo-

ration by quantitative RT-PCR as described in b. d The relative

amounts of positive- and negative-strand SFV RNA (RNA? and

RNA-, black and grey columns, respectively) present in iMVs

(5 9 105 IU) and cells electroporated with SFV-enh-spike RNA (at

24 h postelectroporation) was analysed by RT using oligonucleotides

specific for each SFV RNA strand, followed by quantitative PCR as

described in ‘‘Materials and methods’’. 107 VPs of SFV-LacZ (VP)

and material purified from mock-electroporated cells (mock) were

used as positive and negative controls, respectively. In b–d data

represent the mean ? SD of at least three independent experiments

analysed in triplicates. **p\ 0.01, *p\ 0.05. e The density of

purified iMVs or VPs was determined by equilibrium centrifugation

on a 5–60 % sucrose gradient from which 11 fractions were collected.

The infectivity of each fraction was determined as described in

‘‘Materials and methods’’ and is represented as the relative titre (left

Y-axis scale). The density of each fraction was calculated by

measuring its refractive index (dashed line, right Y-axis scale). The

iMV peak corresponds to 5 9 107 IU/ml and the VP peak to 8 9 107

VPs/ml. ns not significant, nd not detected
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SFV RNA that was relatively protected from RNase

digestion. Pretreatment of iMV samples with Triton

X-100 resulted in almost complete elimination of SFV

RNA upon RNAse treatment, confirming that the viral

RNA is included in a lipid vesicle (Fig. 5b). The relative

amount of protected SFV RNA in iMVs was about

60-fold higher than that observed in SFV VPs used as

control, probably due to a higher particle-to-infectivity

ratio in iMVs (for this analysis, we used the same amount

of infectious units for both types of materials). To our

surprise, the protected SFV RNA was also detected in the

material purified from cells electroporated with SFV-

LacZ, although at lower levels. This suggests that

microvesicles containing viral RNA could be produced in

the absence of spikes, although in this case they would

not be infectious, as spike glycoproteins are required for

propagation. iMVs mostly contained plus-strand SFV

RNA, as determined by strand-specific RT-qPCR

(Fig. 5d) although minus-strand RNA was also detected in

iMVs. However, the relative levels of minus-strand RNA

were low and comparable to those present in transfected

cells. In fact, the plus-strand/minus-strand RNA ratios in

cells and iMVs were not significantly different

(p = 0.057), suggesting that the minus-strand RNA is not

enriched in iMVs. Moreover, cellular mRNAs corre-

sponding to GAPDH and b-actin were detected in purified

iMVs before RNAse treatment, but only the latter one,

which seemed to be more abundant in cells (Fig. 5c), was

detected in RNAse-treated iMVs, suggesting that the

cellular level of an mRNA could determine its inclusion

into iMVs.

Size and density

To determine the density of iMVs, they were sedimented to

equilibrium in a 5–60 % sucrose gradient and each fraction

was assessed for infectivity. As shown in Fig. 5e, the

majority of iMVs were localized in a fraction with a den-

sity of 1.19 g/cm3. This value was slightly higher than the

one observed for SFV VPs analysed in a parallel gradient,

localized at an average density of 1.17 g/cm3, which is

very similar to the one previously described for this virus

[41].

TEM analysis showed the presence of pleomorphic

vesicles with an estimated size ranging from *50 to

*150 nm in SFV-enh-spike samples that were labelled

specifically with anti-spike antibodies (Fig. 6a–g). No

labelling was observed in the material purified from SFV-

LacZ- or mock-electroporated cells or when iMVs were

directly incubated with colloidal gold-conjugated sec-

ondary antibody (data not shown). Virions of about 70 nm

in diameter were clearly detected in a sample of pelleted

SFV VPs used as positive control (Fig. 6h).

Analysis of iMVs infectivity in mice

Given the propagative nature of iMVs we tested their

infectivity in mice, since these animals are readily infected

by wtSFV. C57BL/6 mice intravenously injected with 106

IU of iMVs remained healthy, showing no pathological

signs, no weight loss, and long-term survival similar to

control mice injected with saline (Fig. 7a. b). In contrast,

60 % of mice inoculated with 105 PFU of wtSFV suc-

cumbed at 6 days p.i.

