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Abstract

The process of budding of many enveloped viruses utilizes the cellular ESCRT (endosomal sorting
complex required for transport) machinery, that is normally involved in the formation of luminal
vesicles of endosomal multivesiculate bodies (MVB). A late step in the MVB pathway involves
the recruitment of VPS4, an AAA+ ATPase, to the ESCRT complexes. Our earlier work had
shown that the formation of influenza virus-like particles was not inhibited by dominant negative
VPS4A. However, it was not known if there was a role of VPS4 and the ESCRT pathway in
influenza virus particle budding and this needed to be investigated. It was found that neither
SiIRNA knockdown of VPS4A and VPS4B expression nor the use of cell lines that inducibly
express VPS4A or VPS4B, inhibited influenza virus budding. In contrast, and in keeping with
more recent data, vesicular stomatitis virus budding was diminished by VPS4 dysfunction.
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Introduction

The final step of enveloped RNA virus replication is assembly and budding, a process that
occurs at a host cellular membrane, often the plasma membrane. Viral proteins and the viral
genome have to accumulate at the site of assembly on the membrane. The assembly process
proceeds with deformation of the membrane, bud formation and pinching off (scission) from
the cellular membrane. Originally this process was thought to occur by “push or pull” forces
derived from self-assembly of viral proteins (Garoff et al., 1998; Welsch et al., 2007).
However, recent studies have shown that many enveloped viruses depend on host cellular
machinery to complete their budding more efficiently. The host machinery is the ESCRT
(endosomal sorting complex required for transport) pathway, required for the sorting of
ubiquitinated proteins to multivesicular bodies (MVB). The ESCRT pathway consists of
four ESCRT complexes (ESCRT-O0, I, Il, and 111) and ubiquitinated protein cargo is
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processed sequentially by each complex. A late step in the MVB pathway involves the
recruitment of VPS4, an AAA+ ATPase, to the ESCRT complexes. This leads to budding
into the MVB for subsequent degradation within the lysosome (Raiborg and Stenmark,
2009). Topologically, formation of MV/Ps is equivalent to that of virus budding and the
ESCRT pathway has been shown to be utilized by more than 10 families of enveloped RNA
viruses (Chen and Lamb, 2008a).

The involvement of the ESCRT pathway in virus budding was firstly discovered for HIV-1.
Mutations in the HIV-1 p6 protein, which is part of the GAG polyprotein, abolished virus
release from the virus-infected cells (Gottlinger et al., 1991). The critical amino acid
sequence in HIV-1 p6 required for virus release was identified as P(T/S)AP and it was
termed as a viral “late domain” (L domain) (Huang et al., 1995). Subsequently, three other L
domain sequences were identified in various virus families (Y XXL (Puffer et al., 1997),
PPXY (Xiang et al., 1996), FPIV (Schmitt et al., 2005); where X is any amino acid). L
domains usually consist of 4 amino acids and are thought to bind into late domain pockets in
various host ESCRT proteins (Lee et al., 2007; Pornillos et al., 2002) such as Tsg101, AlIP/
Alix, or Nedd4 (Garrus et al., 2001; Harty et al., 2001; Ikeda et al., 2001; Strack et al.,
2003). Viruses harboring L domain mutations cannot be recruited into ESCRT complexes
and transferred to the assembly site and thus they fail to complete the budding process.

Experiments designed to investigate the budding requirements of the enveloped RNA virus
vesicular stomatitis virus (VSV) have yielded mixed results. VSV was one of the first non-
retrovirus examples of a virus containing an L domain motif in its matrix (M) protein
(Craven et al., 1999; Harty et al., 1999) and it has been shown that PPPY is required for
efficient virus replication (lIrie et al., 2004a; Jayakar et al., 2000). However, in experiments
involving transfection of dominant negative (DN) VPS4A and VSV infection, budding
occurred leading to the conclusion that VSV budding was VPS4A independent (lrie et al.,
2004b; Chen et al., 2007). This result was contrary to expectations. However, recently when
293 T cells lines were used that stably express VPS4-DN in response to tetracycline
induction (Taylor et al., 2007) VSV growth was reduced approximately 18 fold.
Furthermore, mutation of the VSV M protein L domain PPPY caused budding to occur in
the beads on a string morphology, typical of L domain mutants (Jayakar et al., 2000).

