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ABSTRACT

Virus-like particles (VLPs) are attractive as a vaccine concept. For human respiratory syncytial virus (hRSV), VLP assembly is
poorly understood and appears inefficient. Hence, hRSV antigens are often incorporated into foreign VLP systems to generate
anti-RSV vaccine candidates. To better understand the assembly, and ultimately to enable efficient production, of authentic
hRSV VLPs, we examined the associated requirements and mechanisms. In a previous analysis in HEp-2 cells, the nucleoprotein
(N), phosphoprotein (P), matrix protein (M), and fusion protein (F) were required for formation of filamentous VLPs, which,
similar to those of wild-type virus, were associated with the cell surface. Using fluorescence and electron microscopy combined
with immunogold labeling, we examined the surfaces of transfected HEp-2 cells and further dissected the process of filamentous
VLP formation. Our results show that N is not required. Coexpression of P plus M plus F, but not P plus M, M plus F, or P plus F,
induced both viral protein coalescence and formation of filamentous VLPs that resembled wild-type virions. Despite suboptimal
coalescence in the absence of P, the M and F proteins, when coexpressed, formed cell surface-associated filaments with abnormal
morphology, appearing longer and thinner than wild-type virions. For F, only the carboxy terminus (Fstem) was required, and
addition of foreign protein sequences to Fstem allowed incorporation into VLPs. Together, the data show that P, M, and the F
carboxy terminus are sufficient for robust viral protein coalescence and filamentous VLP formation and suggest that M-F inter-
action drives viral filament formation, with P acting as a type of cofactor facilitating the process and exerting control over parti-
cle morphology.

IMPORTANCE

hRSV is responsible for >100,000 deaths in children worldwide, and a vaccine is not available. Among the potential anti-hRSV
approaches are virus-like particle (VLP) vaccines, which, based on resemblance to virus or viral components, can induce protec-
tive immunity. For hRSV, few reports are available concerning authentic VLP production or testing, in large part because VLP
production is inefficient and the mechanisms underlying particle assembly are poorly understood. Here, we took advantage of
the cell-associated nature of RSV particles and used high-resolution microscopy analyses to examine the viral proteins required
for formation of wild-type-virus-resembling VLPs, the contributions of these proteins to morphology, and the domains involved
in incorporation of the antigenically important viral F protein. The results provide new insights that will facilitate future pro-
duction of hRSV VLPs with defined shapes and compositions and may translate into improved manufacture of live-attenuated
hRSV vaccines.

Human respiratory syncytial virus (hRSV) is an important viral
agent of respiratory tract disease in infants, children, immu-

nosuppressed individuals, and the elderly (1–3). In pursuit of a
vaccine to prevent hRSV disease, a virus-like particle (VLP) ap-
proach is among the potential strategies. Generation of hRSV
VLPs from plasmids was reported previously but was inefficient
(4, 5). The vast majority of the reports of tests of vaccine potential
concern heterologous VLPs or nanoparticles carrying the hRSV F
and/or G protein, in part because these systems are established or
efficient and because hRSV particle assembly is poorly under-
stood. The heterologous systems include Newcastle disease virus-,
Sendai virus-, or baculovirus-based VLPs; nanoparticles; and
gold-based nanorods and have shown encouraging results in the
BALB/c mouse model (6–12) and humans (13, 14). In compari-
son, authentic hRSV VLPs structurally resemble wild-type (wt)
virions and also incorporate some of the internal hRSV proteins
(5), features that may be advantageous for vaccine purposes. To
enable efficient hRSV VLP production and allow future testing of
the vaccine potential of hRSV VLPs, a better understanding of the

processes that govern particle assembly, morphology, and protein
incorporation is needed.

hRSV is a pleiomorphic virus. Whereas highly purified or
freeze-thawed preparations can exhibit a relative high proportion
of spherical particles, hRSV infectivity appears to be predomi-
nantly associated with a filamentous virion form (15–20). This
was further supported by recent findings in which hRSV particles
or regions of particles containing regularly spaced fusion (F) pro-
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tein in the prefusion conformation had matrix (M) protein un-
derlying the membrane and were often filamentous in nature (21).
hRSV VLPs also appear to be predominantly filamentous, as M
mutations that prevented M dimerization simultaneously blocked
the formation of cell surface hRSV filaments and budding/release
of VLPs (22). In the hRSV life cycle, filamentous virions emerge at
the cell surface at a late stage, and the majority remain associated
with the infected cell surface by an unknown mechanism (19,
23–25). No morphological differences were reported between se-
creted and cell-associated virions (21). The cell-associated nature
of virions is problematic for virus purification but, on the other
hand, allows visualization at the infected cell surface by immuno-
fluorescence microscopy (IFM) or electron microscopy (EM).
Moreover, observing morphology directly at the cell surface
avoids potential changes in hRSV morphology associated with
particle purification (21) and thus is well suited to studying the
contributions of viral proteins to virion or VLP structure. Fila-
mentous virions range in length from 2 to 8 �m and, by scanning
EM (SEM), often appear as interconnected filaments with a
branched appearance (15, 19, 25–29). For many enveloped vi-
ruses, production of VLPs can be accomplished to some degree by
coexpressing select structural proteins in cell culture (for a review,
see references 30 and 31). In the case of hRSV, an early study
examined the requirements for passage of an hRSV minigenome
between HEp-2 cells in a helper virus-dependent assay. The results
showed that the nucleoprotein (N), the phosphoprotein (P), the
matrix protein (M), and the fusion protein (F) were each neces-
sary for packaging and passaging of a minigenome (32). More
recent studies reported the same minimal requirements for VLP
production in HEp-2 cell culture: the N, P, M, and F proteins were
both necessary and sufficient to form cell surface filamentous
structures that carried the viral proteins (5, 22). Few studies have
addressed the assembly-related functions of these four proteins,
especially N and P, and hence, we have little understanding of their
individual contributions and the architecture of the assembly pro-
cess in general.

We know from previous work that the M protein and the F
protein cytoplasmic tail (CT) are important in the organization of
virion assembly (5, 24, 33–35). M is a nonglycosylated phosphor-
ylated protein of 256 amino acids (36–38). M is thought, in part by
analogy to the roles of matrix proteins from other viruses, to play
a key role in virion assembly by inhibiting viral replication and by
forming a bridge between the viral RNP and envelope (30, 37,
39–42). F resembles the prototypic paramyxovirus fusion protein
and plays a critical role in virus entry (43, 44). F, however, has also
been shown to play a role in virus assembly, for which its small CT
was essential (5, 24, 33). In the absence of the CT, or with muta-
tions near the carboxy-terminal end of the CT, virion formation
was abrogated (5, 33) and the F protein was found to accumulate
around cytoplasmic virus-induced bodies (termed inclusion bod-
ies [IBs] in the hRSV field), while M protein accumulated inside
the IBs (33). This indicated that M and F may interact at or near
the IBs and implicated these structures in the cascade of late-stage
events that lead to virions. IBs are multifunctional bodies (45, 46)
and are believed to represent the sites of viral replication. Coex-
pression of N and P is sufficient to induce formation of IBs (47).
Besides critical involvement in the formation of IBs and in the
hRSV polymerase complex, the roles of the N and P proteins in
particle morphogenesis are not clear. However, a role for P and

P-M interaction in virus entry, and potentially virus assembly, was
recently proposed (48, 49).

To be able to test the potential of authentic hRSV VLPs as a
vaccine strategy and to address the need to improve cell culture-
based large-scale production of hRSV and hRSV VLPs, we are
interested in understanding and controlling how virus particles
are formed. For that purpose, we further dissected the reported
requirements for VLP formation. Taking advantage of the cell-
associated and predominantly filamentous nature of infectious
hRSV, we examined the surfaces of transiently transfected HEp-2
cells at high resolution to document the formation and morphol-
ogy of filamentous VLPs. Our data show that neither N nor IBs are
required and that P, M, and the F carboxy terminus (Fstem) are
sufficient for robust filamentous VLP formation. Whereas M and
F together could drive the formation of filamentous VLPs with
abnormal morphology, indicative of M-F interaction, all three
proteins (P, M, and F) were required for major viral protein co-
alescence and the formation of filamentous particles resembling
wt virus. This suggests an unexpected role for P in controlling
hRSV particle morphology.

