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Abstract

Virus-like particles (VLPs) consisting of the influenza A virus proteins haemagglutinin (HA) and
matrix protein (M1) represent a new alternative approach for vaccine design against influenza
virus. Influenza VLPs can be fast and easily produced in sufficient amounts in insect cells using
the baculovirus expression system. Up to now, influenza VLPs have been produced in the
Foodoptera frugiperda cell line Sf9. We compared VLP production in terms of yield and quality
in two insect cell lines, namely Sf9 and the Trichoplusia ni cell line BTI-TN5B1-4 (High Five™).
Additionally we compared VLP production with three different HAs and two different M1s from
influenza H1 and H3 strains including one swine-origin pandemic H1N1 strain. Comparison of the
two cell lines showed dramatic differences in baculovirus background as well as in yield and
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particle density. Taken together, we consider the establishment of the BTI-TN5B1-4 cell line

advantageous as production cell line for influenza VVLPs.
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Introduction

The emergence of the swine-origin influenza HIN1 pandemic demonstrates quite plainly the
potential threat of influenza viruses [1]. In addition, annual influenza epidemics are
responsible for significant mortality and morbidity [2]. The most effective way to prevent
disease resulting from influenza virus infections is vaccination. Egg derived production
methods for influenza vaccines were developed in the 40s of the last century. These
production methods have various disadvantages including limited production capacity due to
insufficient egg supply in case of a pandemic and allergic reactions of vaccinees to egg
proteins [3]. Cell culture derived influenza vaccines may overcome most of the
disadvantages of egg derived vaccines but biosafety issues, e.g. biosafety level 3 production
facilities for some pandemic strains, and difficulties with growth and yield of certain isolates
may cause constraints during production.

Alternatives to egg and cell culture derived vaccine approaches, like recombinant
haemagglutinin (HA) expressed in E. coli and insect cells, influenza virus-like particles
(VLPs) expressed in insect cells, mammalian cells or plants, and influenza DNA vaccines
have been established [4-8].

Influenza viruses belong to the Orthomyxoviridae family and possess a segmented genome
of seven (influenza C virus) or eight (influenza A and B viruses) segments. Influenza A
virions consist of a host cell derived membrane with incorporated multiple copies of HA and
neuraminidase (NA). HA and NA are the major glycoproteins and antigens of influenza, HA
is responsible for binding to cellular receptors of the host cell whilst NA mediates the
release of newly synthesized particles from the mammalian host cell surface [9]. The matrix
protein (M1) lines the inner surface of the membrane and stabilizes the particle [9]. Effective
and successful influenza vaccines have to induce neutralizing antibodies against HA; these
antibodies prevent the virus particles from attaching to the host cell receptors and therefore
prevent infection.

VLPs have previously been produced in insect cells and have shown to be promising
candidates for vaccination [10]. VLPs are structurally very similar to their correspondent
pathogenic virus, and therefore, they are able to induce CD4+ cell proliferation which results
in B-cell as well as in cytotoxic T-cell immune responses [10, 11]. The market entry of
GlaxoSmithKline’s human papilloma virus vaccine (Cervarix™) finally demonstrated the
immunological potency of insect cell derived VLP vaccines [12].

Various expression systems have been used to produce influenza VLPs including
mammalian cells, insect cells and plants [6, 8, 11]. VLPs of influenza subtypes H1, H3, H5
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and H9 have been generated in insect cells by co-expression of HA, NA, M1 and M2 or HA,
NA and M1 or by co-expression of HA and M1, respectively [13-20]. Immunological
studies with all of these subtypes have shown superior immune responses against influenza
A when administered intranasally, intraperitoneally or intramuscularly [11, 13-18, 20]. Up to
date all of these studies have been carried out with VLPs that had been produced in the
Foodoptera frugiperda insect cell line Sf9. In this study we tested the Trichoplusia ni cell
line BTI-TN5B1-4 (High Five™) and compared VVLP production in terms of yield and
quality to the Sf9 production platform.

Materials and Methods

Cells and Viruses

Foodoptera frugiperda Sf9 cells (ATCC# CRL-1711) were maintained as adherent cultures
in Roux flasks in modified IPL-41 media (supplemented with lipid mixture (Sigma, St.
Louis, USA) and Yeast Extract (Sigma)) containing 3% FCS at 27°C [21]. Sf9 cells
dedicated to VLP production were cultivated in the same media in suspension in 500-mi
shaker flasks at 100 rpm. Trichoplusia ni BTI-TN5B1-4 cells (ATCC# CRL-10859) were
maintained in shaker flasks in serum-free modified IPL-41 medium at 27°C shaking at 100
rpm [21]. Influenza strains A/Puerto Rico/8/1934 (H1N1) and A/Hiroshima/52/2005 (H3N2)
were grown on Vero cells (ATCC# CCL-81) in Dulbecco’s modified Eagles medium/Hams
F12 medium.