Influenza A virus is an enveloped, negative stranded, segmented RNA virus that buds from
the surface of virus-infected cells (reviewed in Barman et al., 2001; Schmitt and Lamb,
2005). The viral matrix protein (M1) underlies the lipid bilayer and makes contact with the
cytoplasmic tails of the three integral membrane proteins, hemagglutinin, neuraminidase and
the M2 proton selective ion channel. The M1 protein (and all other influenza virus proteins)
lacks a recognizable L domain and in an assay for virus-like particles (VLPs) the M1
protein, unlike HIV-1 gag, does not bud on its own. Analysis of VLP particle formation in
the presence of VPS4 DN showed that influenza virus VLP formation was not sensitive to
VPS4-DN whereas two known control virus VLPs (HIV-1 and parainfluenza virus 5) were
sensitive to VPS4-DN expression (Chen et al., 2008b). As influenza virus budding occurs in
the presence of the proteosome inhibitor MG-132, indicating ubiquitination of proteins is not
required for budding (Hui and Nayak, 2001) and that influenza virus VLP formation occurs
in the presence of VPS4-DN, this has lead to the conclusion that influenza virus budding is
independent of the ESCRT pathway (Chen and Lamb, 2008a). However, the requirements of
the ESCRT pathway for budding in influenza virus-infected cells had not been reported at
the time of beginning the experiments described here. Recently, Bruce and coworkers
(2009) using some different and also some overlapping approaches concluded that there was
no role for the ESCRT pathway in influenza virus budding. Here we confirm a lack of a role
of the ESCRT pathway in influenza virus budding.
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Materials and Methods

Cells, viruses, and antibodies

293T (human embryonic kidney) and BHK (baby hamster kidney) cells were maintained in
Dulbecco's modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). MDCK cells stably expressing influenza virus M2 protein (M2CK cells) was
maintained in DMEM supplemented with 10% FBS, 200 pg/ml Geneticin (G418;
InvivoGen, San Diego, CA), and 2 uM amantadine (Sigma-Aldrich [Sigma], St. Louis,
MO). Tetracycline-inducible cell lines expressing wild type (wt) or the ATP hydrolysis-
deficient VPS4A E228Q mutant that is dominant negative (VPS4A-DN) or VPS4B E225Q
mutant that is dominant negative (VPS4B-DN) (Garrus et al., 2001; von Schwedler et al.,
2003), both tagged with GFP, were gifts from Dr. Phyllis Hansen (Washington University
School of Medicine, St. Louis, MO) via Dr. Margaret Kielian (Albert Einstein College of
Medicine, Bronx, NY).

Influenza virus strains A/Udorn/72 and A/WSN/33 were amplified in the allantoic cavity of
embryonated chicken eggs and infectious titers were determined by plaque assay using
MDCK cells. Recombinant influenza virus A/Udorn/72 possessing an M2 ion channel
protein that lacks 27 C-terminal amino acids (Udorn/M2S71) was described previously
(Chen et al., 2008b) and the mutant virus was propagated in M2CK cells. Vesicular
stomatitis virus (VSV) encoding green fluorescent protein (GFP) instead of the VSV G
protein (VSV/AG/GFP) was a gift from Dr. J. Rose (Yale University) and the virus was
propagated in BHK-21 cells that transiently expressed the VSV-G protein using the
expression vector pPCAGGS-VSVG.