MATERIALS AND METHODS
Cells and primary antibodies. HEp-2 cells were acquired from the Amer-
ican Type Culture Collection and grown in standard growth medium
containing 10% fetal bovine serum (FBS). Monoclonal antibody (MAb)
A5 (anti-F) was provided by Edward Walsh (University of Rochester
School of Medicine, Rochester, NY). Synagis (anti-F) was provided by
MedImmune, Inc. Anti-N antibody was acquired from AbD Serotec.
Anti-P antibody was acquired from Abcam. The anti-myc antibody was
acquired from the Developmental Studies Hybridoma Bank, created by
the NICHD of the NIH. The AcV5 antibody (for Mep [M protein epitope
tagged at the N terminus] detection) was provided by Gary Blissard
(Boyce Thompson Institute at Cornell University). A rabbit polyclonal
anti-M peptide serum was reported previously (34).

Construction of plasmids. The M- and F-expressing plasmids were
previously reported (33, 34). For N and P, the open reading frames
(ORFs) (A2 strain) were codon optimized according to the method of
Haas et al. (50), assembled from primers, and cloned into a pcDNA3-
derived expression plasmid, as previously described (33). To generate
Mep, the AcV5 epitope (SWKDASGWS) from the baculovirus GP64 pro-
tein plus two additional amino acids (alanine and leucine) were inserted at
amino acid position 2 of the M ORF. Fstem plasmid constructs were
generated by deleting the F ectodomain using standard molecular biology
techniques. The myc epitope (EQKLISEEDL) was inserted by site-di-
rected mutagenesis. Note that the following F plasmid constructs were all
generated by standard techniques, such as site-directed mutagenesis,
overlapping PCR, or direct subcloning. All modifications involved plas-
mids, but the numbers given are amino acid numbers from the original,
full-length viral proteins unless otherwise indicated. For Fstem-VSV-CT,
F CT amino acids 554 to 574 were replaced by amino acids 492 to 511 of
the vesicular stomatitis virus (VSV) Indiana strain G protein using over-
lapping PCR. In Fstem-VSV-TMD, F transmembrane domain (TMD)
amino acids 525 to 548 were replaced by amino acids 465 to 488 of the
VSV Indiana strain G protein. In constructs labeled TMDn and TMDc,
which contain either the N-terminal or C-terminal half of the VSV G
TMD, respectively, F amino acids 525 to 536 or 537 to 548 were replaced,
respectively, with VSV G amino acids 465 to 476 or 477 to 488. For Fstem
constructs labeled �GL, the Asn residues at positions 27 and 50, which
correspond to positions 27 and 500 in the full-length F protein, were
mutated to Ala and Thr, respectively. The Fstem-green fluorescent pro-
tein (GFP) construct was generated by cloning the entire GFP ORF (with-
out start and stop codons) into a unique EcoRI site within Fstem496,
located 10 to 15 nucleotides upstream of the myc tag sequence. To make
Fstem-EboGP, the Ebola virus Zaire glycoprotein ORF ectodomain was
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codon optimized and synthesized with GenScript. The ectodomain se-
quence encoding amino acids 42 to 615 was cloned into the EcoRI site of
Fstem496.

Detection of viral surface filaments by fluorescence microscopy. In-
fected (1.5 h) or transfected (4 h) HEp-2 cells on glass coverslips were
fixed at various times, as indicated, with freshly dissolved 4% paraformal-
dehyde (20 min); permeabilized with 0.1% SDS or 0.2% Triton X-100 (5
min); and incubated with anti-P, anti-M, anti-F (A5 or Synagis), anti-
AcV5, or anti-myc epitope antibodies or phalloidin-488 (Life Technolo-
gies). Following incubation with secondary antibodies conjugated with
Alexa 488, 568, or 594, the cells were stained with DAPI (4=,6-diamidino-
2-phenylindole), washed, and photographed at �600 magnification on a
Nikon TE2000 inverted fluorescence microscope with DS-Qi1 and DS-U2
camera controllers or at approximately �1,500 magnification (using a
60� objective with �2.5� zoom) on a Leica TCS SP2 inverted scanning
confocal microscope system. Images were processed using Nikon NIS-
Elements basic software (IFM) or Adobe Photoshop CS5.1 (confocal).

Detection of viral surface filaments by field emission SEM. HEp-2
cells on plastic coverslips were infected or transfected as described above.
At 26 hours postinfection (hpi), the cells were fixed with 4% freshly dis-
solved paraformaldehyde for 15 min. The fixed cells were incubated with
anti-F antibody (A5) or anti-myc antibody. The cells were washed and
incubated with goat-anti-mouse antibodies conjugated to 15-nm colloi-
dal gold (Aurion). The cells were washed three times and fixed in 2.5%
glutaraldehyde for 120 min at room temperature. After fixation, the cells
were washed once, incubated in 1% osmium tetroxide for 1 h, and washed
three additional times. The cells were then dehydrated in ethanol in step-
wise fashion and incubated in hexamethyldisilazane for 1 min. Following
hexamethyldisilazane treatment, samples were air dried, carbon coated,
and examined in an FEI Quanta 600 field emission gun scanning electron
microscope. Samples were examined using secondary electron (SE) and
backscattered electron (BSE) modes at various magnifications and pho-
tographed at �20,000, �50,000, or �100,000 magnifications. Images
at �50,000 and �100,000 magnifications were overlaid to determine the
locations of gold particles relative to identified VLPs. Overlaid images
were processed with Photoshop CS5.1 to ensure the gold particles were
visible.

Calculation of the lengths and diameters of filamentous VLPs. Ten
independent digital photographs per condition were used to calculate the
mean diameter and length of filamentous VLPs. Depending on the suit-
ability of the image, 1 or 2 filaments were measured per image. For M- and
F-induced filaments, accurate length measurements could not be ob-
tained (for reasons discussed in Results below). As a consequence, the
observed length differences in the absence versus the presence of P could
not be statistically validated. For diameter comparisons in the absence
versus the presence of P, an unpaired two-tailed Student t test was applied
to the data to determine statistical significance.

Measuring cell surface levels of Fstem proteins by cell ELISA. Rela-
tive surface levels of Fstem proteins were quantitated by whole-cell en-
zyme-linked immunosorbent assay (ELISA) as previously described (33).
In short, transfected cells were briefly fixed with 4% freshly dissolved
paraformaldehyde, blocked in 1% bovine serum albumin (BSA), and in-
cubated with anti-myc antibody. Following incubation with a horseradish
peroxidase-conjugated secondary antibody, the wells were incubated in
O-phenylenediamine-based substrate. At short time intervals, aliquots
were collected and added to 3 M sulfuric acid in a 96-well plate to stop the
reaction. The optical density at 490 nm was measured in a Spectramax
M2E plate reader (Molecular Devices). The final reported values (relative
surface levels with the mean of Fstem496-�GL set at 100%) represent the
means and standard deviations (SD) of the results of 3 independent ex-
periments. Statistical significance was determined by an unpaired two-
tailed Student t test.