In a parallel experiment, we analysed whether iMVs

could be produced in vivo. Mice inoculated with 107 IU

showed very low titres of iMVs in blood at 6 h p.i.

(Fig. 7c), which were probably derived from the inoculum.

In contrast, mice injected with 107 PFU of wtSFV showed

sustained viremia during at least 48 h, with the highest

values at 24 h p.i., as described previously [42]. In addi-

tion, wtSFV was also detected in brain at 48 h p.i.

(Fig. 7d). However, neither iMVs nor control SFV-LacZ

vector (injected at a dose of 107 VPs) was detected in the

brain tissue.

Finally, we studied the infectivity of iMVs in different

organs by measuring the amount of SFV RNA present in

tissue homogenates by specific RT-qPCR. This analysis

showed that iMVs were able to infect the heart with similar

efficacy as SFV-LacZ and wtSFV. Interestingly, the ability

of iMVs to infect the lung was significantly higher than that

of the other two viruses (Fig. 7e). In contrast, only wtSFV

genomes were detected in brain. No SFV RNA was

detected in any organ from mice that received UV-inacti-

vated SFV-LacZ, used as an additional control, or saline.

These data indicate that although iMVs do not seem to

be able to give rise to a productive infection in immune-

competent mice, they can infect different organs, without

producing pathogenicity.

SFV without capsid is able to mediate transmission

of a heterologous gene

Alphavirus vectors have been extensively used to express

heterologous proteins for recombinant protein production,

as well as for vaccination and gene therapy applications.

To test if the SFV genome devoid of capsid was able to

allow the expression and transmission of foreign genes, the

ORF coding for GFP was cloned into the SFV-enh-spike

vector downstream of a second subgenomic promoter

(SFV-enh-spike-GFP, Supplementary Fig. 1). SFV-enh-

spike-GFP RNA was efficiently packaged into VPs when

co-transfected into BHK cells together with SFV-helper-C-

S219A RNA. When these VPs were used to infect cell

monolayers at low MOI, the number of GFP-expressing

cells increased along time leading to both spike and GFP

expression in a high proportion of cells at 30 h p.i.
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(Fig. 8a). In contrast, a non-propagative SFV-GFP vector

used as control resulted in a pattern of individual GFP-

expressing cells at all times tested. Accordingly, flow

cytometry analysis showed a considerable increase ([5

fold at 24 h p.i.) in the percentage of GFP-positive cells

when they were infected with SFV-enh-spike-GFP

(Fig. 8b), indicating that this vector was able to transmit

the GFP gene in cell monolayers. A similar result was

observed in a co-culture experiment performed with cells

electroporated with SFV-enh-spike-GFP RNA mixed with

non-electroporated cells (data not shown). This result

indicates that alphavirus genomes without capsid can

incorporate foreign genes and propagate their expression

together with viral genes.

Discussion

The role of the nucleocapsid revisited

It has been previously shown that propagation of alpha-

viruses requires expression of envelope and capsid proteins

in the same cells [17]. It was later demonstrated that

specific interactions between NCs and the cytoplasmic tail

of E2 protein were necessary for budding of VPs and

propagation [43]. In the present study, we have demon-

strated that alphaviruses devoid of capsid sequences can

also propagate in cell monolayers. For this purpose, we

engineered alphavirus genomes in which the whole capsid

gene was deleted (SFV-spike and SIN-spike), or in which

the first 34 amino acids of the capsid (translation enhancer)

were fused in frame with the sequence coding for the

envelope polyprotein (SFV-enh-spike). This last strategy,

which was used to increase the expression of envelope

proteins, led to a more pronounced propagation of the

vector. Although SFV-enh-spike is able to express a small

capsid fragment, we can rule out that this peptide could

mediate the formation of functional NCs, since it lacks all

domains necessary for NC assembly and budding. These

missing domains include most of the amino-terminal

domain (residues 1–118), which mediates binding of capsid

to viral RNA, and the carboxy-terminal domain (residues

119–267) needed for NC assembly and budding [14].