Goat serum raised to purified influenza A/Udorn/72 (goat anti-Ud) was used to detect HA,
NP, and M1 proteins in immunoblotting and immunoprecipitation. Mouse anti-M2
monoclonal antibody 14C2 (Zebedee and Lamb, 1988) was used in immunoblotting to
detect M2 protein. Monoclonal antibodies anti-VSVM (23H12: a gift from Douglas S.
Lyles) and anti-VSVG (5D4, Sigma) were used for immunoprecipitation. Rabbit anti-VPS4
(Santa Cruz Biotechnology, Santa Cruz, CA) was used in immuno (western) blotting to test
the knockdown of endogenous VPS4A and VPS4B.

siRNA and siRNA transfection

Pre-designed Stealth siRNAs against human VPS4A and VVPS4B together with control
siRNAs were purchased from Invitrogen (Carlsbad, CA). siRNA was transfected into 293T
cells twice in consecutive 24 h intervals. Briefly, cells were split into 6-well plates the day
before transfection. 4.5 pl/well of 20 UM siRNA stock was mixed with FUGENEHD
transfection reagent (Roche Applied Science, Mannheim, Germany) in Opti-MEM (Gibco)
and incubated for 15 min at RT. The mixture was added to the culture medium drop-wise to
achieve a 30 nM final concentration. A second transfection was done at 24 h post
transfection. Cells were harvested at 48 h after the first transfection and knockdown was
confirmed by western blotting using anti-VPS4 antisera.

Trans-complementation assay with replication incompetent viruses

To avoid the virus infection/transfection problem where wt virus replicates in cells that were
not transfected with siRNA, we used a strategy in which replication incompetent influenza
Udorn/M2S71 and VSV/AG/GFP was used in combination with the co-transfection of
pCAGGS-M2 and pCAGGS-VSVG, respectively. This approach was established for herpes
virus when defective virus replication was limited only in the cells expressing the trans
complementing protein of interest by plasmid transfection (Pawliczek and Crump, 2009). In
brief, 293T cells were split into gelatin-coated 6-well plates at a density of 0.3x10%/well the

Virus Res. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Watanabe and Lamb

Page 4

day before transfection. Cells were transfected two times with siRNA (final concentration,
30 nM) at 24 hours intervals. For the second transfection, expression plasmids for each
complementing protein (p)CAGGS-M2 or pCAGGS-VSVG) were transfected with the
SiRNA. Twenty four hours after the second transfection, cells were infected with influenza
virus Udorn/M2S71 or VSV/AG/GFP at a multiplicity of infection (moi) of 0.33 or 3.3 pfu/
cell, respectively. Culture supernatants were harvested at 24 h post-infection (p.i.) (Udorn/
M2S71) or 7 h p.i. (VSV/AG) and infectious titers were determined as described below.

Virus titration

The infectious titer of wt Udorn and VSV was determined by plaque assay on MDCK and
BHK cells, respectively. Titration of influenza Udorn/M2S71 was done by plaque assay
using M2CK cells as described previously (Chen et al., 2008b). To determine the infectious
unit of VSV/AG/GFP, BHK cells were infected with serially diluted virus. Cells were
harvested at 24 h p.i. and GFP fluorescence-positive cells were detected by flow cytometry
(FACSCalliber, Becton Dickinson, Franklin Lakes, NJ). Infectious units were calculated
based on the percentage of GFP positive cells in the population.

Virus budding assay

Results

The budding efficiency of virus particles was determined by a quantitative budding assay as
described previously (Chen et al., 2007). A different time schedule was used for VSV and
influenza virus due to the different replication rates. In brief, the infected cells were labeled
with [35S]-Trans-label at 2 h (VSV) or 6 h (influenza virus) p.i. and then incubated in
unlabeled medium (chase) for 4 or 20 h, respectively. The released virions were collected by
ultracentrifuge (Beckman, Ti70.1 rotor, 45,000 rpm for 2 h) and lysed in RIPA buffer (1%
deoxycholic acid, 1% Triton X-100, 0.1% SDS, 10mM Tris [pH 7.4], and 0.15M NaCl). The
cells used in the experiment were also lysed in RIPA buffer. The released virions and cell
fractions were subjected to immunoprecipitation. For VSV proteins anti-VSVM (23H8),
anti-VSVG (5D4, Sigma) sera were used and immune complexes collected with protein A
Sepharose. For influenza virus goat anti-Udorn sera was used and immune complexes
collected with protein G Sepharose. Polypeptides were separated by SDS-PAGE on a 15%
polyacrylamide gel. Radiolabeled proteins were detected by using Fuji Biolmager
FLA-5100 and quantified by MultiGauge v3.0 software (Fuji Medical Systems, Stanford,
CT)