VLP (Western blot) assay. The VLP (Western blot) assay was based on
a previously published protocol (46) with minor modifications. The me-
dium of transfected cells was replaced at 16 h posttransfection (hpt) with

reduced-serum medium (MEM-RS; HyClone). At 24 hpt, cells were
washed gently with MEM-RS and collected by scraping with a rubber cell
scraper. The collected cells were agitated by pipetting up and down with a
pipetman, after which cell debris was removed by centrifugation for 5 min
at 800 � g. The supernatants were transferred to new vials and centrifuged
for 45 min at 21,000 � g. The supernatant was discarded, and pellets
containing VLPs were resuspended and boiled in 1� Laemli buffer. Neg-
ative controls that did not form filamentous VLPs by IFM were included.
Samples were electrophoresed on 12% reducing SDS-PAGE gels and
transferred to Immobilon blots using a semidry apparatus (Bio-Rad). The
blots were incubated with anti-M (peptide serum), anti-F (MAb19),
anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase), or anti-
myc antibodies, followed by a horseradish peroxidase-conjugated sec-
ondary antibody. The blots were developed using enhanced chemilu-
minescence (ECL) (Pierce) and scanned on a C-DiGit blot scanner
(Li-Cor Biosciences). Relative protein levels were determined using
C-DiGit Image Studio Software (Li-Cor Biosciences) (see below). The
GAPDH content of purified VLPs was compared to the GAPDH levels in
transfected cells to gauge the level of cell protein contamination (see be-
low). Note that the results presented were obtained without the use of a
sucrose cushion. However, the assays were repeated in the absence and
presence of a 20% sucrose cushion in the VLP centrifugation step, with
similar results. In some experiments, we also collected the supernatant of
transfected cells, removed the cell debris, and pelleted VLPs as described
above to determine if VLPs were secreted into the medium (see Fig. 3).

Viral protein quantitation (Western blotting). (i) F/M ratios. Rela-
tive amounts of F and M on Western blots were measured using C-DiGit
Image Studio Software (Li-Cor). F/M ratios were calculated (as an ap-
proximation of the relative amount of F protein per filamentous VLP),
and the fold increase was determined by dividing the F/M ratios of N-P-
M-F- or P-M-F-induced VLPs by the ratio calculated for wt virus. The
final reported values (fold increase over the F/M ratio of wt virus) repre-
sent the means and standard deviations of the results of 3 independent
experiments. Statistical significance was determined by unpaired two-
tailed Student t tests.

(ii) Cell protein levels. To estimate the levels of cell-derived proteins
in the VLP fraction, we included on the Western blots the cell debris
fraction that was cleared from each VLP sample by low-speed centrifuga-
tion. Anti-GAPDH antibody was included during primary antibody blot
incubations, and GAPDH bands were quantitated using C-DiGit Image
Studio software. From the quantitations, we calculated the total amount
of GAPDH in each sample by adding the amounts of GAPDH from the
VLP and cell debris fractions. The percent GAPDH in each VLP fraction
was calculated as the amount of GAPDH associated with VLPs divided by
the amount of GAPDH in the total sample times 100%.

(iii) VLP production after VSV G TMD exchanges. M bands on
Western blots were quantitated using C-DiGit Image Studio software. As
an indicator of the numbers of VLPs produced, the relative amounts of M
in the VLP fractions were calculated as the amount of M in each sample
divided by the amount of M in a control sample of Fstem-�GL times
100%. The final reported values (relative VLP production) represent the
means and standard deviations of the results of 3 independent experi-
ments. Statistical significance was determined by unpaired two-tailed Stu-
dent t tests.

RESULTS
The P, M, and F proteins are sufficient for filamentous VLP for-
mation. In a previous report based on immunofluorescence, co-
expression of the N, P, M, and F proteins in HEp-2 cells was both
required and sufficient to generate filamentous VLPs (5, 22). To
elucidate the roles of these four hRSV proteins in virion assembly
and morphogenesis, we coexpressed various combinations of N,
P, M, and F proteins from plasmids with codon-optimized ORFs
in HEp-2 cells and examined VLP formation. In cell culture, a
large majority of infectious progeny virus remains cell associated
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and is filamentous in nature (15, 16, 19, 21, 26, 28, 51), allowing
virion morphogenesis to be readily assessed by examining the cell
surface. First, we compared cells coexpressing N, P, M, and F to
cells infected with hRSV. HEp-2 cells transfected with N-, P-, M-,

and F-expressing plasmids were fixed and permeabilized at vari-
ous times posttransfection, stained for viral proteins, and exam-
ined by IFM. The results of fixation at 22 hpt are shown in Fig. 1A.
At the transfected cell surface, numerous viral-protein-containing

FIG 1 Viral protein requirements for filamentous VLP formation. The N protein and IBs are dispensable. HEp-2 cells on glass coverslips were infected with wt hRSV
or transfected with various combinations of plasmids expressing hRSV N, P, M, or F protein. The distribution of viral proteins was examined by IFM or confocal
microscopy at 22 hpt, after paraformaldehyde fixation, detergent permeabilization, and incubation with anti-N, -P, -M, or -F antibodies and Alexa-conjugated secondary
antibodies. (A) N-P-M-F-induced VLP formation in transfected cells by IFM. hRSV-infected cells (1 and 2) and cells transfected with N-P-M-F-encoding plasmids (3
and 4) were compared to cells expressing N, P, M, or F alone (5 to 8). (B) Viral protein requirements for filamentous VLP formation. Cells transfected with various
combinations of three plasmids were examined by IFM as for panel A. (C) Confocal analysis of P-M-F-induced VLPs. Cells transfected with P-M-F-encoding plasmids
were processed as for panel A; labeled with P, M, or F antibody or phalloidin-488 to visualize polymerized actin; and examined by confocal microscopy. (A, B, and C) The
plasmids used are indicated above or beside the images. The primary antibodies used and the color of the secondary conjugate are indicated in the upper right corner of
each image. IFM images, �600 magnification; confocal images, approximately �1,600 magnification. Maximum projections are represented (merge of all z-stacks).
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rod-like structures (VLPs) formed that were similar in appearance
to virions formed at the surface of a wt-virus-infected cell (Fig. 1A,
1 to 4). The efficiency of formation appeared to be higher than
previously reported, as by 22 hpt, the cell surfaces were already
densely covered with filamentous VLPs. In contrast to nonviral
membrane extrusions, VLPs did not appear to contain polymer-
ized actin (see below), in agreement with previous work (5). Note
that we do not use the term “F-actin” to indicate the polymeriza-
tion status of actin to avoid confusion when discussing the F pro-
tein and polymerized (F) actin. Transient expression of individual
viral proteins revealed that the N, P, and M proteins were each
distributed relatively evenly throughout the cell and that none of
the four proteins alone induced filamentous VLP formation (Fig.
1A, 5 to 8).

To further examine viral protein requirements, we sequentially
omitted one of the four plasmids and observed the impact on VLP
formation by IFM (Fig. 1B). In the absence of F (Fig. 1B, 1), no
filamentous VLPs were formed and M accumulated in IBs. This is
consistent with our previous work in the context of a replicating
virus lacking F (F null) (33). Coexpression of N-P-F or N-M-F
proteins also failed to yield VLPs (Fig. 1B, 2 and 3). In contrast,
numerous filamentous VLPs were observed extruding from the
plasma membrane after coexpression of P-M-F (Fig. 1B4). The
P-M-F-induced VLPs were abundant and contained high levels of
viral proteins. Whereas M was evenly distributed throughout the
cells after N-M-F coexpression, upon P-M-F coexpression, M un-
derwent a redistribution event and accumulated in many cells
almost exclusively in VLPs (Fig. 1B, 3 versus 4). Thus, efficient
targeting of M to VLPs was dependent on the combined presence
of P and F and independent of N. Note also that IBs were absent
(Fig. 1B, 3 and 4) due to the omission of P or N, both of which are
required for IB formation (47).

It was previously reported that N-P-M-F-induced VLPs and
hRSV virions could be distinguished from nonviral membrane
extrusions, such as microvilli, based on the respective absence or
presence of polymerized actin (5). To assess the localization of
polymerized actin relative to VLPs, cells transfected with P, M, and
F plasmids were examined with confocal microscopy (Fig. 1C);
the status of the P protein under P-M-F coexpression conditions
was also examined. Polymerized actin was occasionally observed
at the base of the viral filamentous structures. Although we could
not quantitatively assess the amount of VLP-associated polymer-
ized actin, in the majority of cases, polymerized actin did not
accumulate in the filamentous VLPs, consistent with a previous
report using complete virus (20) (Fig. 1C, 3). The results indicate
that under these conditions, F protein targeted to filamentous
VLPs and not to nonviral filamentous cell extrusions. In contrast
to actin, the P protein strongly colocalized with F and M in VLPs
(Fig. 1C, 1 and 2). Thus, coexpression of P, M, and F proteins led
to viral protein coalescence and was sufficient for abundant, IB-
independent formation of VLPs. These VLPs contained high con-
centrations of viral proteins and appeared to be distinct from po-
lymerized-actin-containing cell extrusions.