Although the amino-terminal domain can tolerate large

deletions [8] the carboxy-terminal domain is essential for

NC assembly and budding [43]. Furthermore, the fact that

both SFV-spike and SIN-spike were able of propagating in

cell monolayers demonstrates that no capsid sequences are

involved in this phenomenon. Interestingly, the propaga-

tion of SFV-spike had not been observed previously, even

though this vector had been used in early studies to show

that both envelope and capsid proteins are necessary for

budding and production of VPs [17]. A possible explana-

tion of these apparent antithetic results lays in the fact that

in those studies, cells infected with SFV-spike VPs were

analysed only at early times post-infection (8–10 h), when

propagation was still not evident (Fig. 1b).

Fig. 6 Electron microscopy of iMVs. Purified iMVs were incubated

with an antiserum specific for SFV envelope proteins, followed by

incubation with a gold-labelled secondary antibody and visualized by

negative staining (a–g). Representative images of iMVs present

before sucrose gradient ultracentrifugation (a, b) or in the indicated

fractions after gradient purification (c–g) are shown. SFV-LacZ VPs

isolated as described in ‘‘Materials and methods’’ were used as

positive control (h). Magnification in all pictures is 930,000. Scale

bar 100 nm

Capsid-deficient alphaviruses generate propagative infectious microvesicles at the plasma… 3909

123



Spike glycoproteins involvement in propagation

The propagation of alphavirus genomes without capsid

sequences seems to be mediated by the expression of

envelope proteins, since the vector was unable to propagate

in the presence of an antiserum raised against these pro-

teins. The envelope proteins include the E1 and E2 mature

proteins that form the viral spikes and the small 6K protein,

which is not necessary for spike formation but is involved

in the correct assembly and release of VPs [23]. A possible

contribution of 6K to the propagation of SFV genomes

without capsid sequences was discarded when we observed

that an SFV genome lacking both the capsid and 6K pro-

teins (SFV-enh-spikeD6K) was also able to spread in cell

monolayers. This vector, which was engineered by fusing

the p62 and E1 genes as previously described [44], was

able to express levels of spike proteins comparable to those

of SFV-spike (Supplementary Fig. 2), indicating that the

mutated polyprotein was correctly processed.

A formal possibility for the propagation of capsid-

deleted alphavirus could be the fusion of cells expressing

functional spikes with neighbouring cells. However, we did

not observe fusion events under normal cell culture con-

ditions (Fig. 3b, Supplementary Fig. 3). It has been

described that SFV-infected cells can fuse to each other,

but only when they are exposed to an acidic pH [45]. We

were able to reproduce this phenomenon by incubating

infected or transfected cell monolayers at pH 5. This result

confirmed that these cells were expressing functional

spikes on their surface, since only correctly folded spikes

Fig. 7 Analysis of iMV pathogenicity and infectivity in mice. a,
b For pathogenicity studies, C57BL/6 mice were intravenously

injected with 106 IU of iMVs, 105 PFU of wtSFV or saline (n = 5).

Animal weight was determined at the indicated times. a The weight of
wt-SFV-inoculated mice is only shown until day 4, since only two

mice in this group survived after this time point. b Kaplan–Meier

plots of mouse survival. c–e For infectivity studies, C57BL/6 mice

were intravenously injected with 107 IU of iMVs (n = 3), 107 PFU of

wtSFV (wt, n = 6), 107 VPs of SFV-LacZ (Z, n = 9), the same dose

of UV-inactivated SFV-LacZ (UV-Z, n = 4), or saline (sal., n = 6).

Sera collected at the indicated times (c) and brain homogenates

prepared at 48 h p.i. (d) were titrated in BHK monolayers. The titre

expressed as IU/ml serum or IU/g tissue was determined by either

X-gal staining (Z and UV-Z), IF against SFV envelope proteins

(iMV) or plaque forming assays (wt). No infectious material was

detected at any time in mice that received SFV-LacZ, UV-SFV-LacZ,

and saline (not shown), or at[6 h in mice that received iMVs (not

detected, n.d. detection limit: C40 IU/ml in serum; C100 IU/g in

brain). e The indicated organs were homogenized at 48 h p.i. and

analysed by quantitative RT-PCR using oligonucleotides specific for

SFV replicase or mouse b-actin as described in ‘‘Materials and

methods’’. Data are shown as 2D(Ct b-actin-Ct Rep) 9 104. In all graphs,

values correspond to the mean ? SD. *p\ 0.05; **p\ 0.01;

***p\ 0.001 (asterisks correspond to comparisons with the saline

group)
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can undergo the conformational changes induced by low

pH needed for the E1-mediated fusion.