The establishment of a trans-complementation assay for influenza virus

A possible explanation for the unexpected result that VSV did not utilize the ESCRT
pathway, although the M protein contained an L domain, may lie in the method used. The
experiment required transfection of VPS4A-DN and VPS4B-DN and 24 h later infection
with VSV (Irie et al., 2004b). Whereas all the cells can be infected with VSV it is very much
harder to transfect all the cells with DNA. Depending on the transfection efficiency, this
experimental system may not be sufficiently sensitive to detect inhibition of the very rapidly
growing VSV.

To attempt to circumvent these potential difficulties, we established a trans
complementation system for influenza virus by using a mutant virus that lacked residues in
the M2 cytoplasmic tail (Ud/M2S71) that could only replicate efficiently in the presence of
wt M2 protein that was provided by transient expression (Chen et al., 2008b). For VSV we
used a virus recovered from cloned DNA that had the G glycoprotein gene substituted with a
gene expressing GFP (VSV/AG/GFP). This virus was trans complemented by transfecting a
plasmid expressing G protein. This scheme should overcome the differing efficiencies of
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infection/transfection. A conceptually related scheme was used for analysis of the
requirement of herpes virus for a functional ESCRT-111 complex (Pawliczek and Crump,
2009)

The growth kinetics of Ud/M2S71 was confirmed in the presence of wt M2 protein. M2CK
cells were infected with Udorn/M2S71 at a MOI=0.001 pfu/cell and the culture supernatant
was harvested at 12 h intervals. As shown in Fig. 1a, Ud/M2S71 showed similar replication
kinetics (slope of line) to wt Udorn virus but it grew to a lower titer. As our goal was to
observe the effect of knocking down the expression of VPS4 on influenza virus replication,
we used HEK 293T cells as these cells can be transfected by both siRNA and an expression
plasmid at relatively high efficiency. To determine the efficiency of co-transfection, cells
were co-transfected with fluorescent-labeled siRNA and the pPCAGGS-M2 expression vector
DNA and the cells stained with M2-specific monoclonal antibody 14C2. Fluorescence for
SiRNA and M2 protein expression were determined by flow cytometry. As shown in Fig 1B,
52.1% of cells in the culture showed positive staining for both sSiRNA and M2 when we used
0.5 ug plasmid DNA and 30 nM siRNA.

SiRNA against human VPS4A and VPS4B block VSV virus replication but not influenza
virus in the trans-complementation assay

We tested the effect of SiRNA to VPS4A and VPS4B on influenza virus and VSV
replication using the trans complementation system. The mixture of three different SIRNA
for each VPS4 isoform could knockdown endogenous VPS4A and VVPS4B in 293T cells as
examined by western blotting (Fig. 2a). To test the effect of VPS4 knockdown on virus
growth plasmid DNA encoding the wt M2 or G protein was co-transfected with the second
round of siRNA and 24 h later the cells were infected with VSV/AG/GFP or Udorn/M2S71.
VPS4 knockdown caused an ~1 log reduction in VSV titer as compared to control sSiRNA
and it was significant (p=0.005), whereas VPS4 knockdown had a small effect on influenza
virus replication that was not considered significant (p=0.03) (Fig. 2b). The effect of VPS4
knockdown on virus budding was also assayed by quantifying the amount of virus protein
released from cells as compared to the amount of protein remaining in the cells. It was
observed for VSV that the release of VSV/AG/GFP was a suppressed (Fig. 2c, left panel: 5-
fold and 1.5-fold reduction for VSV-G and VSV-M, respectively). On the other hand, there
was little effect on Udorn/M2S71 budding (Fig. 2b, right panel): it was noted that the release
of HA and M1 was slightly impaired when VPS4 was depleted, whereas NP release was
enhanced. A confounding factor in the experiment is the fact that HEK 292 T cells do not
support high yields of wt influenza virus budding.