High-resolution analysis: P-M-F-induced VLPs are mor-
phologically similar to wt virions and contain high levels of F
protein. Due to the limited resolution of IFM, we examined the
morphology of P-M-F-induced filamentous VLPs at higher
magnification. Cells transfected with P-, M-, and F-expressing
plasmids were examined by field emission SEM and compared
to N-P-M-F-induced VLPs and virions formed at the surfaces of

hRSV-infected cells (Fig. 2). To distinguish VLPs from nonviral
membrane extrusions (which do not contain the F protein, as
shown in Fig. 1 and previously by Shaikh et al. [5]), we labeled the
viral F protein with 15-nm gold particles prior to processing for
SEM. At the surfaces of hRSV-infected cells, high numbers of fil-
amentous virions were detected, in which anti-F gold label was
present, albeit at low levels (Fig. 2, 1 and 2). N-P-M-F- and P-M-
F-transfected cells also carried large numbers of filamentous VLPs
(Fig. 2, 3 to 6), which were morphologically similar to hRSV viri-
ons. The VLPs consistently contained higher levels of gold parti-
cles than the wt virions. To quantitate the levels of F in cell surface-
associated VLPs relative to wt virions, we harvested the VLPs and
viruses using a previously described protocol (52) with minor
modifications. Briefly, washed cells were collected by scraping at
24 hpt, and VLPs were isolated by gentle pipetting, removal of cells
and cell debris by low-speed centrifugation, and pelleting of par-
ticles at high g force. Note that at a later stage we repeated the
experiments using a 20% sucrose cushion in the pelleting step,
with identical results (data not shown). Viral protein levels were
determined using quantitative Western blotting (Fig. 3). As neg-
ative controls, we included parallel samples in which no filamen-
tous VLPs were observed (Fig. 1) (transfection with M alone or F
alone), as well as a sample in which M and F were coexpressed. In
samples expressing M, F, or M plus F, the M and F proteins were
generally undetectable (Fig. 3, lanes 5, 6, and 7), indicating the
protocol does not isolate these viral proteins when expressed
alone. Occasionally, a low level of M protein was observed in the
harvested fraction from cells transfected with M alone and from
M-F-transfected cells, which never exceeded 5% of the level of M
from N-P-M-F- or P-M-F-induced VLPs. We also compared
GAPDH levels within the VLP fraction (Fig. 3, lanes 1 to 8) to
those of cell debris lysates, a small portion of which was loaded on
the same gels (Fig. 3, lanes 9 to 12) as a measure of cell protein
contamination. Although GAPDH was detected in all the frac-
tions, quantitation showed that VLP fraction-associated GAPDH
was �3% of the total GAPDH present, suggesting a minor level of
host cell protein contamination. In contrast to transfections with
M and F alone, the M and F proteins were readily observed in
N-P-M-F- and P-M-F-transfected cells and virus-infected cells.
The relative amounts of F and M were quantitated, and the F/M
ratios were calculated and compared as an indicator of relative F
levels in filamentous VLPs. In support of the SEM data, the aver-
age F/M ratios in N-P-M-F- and P-M-F-induced VLPs from three
independent experiments were higher than those of wt virions:
1.98 times (SD, 0.424; P � 0.05) and 1.94 times (SD, 0.69; not
statistically significant), respectively. These data confirm that, at
least for N-P-M-F-induced VLPs, higher levels of F protein were
detected in VLPs than in wt virions; this may in part be due to
available space, as the wt virions also have to accommodate the G
and SH proteins.

We have not yet made efforts to optimize VLP production.
However, a crude comparison of the amounts of matrix protein
associated with VLPs and wt virus in Fig. 3 indicates that the num-
bers of filamentous particles harvested from N-P-M-F- and P-M-
F-transfected cells were comparable to the number of particles
from cells infected with wt virus at low multiplicity (between 0.25
and 0.5 PFU/cell). Given that these VLPs were obtained without
optimization and at a relatively early time point (24 h posttrans-
fection), VLP formation was not inefficient. Combined, Fig. 1 to 3
show that coexpression of P, M, and F proteins was sufficient for
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FIG 2 High-resolution analysis of PMF-induced VLPs. HEp-2 cells were infected with wt hRSV (1 and 2) or transfected with plasmids expressing N-P-M-F (3
and 4) or P-M-F (5 and 6). The cells were fixed and processed at 22 hpt and examined by field emission SEM. Prior to SEM processing, the cells were fixed in
paraformaldehyde and labeled with anti-F antibodies, followed by secondary antibodies conjugated with 15-nm gold particles. The �100,000-magnification
samples (2, 4, and 6) were scanned using both SE and BSE modes to visualize gold particles, and the SE and BSE photographs were overlaid to show the locations
of the gold particles, as described previously (34). The boxed areas in the �20,000 images (1, 3, and 5) are shown in detail on the right.
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strong coalescence of viral proteins and for detection of VLPs by
microscopy and Western blotting and that these VLPs were mor-
phologically similar to wt virions but contained higher levels of F
protein.

In the absence of P, the M and F proteins form long filamen-
tous structures. To examine the contributions of the P, M, and F
proteins to VLP formation, we sequentially omitted one of the
three plasmids and examined the distribution of the remaining
viral proteins by IFM (Fig. 4). Transfected cells were processed as
shown in Fig. 1 and detergent permeabilized or left unpermeabi-
lized to focus on surface-associated proteins. Note that in the ab-
sence of detergent, the P and M proteins were minimally detected,
consistent with their predicted topologies (inside the plasma or
virion membrane). When P and F proteins were coexpressed, no
filamentous VLPs were detected (Fig. 4A, 3). Small patches con-
taining P and F proteins were occasionally observed in nonperme-
abilized cells (Fig. 4A, 4). However, the majority of P and F pro-
teins did not appear to influence each other’s subcellular
distribution; rather, each was distributed as if expressed alone
(Fig. 4A, 3). The same was true when P and M or M and F were
coexpressed (Fig. 4A, 1 and 5): in both cases, the proteins re-
mained evenly distributed and did not noticeably alter each oth-
er’s subcellular localization. At the surfaces of nonpermeabilized
M-F-transfected cells, however, rod-shaped structures were pres-
ent, which appeared to be unusually long (occasionally �20 �m)
and contained the F protein (Fig. 4A, 6). In general, these struc-
tures were less abundant than P-M-F-induced VLPs, appeared to
be thinner, and were difficult to document by epifluorescence.
Samples coexpressing M and F were therefore examined with con-
focal microscopy, with similar results (Fig. 4A, 7 and 8). The fact
that M-F-induced filaments were more readily observed without

detergent permeabilization (two distinct anti-F Abs gave similar
results) suggests that these structures were disrupted by SDS treat-
ment and thus were more fragile than P-M-F- and N-P-M-F-
induced VLPs.

To determine whether M was present in the M-F-induced fil-
aments, we repeated the experiment using an M protein epitope
tagged at the N terminus (Mep). This was done because the M
antibody utilized previously requires SDS treatment for M recog-
nition by IFM, and SDS appeared to disrupt the M-F-induced
structures. A plasmid expressing Mep was cotransfected with F-
expressing plasmid, and samples were fixed and treated with a
milder detergent (Triton X-100) in an attempt to permeabilize the
membrane without disrupting the filament structures (Fig. 4B).
As a control, cells were left unpermeabilized to verify whether Mep
could recapitulate the phenotype of untagged M (Fig. 4B, 1). As
observed in Fig. 4A, long rod-like structures were detected at the
surface when Mep2 and F were coexpressed. When identically
transfected cells were permeabilized with Triton X-100 instead of
SDS, the Mep protein was observed colocalizing with F in the
surface filaments by IFM and confocal microscopy (Fig. 4B, 3 and
5). In contrast, expression of Mep alone resembled expression of
untagged M (Fig. 4B, 2). Costaining for polymerized actin re-
vealed that polymerized actin was occasionally present at the bases
of the structures near the plasma membrane but was not consis-
tently present in the M-F-induced filaments (Fig. 4B, 4 and 6). The
results suggest that the M-F-induced filaments were not generic
plasma membrane extrusions but likely represent a “rudimen-
tary” filamentous VLP form specifically induced by the viral M
and F proteins.