Thus, propagation of alphavirus genomes devoid of

capsid can be explained either by some sort of cell-to-cell

transmission process, or by the release of infectious

material to the extracellular medium. Regarding the first

possibility, it has been recently shown that cell-to-cell

transfer of SIN VPs can be mediated by filopodia-like

extensions induced in infected cells [46]. However, this

kind of transmission required interactions between spike

and capsid proteins, making this process unlikely in the

absence of the latter protein. Furthermore, in our study we

demonstrate that cells transfected with SFV devoid of

capsid are able to produce infectious material in different

cell types. This material is formed by heterogeneous

microvesicles that contain protected viral RNA and display

spike proteins on their surface. Interestingly, these iMVs

infect cells using the endocytic pathway, in a similar way

to wt alphavirus (Fig. 4c) and are able to propagate from

initially infected cells to neighbouring cells (Fig. 4b).

Fig. 8 Propagation of SFV-enh-spike-GFP. BHK cell monolayers

were infected with the indicated vectors at MOI 0.5 (a) or MOI 0.05

(b). a Cell monolayers were fixed at the indicated times and GFP

expression was visualized with the appropriate filter. Spike expression

was analysed in the same preparations by indirect immunofluores-

cence with an antiserum specific for SFV envelope proteins.

Magnification of images: 9200; scale bars 50 lm. b Cells were

trypsinized, fixed with 2 % paraformaldehyde and analysed by flow

cytometry (FACS-Canto II, BD-Biosciences) to determine the

percentage of GFP-positive cells. Data analysis was carried out using

FlowJo software (Tree Star Inc., Ashland, OR). Results correspond to

one of two representative experiments, each performed in triplicate

that gave very similar results. Error bars represent the mean ? SD.

*p\ 0.05; ***p\ 0.001; ns not significant
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However, the production of iMVs is not very efficient,

reaching a maximum titre of 105 IU/ml in HuH-7 cells,

which is about three–four orders of magnitude lower than

the reported production of wtSFV VPs in mammalian cells

[47]. This low titre could explain why propagation of

vectors without capsid is much less efficient than that of the

wt virus (Figs. 1b, 2b, c, Supplementary Fig. 4). Despite

the low production of iMVs, both quantitative RT-PCR and

Western blot experiments indicate that the amount of viral

RNA and envelope proteins per infection unit is higher in

iMVs compared to SFV VPs (Fig. 5a, b). The higher RNA

level/infection unit in iMVs could indicate that each iMV

incorporates several copies of viral RNA, but alternatively

it could also indicate that the ‘‘particle-to-infectivity ratio’’

is higher for iMVs. The higher envelope proteins level/

infection unit in iMVs might be a reflection of the larger

size of iMVs compared to VPs, but it could also be due to a

higher ‘‘particle-to-infectivity ratio’’ for iMVs. Although

further studies are needed to clarify these possibilities, we

cannot discard that a proportion of iMVs produced by

transfected cells might be defective in infection.

Previous studies had shown that an SFV vector devoid

of all viral structural proteins, but expressing vesicular

stomatitis virus (VSV) G glycoprotein could also propagate

in cell culture [48]. This chimeric SFV–VSV vector was

also able to release infectious vesicles containing viral

RNA and expressing VSV-G protein on their surface.

Recently, using an elegant in vitro evolution assay, it has

been found that the appearance of several mutations in the

SFV Rep increases the production of infectious SFV–VSV-

G vesicles [49]. Interestingly, vesicles produced by these

mutants are derived from viral RC spherules that get

trapped on the cell surface. Whether these mutations could

also increase the production of iMVs derived from SFV

genomes devoid of capsid deserves further investigation.