Inducible cell lines expressing VPS4A and VPS4B DN reduced VSV replication and
budding but did not reduce influenza virus replication and budding

The use of permanent inducible cell lines expressing VPS4A-DN or VPS4B-DN avoids the
efficiency of transfection/infection problem. These cell lines had been used successfully to
show that VSV did require functional VPS4 activity whereas Semliki Forest virus budding
did not require functional VPS4 activity (Taylor et al., 2007). The advantage of the system is
that it has been shown that all cells express VPS4A-DN and VPS4B-DN after tetracycline
induction (Taylor et al., 2007) and we confirmed this observation. We used the 293T
VPS4A-DN and 292T VPS4B-DN inducible cell lines (Taylor et al., 2007) and examined
virus replication with or without doxycycline induction. VSV was used as a control virus for
the experiment and it was shown that the expression of VPS4A-DN and VPS4B-DN reduced
the infectious titer of released virus 22-fold and 5-fold, respectively (Fig. 3a, Table 1),
values very similar to those obtained previously (Taylor et al., 2007). We tested influenza
virus replication under these conditions, and it was found that the infectious titer of
influenza virus was not affected using either strain A/Udorn/72 (H3N2) or strain A/WSN/33
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(H1INZ1) (Fig. 3b, 3c, Table 1). The effect of VPS4A-DN and VPS4B-DN on virus budding
was also examined and it was shown that VPS4A-DN and VPS4B-DN decreased VSV-M
release 20-fold and 10-fold respectively (Fig. 4a). In contrast, the expression of VPS4A-DN
and VPS4B-DN did not affect influenza virus budding (Fig. 4b). These results suggest that
functional ESCRT machinery is important for efficient VSV budding but that influenza
virus budding occurs by a mechanism that is independent of the ESCRT pathway.

Discussion

Previously in an investigation of the requirements for influenza virus VLP formation we
showed that VLP production was not inhibited by expression of dominant negative VPS4A
or VPS4B. VLP formation of HIV-1 as a control virus was inhibited by >95% by expression
of DN VPS4A or VPS4B (Chen et al., 2007). However, it was important to confirm these
observations in influenza virus-infected cells. Simple siRNA knockdown of VPS4A and
VPS4B was not feasible due to the efficiency of transfection/infection problem and the rapid
(6 h) single-step growth curve of influenza virus. Thus, we resorted to the siRNA co-
transfection/trans complementation method. VSV was used as a control virus for the
experiment and it was shown that the expression of VPS4A-DN and VPS4B-DN reduced the
infectious titer of released virus from 9.2x108 pfu/ml to 4.5x107 pfu/ml and 1.0x10° pfu/ml
to 1.9x108 pfu/ml, respectively. These reduction values (22-fold and 5-fold reduction) were
very similar to those obtained previously (Taylor et al., 2007). Although the siRNA trans-
complementation data indicated a reduction in VSV titer that was statistically significant,
there was no effect on influenza virus that was statistically significant. Examination of VSV
particle formation was also slightly decreased by the siRNA trans complementation method
whereas influenza particle formation was largely unaffected. Use of the inducible cell lines
expressing VPS4A-DN and VPS4B-DN showed inhibition of VSV titer and of virus
particles released from cells. In contrast, the cell lines expressing VPS4A-DN and VPS4B-
DN did not affect influenza virus titer or particle release.

After our work was initiated Digard and colleagues (Bruce et al., 2009) using some different
and also some overlapping approaches published a study on the requirements of influenza
virus budding on VPS4. They found that the influenza virus M1 protein did not colocalize
with VPS4 at the sub-cellular level and that trafficking of HA and M1 appeared normal
when endosomal sorting was impaired by expression of inactive VPS4. Furthermore, they
also used inducible cell lines expressing dominant negative VPS4A and they found the titer
of influenza virus released was unaffected by expression of the VPS4A-DN protein. Bruce
and coworkers (2009) concluded that they could see no role for the ESCRT pathway in
influenza virus budding.