High-resolution analysis of M-F-induced surface filaments.
To ask whether the M-F-induced filaments differed in length
and/or diameter relative to wt virions, as suggested by Fig. 4, we
examined the cell surface at higher resolution (Fig. 5). Cells trans-
fected with M- and F-expressing plasmids were processed for field
emission SEM as for Fig. 2, and the viral F protein was again
labeled with 15-nm gold particles. Consistent with IFM, SEM
showed rod-like structures that contained the F protein. Statisti-
cally significant length comparisons could not be obtained be-
cause the fragile M-F-induced filaments were often not intact and
appeared to collapse and become entangled during SEM prepara-
tion. In addition, gold label was not easily detected at the low
magnification needed to see their entire lengths. Nevertheless, an
approximate average length of M-F-induced filamentous VLPs
was derived from multiple independent images and found to be 8
�m. For the reasons stated above, this number is likely an under-
estimate of the true average length. A similarly derived length
average of P-M-F-induced VLPs was 4 to 5 �m, suggesting that
viral protein-induced filaments are longer in the absence of P.

With regard to diameter, measurements from 10 independent
SEM images showed a statistically significant difference (P �
0.05): M-F-induced filaments ranged from approximately 50 to
110 nm, with an average diameter of 87 nm, whereas P-M-F- and
N-P-M-F-induced VLPs were similar to wt virions and had aver-
age diameters of 144 and 160 nm, respectively. M-F-induced fila-
ments were sometimes found amid membrane extrusions of
larger diameter that completely lacked F (presumably microvilli).
Combined, Fig. 4 and 5 show that coexpression of M and F led to
VLPs that (i) were longer than particles formed in the presence of
P, (ii) carried high concentrations of M and F, (iii) appeared to
lack polymerized actin and thus were likely distinct from nonviral

FIG 3 Relative F protein levels in VLPs versus wt virions. HEp-2 cells were
infected with wt virus at 0.5 or 0.25 PFU/cell or transfected as for Fig. 2 with
various plasmid combinations. Cell surface-associated VLPs and wt viruses
were harvested as described in the text at 24 hpt or 22 hpi, respectively. West-
ern blots were generated and incubated with anti-M, anti-F, and anti-GAPDH
antibodies. Protein levels were quantitated using a Li-Cor scanner and Image
Studio software. Lanes 1 to 8, particle yields from �300,000 cells; lanes 9 to 12,
non-VLP fraction (cell debris) at �12,000 cells/lane. The relative protein
amounts were determined, and the F/M ratio was calculated (see Materials and
Methods). The positions of M, F, and GAPDH and the molecular weights of
biotinylated protein markers (on the right) are indicated in thousands. The
dashed line between lanes 2 and 3 indicates where two lanes containing sam-
ples not relevant to the experiment were removed.
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membrane extrusions, and (iv) had a reduced diameter. These
results suggest that M and F proteins can interact in the absence
of P and form rudimentary filamentous VLP structures at the
cell surface. However, a significant proportion of M and F pro-

teins were not in VLPs and remained distributed throughout
the cell, presumably due to a failure to significantly coalesce in
the absence of P.

The F ectodomain is not required for VLP formation. The CT

FIG 4 Analysis of VLP formation by coexpression of combinations of two viral proteins. M and F proteins form VLPs of aberrant length and diameter. HEp-2
cells were transfected with combinations of two hRSV protein-encoding plasmids, and the distribution of viral proteins was examined by epifluorescence or
confocal microscopy at 22 hpt as for Fig. 1. (A) VLP formation in the presence of three different two-protein combinations. Cells transfected with P-plus-M,
P-plus-F, or M-plus-F plasmids were compared by epifluorescence (1 to 6) or by confocal scanning microscopy (7 and 8). Images 1, 3, 5, and 7 were detergent
permeabilized; images 2, 4, 6, and 8 were left unpermeabilized. (B) Analysis of M-F-induced VLPs. A matrix protein carrying an N-terminal epitope tag (to
improve detection under mild-detergent conditions) was coexpressed with the F protein. Cells were fixed and then permeabilized with Triton X-100 and
processed as for Fig. 1 by epifluorescence (1 to 4) or by confocal microscopy (5 and 6). (A and B) The plasmids used are indicated above or in the upper left corner
of each image. The primary antibodies used and the color of the secondary conjugate are indicated in the upper right corners. The detergent used for
permeabilization after fixation is indicated in the lower left corners. Magnifications: �600 (A, 1 to 6, and B, 1 to 4) and approximately �1,600 (A, 7 and 8, and
B, 5 and 6). The confocal images are maximum projections (merge of all z-stacks).
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FIG 5 High-resolution analysis of M-F-induced filamentous structures. HEp-2 cells were transfected with plasmids expressing M and F. The cells were fixed and
processed for SEM at 22 hpt as for Fig. 2. Prior to SEM processing, the cells were labeled with anti-F antibodies, followed by secondary antibodies conjugated with
15-nm gold particles. For the �50,000 and �100,000 analyses, SE and BSE images were overlaid to show the locations of gold particles. The boxed areas with an
asterisk in the left panels are shown on the right at higher magnification. Individual images of the same sample are shown.
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is essential for the role of F in virus assembly (5, 24, 33). With the
aim of mapping the minimal RSV protein domains required for
VLP production, we next asked whether the F carboxy-terminal
domain, when coexpressed with M, would be sufficient to allow
formation of rudimentary VLPs, as observed in Fig. 5. In antici-
pation of a potential impact on the protein expression level or
targeting, four different F variants lacking the majority of the F
ectodomain were generated. This was done by removing F amino
acids 36 to 485 (Fstem486), 36 to 495 (Fstem496), 36 to 505
(Fstem506), or 36 to 515 (Fstem516) (Fig. 6A). These deletions left
the authentic signal peptide (SP), signal peptide cleavage site,
TMD, and CT intact and maintained a small but varying portion
of the ectodomain near the TMD. A myc epitope tag was inserted
in place of the deleted F ectodomain section to track the truncated
F proteins. To examine expression, plasmids encoding the various
Fstem constructs were transfected into HEp-2 cells. The cells were
fixed and permeabilized at 24 hpt and stained with anti-myc an-
tibody for IFM analysis (Fig. 6A). The Fstem constructs displayed
a staining pattern consistent with the secretory pathway and were
detected at similar levels (Fig. 6A, 1 to 4).

Next, each of the Fstem constructs was coexpressed with the
Mep protein in HEp-2 cells to test by confocal microscopy its
ability to support formation of rudimentary VLPs. Transfected
cells were permeabilized with Triton X-100 and processed as for
Fig. 4B. All the Fstem constructs supported the formation of fila-
mentous structures, which appeared to be thinner than wt virions,
and contained Fstem and Mep proteins (Fig. 6B, 1 to 4). When we
expressed the Fstem proteins in parallel experiments in the pres-
ence of P and M (not shown), significant proportions of Fstem506
and Fstem516 were found to be present in the cytoplasm, indica-
tive of aberrant processing (which was not observed when the
proteins were expressed alone [Fig. 6A]). For this reason, we fo-
cused our studies on Fstem496, which was the minimum con-
struct to support VLP formation without an aberrant expression
profile. Cells transfected with M and Fstem496 were examined by
SEM using an anti-myc antibody to label Fstem with 15-nm gold
particles (Fig. 6C). Consistent with the confocal results, surface
filaments that had a reduced diameter and contained the Fstem
protein were detected (Fig. 6C, 1 and 2). High levels of gold particles
indicated that Fstem496 was incorporated efficiently into VLPs. We
similarly examined cells coexpressing P, M, and Fstem496 to ask if
the Fstem construct could also support VLP formation in the pres-
ence of both M and P (Fig. 6C, 3 and 4). Coexpression of P, M, and
Fstem496 induced VLPs similar in appearance and diameter to
VLPs induced by P-M-F or N-P-M-F and to wt virions. Com-
bined, the results show that the F ectodomain was not required for
formation of filamentous VLPs and that the F carboxy-terminal
domain was sufficient for incorporation of F into particles.