Viral RNA in iMVs

Our experiments with cells electroporated with SFV-LacZ

suggest that microvesicles containing viral RNA could also

be produced in the absence of spike proteins, albeit at

lower levels (Fig. 5b). However, these microvesicles would

be unable to infect cells, since they lack the glycoproteins

necessary for binding and fusion to cell membranes. SFV

packaging of viral RNA into VPs requires specific inter-

actions between the capsid and a packaging signal present

in viral RNA, and between the capsid and the E2 cyto-

plasmic tail. Since none of these interactions are possible in

the absence of capsid, the inclusion of RNAs into iMVs

should be therefore mediated by a different mechanism.

The observation that b-actin RNA was detected in iMVs at

low levels (Fig. 5b) suggests that packaging might be non-

specific and only highly abundant RNAs are efficiently

incorporated into iMVs. The fact that envelope proteins

from a different virus, like VSV-G [48], can also mediate

this incorporation excludes specific interactions between

RNA and SFV-spike glycoproteins.

To our knowledge, the present study demonstrates for

the first time that an enveloped virus can propagate in the

absence of its capsid. In principle, this alternative way of

viral propagation could also take place in the context of a

wt virus infection. However, to validate this hypothesis,

further studies are required. These have to overcome the

challenges of the relatively small amounts of iMVs versus

wtSFV and of the large production of wtSFV capsid protein

likely to efficiently sequester the viral genomic RNA and

thus limit its incorporation inside iMVs during an infection

scenario.

Morphological features and possible origins of iMVs

We investigated the possibility that iMVs observed in this

study could derive from exosomes, since it has been

described that different viruses, including HCV, can use

this type of vesicles to facilitate viral transmission [50–52].

However, several features observed in SFV-derived iMVs

point to a different origin: (1) while exosomes appear as

spherical vesicles with a diameter of 50–100 nm [53, 54],

SFV-derived iMVs possess a less regular shape and in

some cases a larger size (*150 nm in diameter), as shown

by TEM studies (Fig. 6); (2) while exosomes are usually

sedimented at 100,000g, iMVs were efficiently sedimented

at 10,000g [55], and (3) we could not detect an enrichment

of exosome markers in iMVs (Supplementary Fig. 5b). We

also evaluated the possibility that iMVs could derive from

RCs. However, this hypothesis was not supported by sev-

eral observations: (1) we were unable to significantly detect

nsPs 1, 2, 3, and 4 in iMVs (Supplementary Fig. 5c),

suggesting that the whole Rep complex, which is an

important component of RCs [40], is not present within

iMVs; (2) iMVs contain mostly plus-strand RNA, with

very low relative minus-strand RNA levels (Fig. 5d),

suggesting that double-stranded RNA, an intermediate

product of RNA replication that is generated in RCs, is not

abundant in iMVs. These data strongly support that the

novel infectious vesicles described in this study, unlike

those produced by SFV–VSV [49], are not derived from

RCs, suggesting that alphavirus genomes could use dif-

ferent mechanisms of propagation in the absence of capsid.

Considering that viral spike proteins can be normally

transported to the plasma membrane in the absence of

capsid [56] and that these proteins are also present on the

surface of iMVs, it is more likely that they originate at that

location by shedding and/or budding. This origin is further

strengthened by the fact that iMVs were enriched in the

oligomeric plasma membrane complex Na?/K?-ATPase
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(Supplementary Fig. 5a), as well as by cell surface

biotinylation and thin-section TEM studies (Supplementary

Figs. 6 and 7). It has been reported that SFV glycoproteins

possess budding activity mediated by their own interac-

tions [57]. Furthermore, structural studies have shown that

SFV E1 protein displays lateral interactions that induce

membrane curvature and direct budding of closed particles

[58]. For other enveloped viruses, such as coronaviruses

and flaviviruses, it has also been described that membrane

glycoproteins assembled at the plasma membrane can

create a ‘‘pulling’’ force that drives membrane curvature

and bud formation even in the absence of capsid proteins

[59].

A non-icosahedral enveloped virus naturally lacking an

NC has been recently described [60]. This virus, infecting

an archaeal host, is solely composed of a membrane vesicle

randomly fenestrated by glycoproteins. This membrane

encloses a circular single-strand DNA genome devoid of

nucleic acid-binding nucleoproteins. It is enticing that the

architectural comparison between this minimalist archaeal

enveloped viruses and the iMVs produced by alphaviruses

without capsid is described here. In this view, the appear-

ance of the NC in this type of virus could represent a

further architectural and functional element necessary for

efficient packaging and delivering of viral genomes.