Taking all the data together VSV budding depends on a functional VPS4 protein whereas
influenza virus and influenza virus VVLP formation occurs independent of a functional VPS4
protein. Thus, the major question to be addressed is whether there exists another alternative
cellular budding pathway that could be hijacked by influenza virus or whether virus proteins
can perform budding functions. In this regard, it is noted that when HA is expressed,
provided there is a source of exogenous neuraminidase activity, HA buds and is released in
vesicles. NA and M2 also bud from cells when expressed alone and M1 budding requires
expression of HA and NA and is augmented by expression of M2. Expression of the
cytoplasmic tails of HA and NA are required for efficient budding of M1 (Chen et al., 2007).
Thus, it seems possible that influenza virus has evolved its own mechanism for budding
virus.

Virus Res. Author manuscript; available in PMC 2011 April 1.
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Figure 1. Establishment of an influenza virus trans-complementation assay

(a) Replication kinetics of influenza A/Udorn/M2S71 mutant virus (e) and wt A/Udorn/72
(m). M2CK cells that constitutively express the M2 protein were infected with Udorn/
M2S71 virus or wt Udorn virus at a MOI=0.001 pfu/cell and the supernatant was collected
at the indicated time points. Virus titer was determined by plaque assay on M2CK cells. (b)
Determination of the efficiency of co-transfection of sSiRNA and pCAGGS-M2 plasmid.
293T cells were co-transfected with fluorescent-labeled siRNA and pCAGGS-M2. Cells
were stained with anti-M2 14C2 and analyzed by flow cytometry to calculate the dual-
positive population.
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Figure 2. The effect of SIRNA against VPS4A and VPS4B on virus replication in the trans-
complementation assay

(@) Knockdown of endogenous VPS4A and VPS4B proteins in 293T cells after SiRNA
transfection. 293 T cells were transfected twice at 24 h intervals with siRNA specfic for
VPS4A and VPS4B. The cells were then infected with VSV/AG virus or influenza Udorn/
M2S71 at a MOI of 0.33 for influenza virus and 3.3 for VSV. At 7 h p.i. for VSV and 24 h
p.i. for influenza virus cells were lysed and the amount of VPS4A and VPS4B analyzed by
western blotting. (b) The effect of VPS4 knockdown on virus titer. Influenza virus was
harvested at 24 h p.i. and VSV at 7 h p.i. and their titers determined as described in
Materials and Methods. 1U/ml = infectious units as VSV titer was determined by GFP
expression level. (c) The effect of VPS4 knockdown on virus budding in the trans-
complementation assay. Infected cells were labeled with [3°S] Trans-label and virus and
cells harvested as described in Materials and Methods and polypeptides immunoprecipitated.
C = cells and V = virions. Budding efficiency (%) was calculated as amount in virus
fraction/(amount in virus fraction + amount in cell lysate). Radioactivity was quantified
using a Fuji Biolmager.
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Figure 3. The effect of VPS4 DN expression on virus replication

293T/VPS4 inducible cells with (+) or without (—) doxycycline induction were infected with
(a) Wt VSV; (b) influenza virus A/Udorn/72, or (c) A/WSN/33. Culture supernatant was
harvested at 7 hp.i. (VSV) or 24 h p.i. (influenza virus) and virus infectious titer was
determined by plague assay.
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Figure 4. The effect of VPS4 DN expression on virus release
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293T/VPS4 inducible cells with (+) or without (—) doxycycline induction were infected with
(@) Wt VSV or (b) influenza virus A/Udorn/72. The infected cells were labeled with [3°S]

Trans-label and chased in cold medium as described in Materials and Methods. Virus

proteins were immunoprecipitated and the release efficiency of virions was calculated from
the intensity of the polypeptide bands and is indicated beneath each polypeptide species.

Budding efficiency was determined as described in the legend to Fig. 2. Two separate

experiments are shown in panels (a) and (b).
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