Dissecting the role of the F carboxy terminus in VLP forma-
tion. Fstem496 was the minimum construct that both supported
efficient VLP formation and lacked aberrant cytoplasmic expres-
sion in the presence of M and P (see above) and was further mod-
ified to identify relevant domains. The TMD and the CT domain
were separately exchanged with the equivalent domains of an-
other type 1 viral transmembrane glycoprotein, the VSV G pro-
tein (Fig. 7A). Remaining F ectodomain residues near the TMD
were also examined. The results from the smallest construct
(Fstem516), which still supported VLP formation (Fig. 6), left a
potential role for F ectodomain residues 516 to 524. These resi-
dues, as well as the first few residues of the TMD (525 to 529), were

individually mutated within Fstem496 to alanine or glycine. Each
of the above-mentioned Fstem496 modifications, as well as un-
changed Fstem496 as a control, were coexpressed with the P and
M proteins in HEp-2 cells, and the potential to form VLPs was
documented by IFM as described above (Fig. 7B). None of the
individual point mutations of residues 517 to 529 had an impact
on the level or appearance of VLPs (data not shown). In contrast,
when the F CT was replaced with that of VSV G, filamentous VLPs
were absent (Fig. 7B, 1), consistent with previous work in the
N-P-M-F context (5) and the viral context (24, 33). The absence of
VLPs was not due to changes in Fstem expression levels, as re-
placement of the F CT with the VSV G CT was previously shown
not to impact surface expression (24, 33). When the F TMD was
exchanged, the level of filamentous VLPs by IFM was strongly
reduced, but we could occasionally find cells displaying VLPs. An
example of this is shown in Fig. 7B, 2.

To quantitate the impact of TMD exchange, we subjected
modified TMD proteins to the VLP assay shown in Fig. 3 (Fig. 7C
to E). Preliminary data showed that Fstem496 appeared on West-
ern blots as a diffuse band that overlapped the M band, precluding
quantitation. Therefore, we mutated the two remaining glycosy-
lation sites of Fstem496 and termed the resulting protein Fstem-
�GL. The latter protein still supported VLP formation and re-
sulted in a quantifiable band (see below). To measure the impact
of TMD exchange and at the same time further dissect the TMD,
we generated Fstem-�GL proteins carrying either the entire VSV
G TMD (VSVG-TMD), the N-terminal half (VSVG-TMDn), or
the C-terminal half (VSVG-TMDc). Each construct was examined
for surface expression by cell ELISA (Fig. 7D) and coexpressed
with P and M to harvest and quantitate VLPs, as described above
(Fig. 7E). Since the M protein was unaltered and is a core element
of a filamentous particle, the M protein level was used as an indi-
cator of VLPs produced. Fstem496 and Fstem-�GL, expressed
alone, were included as controls. The diffuse nature of the
Fstem496 band (Fig. 7E, lane 1) did not allow accurate compari-
son of M levels before and after removal of Fstem glycosylation
sites. However, Fstem-�GL supported VLP formation at a level
sufficient to assess the impact of TMD exchange (Fig. 7E, lane 2).
Exchange of the N-terminal half of the TMD had a minor impact
on VLP production (an average reduction of 21%) (Fig. 7E, lane 3)
and surface expression (an average reduction of 22%) (Fig. 7D).
Exchange of the C-terminal half of the TMD and the full TMD
reduced VLP formation by 62 and 76%, respectively (Fig. 7E, lanes
4 and 5). However, the last two modifications also reduced relative
Fstem surface levels by 51 and 64%, respectively (Fig. 7D). Due to
the concomitant decrease in Fstem surface levels and numbers of
VLPs produced, a potential role for the C-terminal half of the
TMD in VLP assembly could not be assessed. However, the re-
duced surface levels indicate that the C-terminal half of the TMD
is required for proper Fstem expression and/or surface transport.
Combined, the results shown in Fig. 7 indicate that (i) the CT
plays a direct and important role in VLP formation, (ii) the C-ter-
minal half of the TMD plays a role in F expression and/or surface
transport and thereby an indirect role in VLP formation, and (iii)
neither the N-terminal half of the TMD nor the individual F ect-
odomain residues were important for VLP formation. The ect-
odomain residues near the TMD, however, may have a role in
proper Fstem expression or targeting, since the shorter constructs
Fstem506 and Fstem516 were present in the cytoplasm under
some conditions (see above).
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FIG 6 VLP formation by F proteins lacking the ectodomain (Fstem). (A) Four F variants were constructed, each lacking the majority of the F ectodomain. The
deleted residues are indicated. A myc epitope tag was inserted in place of the ectodomain. The two remaining native N-linked glycosylation sites (residues 27 and
500 based on full-length F) are also indicated. Each construct was expressed individually in HEp-2 cells, fixed and permeabilized at 24 hpt, and examined by IFM
(images 1 to 4). The antibody used is indicated. Magnification, �600. (B) Fstem constructs were coexpressed with Mep in HEp-2 cells. The cells were fixed at 22
hpt, permeabilized, and examined by confocal microscopy. The Fstem constructs used are indicated in the upper left corners of the images. The primary
antibodies used and the color of the secondary conjugate are indicated in the upper right corners. Magnification, approximately �1,500. All the images are
maximum projections (merge of all z-stacks). The insets provide higher-magnification detail. (C) HEp-2 cells were transfected with plasmids expressing M and
Fstem496 (1 and 2) or P, M, and Fstem496 (3 and 4). The cells were fixed and processed for SEM at 22 hpt. Prior to SEM processing, the cells were labeled with
anti-myc antibody, followed by secondary antibodies conjugated with 15-nm gold particles. For images 2 and 4, the SE and BSE pictures were overlaid, as for Fig.
2, to show the locations of gold particles.
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Utilizing the Fstem to incorporate foreign proteins into
VLPs. Efficient VLP formation and incorporation of the Fstem
into VLPs led us to examine the ability to incorporate foreign
proteins into VLPs to explore the potential for future hRSV VLP-

based multivalent vaccines. The full coding sequence of GFP and
the sequence encoding the Ebola virus Zaire envelope glycopro-
tein ectodomain (residues Thr 42 to Trp 615) were individually
cloned into the Fstem496 construct (Fig. 8A, 1). Both constructs