Infectivity of iMVs in mice and their potential use

as transfer vectors

Animal studies indicated that, despite the capacity of iMVs

to propagate in cell culture, they did not give rise to a

productive infection in immunocompetent mice. Although

further studies are needed to conclusively determine whe-

ther iMVs can propagate in vivo, our results demonstrated

that iMVs can infect different organs in mice without

producing any observable pathogenicity and without

crossing the blood brain barrier, in contrast to wtSFV

(Fig. 7). The higher infectivity of iMVs observed in lungs,

compared to VPs, could be due to the larger size of iMVs,

which might result in a longer retention time in the small

lung capillaries, facilitating the infection of this organ.

Given the propagative nature of iMVs, we also studied

whether SFV vectors without capsid could mediate the

transfer of heterologous genes. We were able to show that

this was the case by introducing the GFP reporter gene into

SFV-enh-spike genome. These results, together with the

fact that iMVs can infect different organs in vivo, suggest

that this kind of new vectors could be useful for vaccina-

tion or gene therapy. In particular, alphavirus-derived

iMVs could be interesting for vaccination against patho-

genic members of this group of viruses, like CHIKV, given

Fig. 9 Schematic model of alphavirus propagation in the absence of

capsid. Once the alphavirus RNA genome without capsid (alphavirus-

DC) is delivered to the cytoplasm of a cell, it will replicate leading to

the production of many genomic (gRNA) and subgenomic (sgRNA)

copies. The envelope glycoproteins E1 and p62 will be translated

from sgRNAs at the endoplasmic reticulum (ER) where they will

form heterodimers that will be transported to the plasma membrane

through Golgi. In late Golgi, p62 will mature to E2 by furin cleavage,

rendering the spikes functional for fusion. iMVs will form when

gRNAs get trapped inside pleomorphic microvesicles which are

generated by budding at the plasma membrane. These iMVs, which

have functional spikes on their surface, can interact with alphavirus

receptors on neighbouring cells and enter them through endocytosis.

The low pH of endosomes will trigger conformational changes on the

spike glycoproteins, leading to the fusion of the iMV membrane and

the endosome, resulting in the release of gRNA to the cytoplasm
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the fact that they can express very high levels of their own

envelope proteins. In fact, it has been recently reported that

a CHIKV vector based on a viral genome lacking the

capsid gene (a construct very similar to our SFV-spike

construct) was able to induce anti-CHIKV antibody and T

cell responses similar to those obtained by single immu-

nizations with wtCHIKV [61, 62]. It is enticing to consider

that the potency of this type of vaccine vector could also lie

in the production of iMVs, which would increase the

number of infected cells and hence also antiviral immune

responses.

Nevertheless, we are aware that the low efficiency of

iMVs generation in vitro could limit their use for clinical

applications. This low production of iMVs could, however,

be circumvented by packaging SFV vectors carrying spike

and heterologous genes into VPs, providing the capsid

protein in trans (as described in ‘‘Materials and methods’’

for the production of SFV-enh-spike-GFP VPs). These VPs

are produced at much higher levels than iMVs (we rou-

tinely obtained[108 VPs/ml for SFV-enh-spike-GFP), can

infect and mediate the propagation of heterologous gene

expression in cell culture (Fig. 8), and could be used to

deliver propagation-competent alphavirus vectors in vivo

in a more efficient way.

Conclusions

We have shown that alphaviruses can propagate in the

complete absence of their capsids. This remarkable phe-

nomenon allows spreading of a self-replicating RNA

through the production of pleomorphic microvesicles that

are assembled at the plasma membrane. These microvesi-

cles contain spike glycoproteins on their surface and are

capable of infecting neighbouring cells through endocyto-

sis in a similar way to wt virus (Fig. 9). Although this new

mechanism of viral transmission is less efficient than the

one used by the parental virus, it could also contribute to its

propagation. In addition, we speculate that this minimalist

infectious system resembles a primitive alphavirus ancestor

not yet complemented by an NC, providing some clues for

virus evolution.
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