FIG 7 Dissecting the role of Fstem domains in VLP formation. Fstem496 was modified to determine the relative importance of the remaining ectodomain
residues, the TMD, and the CT. (A) Overview of constructs. Within Fstem496, ectodomain residues with a potential role in assembly were individually mutated
to Ala or Gly (collectively named Fstem-Ecto-ala), and the F TMD and CT were exchanged with VSV G TMD or CT residues, as depicted. (B) IFM analysis of cells
coexpressing P, M, and Fstem-VSVG-CT or Fstem-VSVG-TMD at 22 hpt. The primary antibodies used and the color of the secondary conjugate are indicated
in the upper right corners of the images (modified Fstem proteins were detected via the myc tag). Magnification, �600. Note that in the presence of Fstem-
VSVG-TMD, filaments were largely absent, and cells displaying filaments as depicted were only occasionally observed. (C to E) Quantitation of TMD impact. (C)
Overview of constructs. To improve quantification on Western blots, the remaining glycosylation sites in Fstem496 were mutated (Fstem-�GL). Within
construct Fstem-�GL, either the full TMD or the N-terminal half or the C-terminal half of the TMD was exchanged with the TMD counterpart of VSV G (named
Fstem-�GL-VSVG-TMD, -TMDn, or -TMDc). (D) Relative surface levels of TMD-modified Fstem proteins. Transfected HEp-2 cells were fixed with fresh
paraformaldehyde at 24 hpt, and Fstem levels were determined by cell ELISA as previously described (33), using an anti-myc antibody. NGFR-myc is a surface
marker with a myc tag at the N terminus and served as a positive control. The mean signal of Fstem-�GL was set at 100%. The error bars represent standard
deviations from the means of triplicate samples. (E) Quantitative analysis of the role of the F TMD in VLP formation. Plasmids expressing Fstem496, Fstem-�GL,
or Fstem-�GL with full or partial TMD exchanges were cotransfected with P and M plasmids, and VLPs were harvested as for Fig. 2 at 24 hpt. The relative levels
of M were quantitated by Western blotting (Li-Cor) as an indicator of VLPs generated, with the mean value of Fstem-�GL set at 100%. Due to overlap of the M
and Fstem bands, lane 1 was not quantitated. The values represent the means and standard deviations derived from the results of three independent experiments.
Statistical significance is indicated: *, P � 0.01; **, P � 0.05 (unpaired two-tailed t test).
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FIG 8 Incorporation of foreign proteins into hRSV VLPs. Fstem496 was modified to include GFP or the Ebola virus GP ectodomain. (A) Schematic of
constructs. Sequences encoding the entire GFP (without start and stop codons) or Ebola virus Zaire GP ectodomain residues 42 to 615 were cloned into
Fstem496 as shown and named Fstem-GFP and Fstem-EboGP, respectively. Fstem-GFP and Fstem-EboGP were transiently expressed in HEp-2 cells, and
their distribution was examined by IFM. (Images 1 and 2) Both modified Fstem proteins were detected via the included myc tag. (B) Fstem-GFP and
Fstem-EboGP were coexpressed with P and M proteins and examined by IFM at 22 hpt. The primary antibodies used and the color of the secondary
conjugate are indicated in the upper right corners of each image. Magnification, �600. (C) Cells were transfected as for panel B, labeled with myc antibody
and 15 nm-gold particles at 22 hpt, and subjected to SEM. For all the images, SE and BSE pictures were overlaid as for Fig. 2 to show the locations of gold
particles.

Meshram et al.

10624 jvi.asm.org December 2016 Volume 90 Number 23Journal of Virology

http://jvi.asm.org


maintained the myc epitope in the position near the TMD, as
indicated. To verify expression, Fstem-GFP and Fstem-EboGP
were transfected into HEp-2 cells, labeled with anti-myc Ab at 22
hpt, and examined with IFM (Fig. 8A, 2 and 3). Both constructs
were readily detected, although levels of Fstem-EboGP were lower
than those of Fstem-GFP. Both proteins displayed an expression
pattern consistent with a transmembrane glycoprotein and were
detected in the secretory pathway, as well as at the cell surface.
Next, both proteins were coexpressed with the hRSV P and M
proteins and compared to cells coexpressing P, M, and Fstem496
proteins by confocal microscopy (Fig. 8B). Fstem-GFP and
Fstem-EboGP were labeled via the included myc tag and were
found to concentrate in filamentous VLPs, which were similar to
VLPs induced by P-M-Fstem496. Incorporation of Fstem-GFP
and Fstem-EboGP was also examined with SEM, using anti-myc
antibodies and 15-nm gold particles to detect the chimeric Fstem
proteins (Fig. 8C). Both proteins were detected in VLPs that were
morphologically similar to VLPs formed by P, M, and Fstem496
(Fig. 6C). Fstem-EboGP VLPs contained fewer gold particles than
VLPs induced by Fstem-GFP. This may be caused by lower expres-
sion levels of Fstem-EboGP, as seen in Fig. 8A (inclusion of the
Ebola virus GP protein ectodomain in Fstem496 was not opti-
mized for expression and relied on the F protein SP and SP cleav-
age site) or by other features specific to the Ebola virus glycopro-
tein that might hinder optimal incorporation into hRSV VLPs.
Nevertheless, high levels of incorporation of Fstem-GFP detected by
IFM and SEM show that foreign sequences can be efficiently incor-
porated into hRSV VLPs by grafting onto an Fstem construct.

DISCUSSION

Previous work has shown that only a few of the hRSV proteins are
required to form a VLP. This process, however, was inefficient (4,
5, 32), and very little is known about the mechanisms of VLP and
virus assembly and the individual contributions of the viral pro-
teins to particle morphology and composition. As a consequence,
it remains challenging to produce VLPs or virus stocks with de-
fined and consistent content and characteristics. The long-term
aim of our studies is to better understand the contributions of viral
proteins that form the shell of the hRSV particle, both to learn to
generate authentic hRSV VLPs with defined morphology and
composition and (in the long term) to improve the production
process of live or inactivated viruses. Because both infectious virus
and purified particles carrying prefusion F appear to be predom-
inantly filamentous, we began our studies by dissecting the viral
protein requirements for filamentous VLP formation and exam-
ined the roles that the individual viral proteins play. This was done
by investigating the cell surfaces of transfected cells, as cell culture
is an important platform for production of vaccine candidates and
because the majority of wt infectious virions remain associated
with the cell surface in different cell types (28). As harvesting and
purification can lead to significant structural and morphological
changes (21), examining assembly directly at the cell surface is well
suited to assessing the impact of viral proteins on particle mor-
phology. For this study, we have not thoroughly examined the
medium overlying the cells. However, under the conditions used,
we detected at most trace amounts of VLPs in the medium (not
shown), suggesting that the vast majority of filamentous VLPs are
associated with the cell surface, similar to our previous findings
with infectious virus. In addition, no differences were reported
between cell-associated and secreted hRSV virions in a recent

cryo-EM study (21). Most reports of the viral N, P, M, and F
proteins concern functions not related to particle assembly. A pu-
tative interaction between M and F as a component of the assem-
bly process has long been suspected based on analogies with other
viruses and circumstantial evidence. However, such interaction
has never been directly demonstrated, which suggested it may be
fragile or short-lived. Our findings show that M-F coexpression
induces rudimentary filament formation, indicative of interac-
tion. Moreover, they show that P (but not N) is required for effi-
cient redistribution of F and major viral protein coalescence and
for formation of filamentous VLPs. The data thus establish P, M,
and F as the minimal components for formation of filamentous
VLPs that resemble wt virus and point to an important role for P
in filament structure and morphology.

The N protein and cytoplasmic IBs are not required. In a
previous study in HEp-2 cells, the N protein was required to form
VLPs, whereas in our studies, VLPs were formed efficiently in the
absence of N. We do not yet understand this discrepancy, but
potential explanations include differences in expression efficien-
cies (different codon-optimized plasmids were used), differences
in transfection efficiencies, and differences in amino acid contents
(our viral proteins were also derived from strain A2, but minor
differences exist between A2 isolates). Timing is unlikely to be
responsible for the difference, as our studies were done at earlier
time points (22 hpt for microscopy and 24 hpt for Western blot-
ting-based VLP assays) than the previous studies. In line with the
dispensable nature of N, we found that IBs are dispensable for
filamentous VLP formation. This is somewhat surprising, as pre-
vious work from several groups, including our previous observa-
tion that M and F localize in and around IBs when present in the
viral context (33), suggests that IBs are a type of scaffold from
which infectious filamentous progeny viruses form in a genuine
hRSV infection cycle (23, 33, 34, 53, 54). The data presented here,
however, do not exclude a role for IBs in virus assembly, and we
believe it is likely that IBs represent a body or mechanism that
brings together all of the viral components required for formation
of an infectious particle. In N-P-M-F-transfected cells, IBs seques-
tered at least a proportion of the P protein. Under these condi-
tions, IBs may contribute to filamentous VLP production. How-
ever, the present work does show that the filamentous particle
shell itself can be generated by the P, M, and F proteins in the
absence of all other viral proteins and IBs.

F facilitates M self-assembly, but P is required for optimal
viral protein coalescence and morphology. The M protein by
itself was previously shown to form helical structures when ex-
pressed in the presence of select lipids (55), suggesting that M
self-association is the main engine behind hRSV filament forma-
tion. This is consistent with recent work in which blocking of M
dimerization also blocked viral filament formation and VLP pro-
duction (22). Our work shows that M, when expressed alone in
cell culture, does not form filamentous surface structures. How-
ever, when coexpressed with F, filament formation occurred, al-
beit with abnormal morphology. Initially, we did not detect the
M-F-induced filaments because the SDS permeabilization re-
quired for successful recognition of M by our peptide serum de-
stroyed the filaments. Thus, these small-diameter, rudimentary
VLPs are more fragile than P-M-F- and N-P-M-F-induced VLPs.
M-F-induced filament formation was also less abundant than P-
M-F-induced filament formation. The data suggest that this is due
to the absence of P, under which condition M-F coalescence is not
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optimal. Thus, the F protein carboxy terminus appears to act as a
cofactor for M self-assembly into rod-like structures and can do so
independently of P. This F cofactor function then likely serves two
purposes, namely, to facilitate M self-association (filament forma-
tion) and to ensure F protein incorporation, which is essential to
generate an infectious unit.

The formation of thin filaments by M plus F, or M plus Fstem
(and not by M or F alone), and the fact that both proteins are
concentrated in these filaments suggest specific interaction be-
tween M and F. However, the data show that P plays an important
role in the efficiency of bringing M and F together. When M and F
or Fstem were coexpressed with P, we observed a drastic change in
protein distribution, with all three proteins concentrating within
numerous viral surface filaments. Thus, P, M, and F are each re-
quired to achieve major viral protein coalescence. Coexpression of
P also changed the morphology of filaments from thin and unusu-
ally long to a morphology that closely resembles wt virions by
SEM. Thus, P plays a role both in the efficiency of VLP formation
(through its ability to coalesce the three essential proteins P, M,
and F) and in actual VLP morphology. How P influences the di-
ameter and length of the VLP remains to be determined.

The roles of the CT and TMD. Only the F carboxy terminus
was required for F’s role in VLP formation, as Fstem constructs
supported VLP formation. Although we could detect all Fstem
variants at the cell surface by cell ELISA (not shown), the shortest
versions were present in the cytoplasm at relatively high levels
under some conditions. This indicates that the presence of a small
part of the ectodomain may facilitate proper expression and tar-
geting of Fstem, independent of Fstem’s function in assembly.
Within the carboxy terminus of F, we found that both the CT and
TMD play a role in VLP formation. For the TMD, however, this
role (carried out primarily via its C-terminal half) may be indirect
and may concern an unknown function related to optimal expres-
sion and/or surface transport. The TMD was previously shown to
be an apical sorting signal (56), a function that involved the apical
recycling endosome. Although HEp-2 cells do not polarize into
separate apical and basolateral domains, the decrease in surface
expression (and indirectly the decrease in VLP formation) after
exchanging F TMD residues 537 to 548 with the equivalent of the
VSV G TMD may thus be caused by aberrant protein sorting. In
contrast to the TMD, the CT is more likely to have a direct role, as
VLPs were not formed in the absence of the F CT despite strong
surface expression. This finding matches earlier work in the viral
context (5, 33). With regard to the CT, we showed previously that
amino acids 569 to 572 are essential for infectious-progeny pro-
duction (33). It is therefore possible that these amino acids repre-
sent the residues critical for CT assembly functions.

Efficiency of VLP formation and foreign-protein incorpora-
tion. Our studies aimed to identify requirements and mecha-
nisms, and we have not yet worked on optimization of the process.
However, relatively high levels of surface-associated VLPs were
observed at an early time (22 to 24 hpt), and we could readily
harvest partially purified VLPs equivalent to particles generated in
cells infected at low multiplicity (0.25 to 0.5 PFU/cell). We antic-
ipate that with efforts to optimize VLP production, these levels
could be further increased. Western blot quantitation indicated
that 2 times more F protein is present in N-P-M-F- or P-M-F-
induced VLPs than in wt virions. This increase in F may be due to
the absence of SH and G proteins in the VLPs and might be ad-
vantageous when used for vaccine purposes. As for foreign-pro-

tein incorporation, we were able to incorporate the Ebola virus GP
ectodomain by grafting it onto the Fstem. SEM indicated only
moderate levels of Fstem-EboGP incorporation (but on par with
the level of F in wt virions), which may be due to low expression
levels of Fstem-EboGP relative to Fstem-GFP. Fstem-GFP was incor-
porated into VLPs as efficiently as the Fstem alone (Fstem496), indi-
cating strong potential for incorporating foreign sequences into
hRSV VLPs by using the Fstem as a vehicle.

A role for M2-1 in virus assembly? Previous work has shown
by cryo-EM that the M2-1 protein is present in the virion as a layer
between the ribonucleoprotein complex and M (17) and is re-
quired for targeting of M to IBs (57). In identifying the minimal
players involved in assembly, we based our work on previous re-
ports showing that M2-1 is not required for VLP formation (5, 22)
or for packaging and passaging of hRSV minigenomes (32). As
such, we have not examined M2-1. In our experiments, VLPs
formed efficiently in the absence of M2-1, suggesting that M2-1
does not play a major role. We have also observed on many occa-
sions, including this study (Fig. 1B, 1), that M targets to IBs effi-
ciently without M2-1. Based on the results presented here, we
suspect that M2-1 is included in infectious virions due to its role
within the polymerase complex packaged inside the virion (re-
quired for productive entry) and does not have a key role in the
organization of particle assembly.

Morphology. We have focused our studies so far on filamen-
tous virions, because evidence suggests that the filamentous mor-
phology is the form that represents the majority of infectious virus
and contains prefusion F. We have not yet investigated whether
different morphologies, such as spherical VLPs, can form under
the conditions used in this study. However, under the conditions
used, our high-resolution SEM analyses have not detected any
significant numbers of nonfilamentous particles associated with
the cell surface, and we have not been able to detect significant
numbers of VLPs from the medium overlying the cells. Previous
work has described “membranous vesicles” that formed after co-
expression of P and M (49). We have noticed that coexpression of
P and M in the absence of F appears to increase cell damage (lysis
or apoptosis), which could be partly responsible for the previous
observations. We currently lack an antibody that properly detects
P on Western blots, but we plan to develop methods to further
examine the reported observations.

Cell type. To further narrow the viral protein requirements for
VLP assembly, we built on previous work carried out in HEp-2
cells, a cell type in which wt hRSV replicates efficiently. However,
we have obtained the same results in HEK293 cells (data not
shown), suggesting the findings are not cell specific. Future pro-
duction of hRSV particles for vaccine purposes, be it VLPs or
viruses, may be possible in different cell types. As multiple host
factors are likely involved in hRSV VLP assembly, host species
and/or cell-type-specific differences for optimal VLP production
may come into play and will have to be analyzed and optimized,
depending on the cell culture system of choice. A recent paper
reported that immunogenic VLPs were isolated from HEK293
cells coexpressing the M, G, and F proteins (58). Our present work
would predict that in the absence of P, coalescence of M, F, and G
proteins and VLP formation are not optimal and that the effi-
ciency could be enhanced by including P. However, the systems
are not readily compared, as the VLPs produced by M-G-F coex-
pression were spherical and were harvested at a much later time
point from suspensions of HEK293 cells at ultrahigh g force,
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whereas we focused on cell-associated filamentous VLPs at an ear-
lier time point to avoid potential morphological changes associ-
ated with purification, as well as excessive cell lysis and/or death.
Although we have so far been unable to collect VLPs from the
supernatant of transfected cells, we have not yet done an exhaus-
tive analysis and cannot rule out the possibility that round parti-
cles with a very high sedimentation coefficient are formed and
secreted after coexpression of P, M, and F proteins.

In conclusion. We have investigated the requirements and
mechanisms underlying hRSV VLP formation. Understanding
hRSV assembly in cell culture is relevant, as production of virus or
VLPs for vaccine purposes will most likely depend on a cell culture
platform. The data show that the P, M, and F proteins are suffi-
cient for optimal viral protein coalescence and formation of a
particle resembling wt virus and provide novel insights into the
contributions of individual proteins, with the F carboxy terminus
appearing to act as a type of cofactor for M self-assembly and P
having an impact on particle length and diameter. A better under-
standing of the proteins and protein domains that organize assem-
bly will facilitate needed improvements in manufacturing RSV or
RSV-like particles with defined composition and characteristics
for vaccine purposes.
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