Cloning and Recombinant Baculovirus (rBV) Generation

The haemagglutinin (HA) gene from swine-origin HIN1 pandemic influenza strain A/
California/04/2009 (GenBank: GQ117044.1) was synthesized by Geneart (Regensburg,
Germany). The synthesis vector pGA was digested by the restriction endonucleases ECORV
and Notl. The haemagglutinin fragment was ligated into a Stul and Notl digested pBacPAK8
(Clonetech, CA, USA) resulting in pBacPAKS8-SF.

The matrix protein (M1) gene from strain A/Udorn/307/1972 (H3N2) (GenBank:
DQ508932.1) was synthesized by Sloning (Puchheim, Germany). The synthesis vector
pPCR-M1 was digested by the restriction endonucleases Xhol and Notl. The M1 fragment
was ligated into an Xhol and Notl digested pBacPAKS resulting in pBacPAK8-UM.

The gen sequences of A/Hiroshima/52/2005 HA (GenBank: CY031336.1), A/Puerto Rico/
8/1934 HA (GenBank: EF467821.1) and A/Puerto Rico/8/1934 M1 (GenBank: EF467824.1)
were obtained by TRIZOL™ extraction (Invitrogen, Carlsbad, USA) and reverse
transcription from Vero cell infection supernatant. The sequence of the A/Hiroshima/
52/2005 HA gene was amplified by PCR by the use of primers

5atgatgatggatatt AGCAAAAGCAGGGGATAATTCTATTAAC and
3’atgatgatggcggccgcAGT AGAAACAAGGGTGTTTTTAATTAATGCAC, the product was
digested by EcoRV and Notl restriction endonucleases and ligated into Sul and Notl
digested pBacPAKS resulting in pBacPAK8-HIR. The sequence of the A/Puerto Rico/
8/1934 M1 gene was amplified by PCR by the use of primers
5’gatgatTCTAGAATGAGTCTTCTAACCGAGGTC and
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3'gatgatGCGGCCGCTCACTTGAACCGTTGCATCTG, the product was digested by Xbal
and Notl restriction endonucleases and ligated into Xbal and Notl digested pBacPAK8
resulting in pBacPAK8-PM. The sequence of the A/Puerto Rico/8/1934 HA gene was
amplified by PCR by the use of primers
5’gatgatTCTAGAATGAAGGCAAACCTACTGGTC and
3’gatgatGCGGCCGCTCAGATGCATATTCTGCACTG, the product was digested by Xbal
and Notl restriction endonucleases and ligated into Xbal and Notl digested pBacPAK8
resulting in pBacPAKS8-PR. The green fluorescent protein (GFP) gene was ligated into an
Hindlll and Xhol digested pBac-5 (Merck, Darmstadt, Germany) resulting in pBac-5-GFP.
Recombinant baculoviruses were generated by cotransfection of pBacPAK8-SF pBacPAKS8-
UM, pBacPAKS8-HIR, pBacPAKS8-PM, pBacPAKS8-PR or pBac-5-GFP together with
Baculogold AcNPV linearized DNA (Pharmingen, San Diego, USA) into Sf9 cells by
Cellfectin (Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. For
abbreviations of the different HA and M1 proteins please consult Table 1.

Production, Purification and Characterization of VLPs

BTI-TN5B1-4 or Sf9 cells were co-infected with rBV expressing HA (SF, PR or HIR) and
M1 (PM or UM) or GFP (negative control) at a multiplicity of infection (MOI) of 10 and a
cell density of 1 x 106 cells/ml in 500 ml shaker flasks (Table 1). Cells were harvested 72 h
post infection and separated from supernatant by low speed centrifugation for 10 min at
2,000xg at room temperature. The supernatant was tested for VLP content by
haemagglutination assay and for baculovirus titer by plaque assay on Sf9 cells [22]. VLPs
were pelleted by ultracentrifugation at 136,000xg at 20°C for 90 min. Pellets were
resuspended in phosphate-buffered saline (PBS) for one hour at room temperature. VLPs
were further purified by discontinuous sucrose density gradient centrifugation (20%-30%—
40%-50%-60%, 100 mM NaCl, 10 mM Tris—HCl and 1 mM EDTA) at 190,000xg at 4°C
for 16 h. Gradients were split into fractions which were analysed by SDS-PAGE followed
by Western Blot or coomassie staining.

SDS-PAGE and Blots

Sucrose gradient fractions and expression supernatants were examined by SDS-PAGE,
coomassie staining and Western Blot [23]. Western Blot analysis was performed using anti-
M1 (#290, Institute of Virology, Bratislava), anti-H1 antibodies (#18L/4, Institute of
Virology, Bratislava), anti-viral protein 39 (vp39) antibodies (p10C6), anti-glycoprotein 64
(gp64) antibodies (AcV5) and a secondary anti-mouse 1gG alkaline phosphatase labelled
goat antibody (Sigma, #A1047) [24]. For Western Blot analysis regarding H3 HA a
polyclonal anti-A/Panama/2007 H3N2 HA sheep serum (NIBSC, London, UK) was used in
combination with an alkaline phosphatase labelled anti-sheep 1gG antibody (Sigma,
#A5187). Detection was carried out using 5-bromo-4-chloro-3-indolyl phosphate as
substrate. Quantification by Western Blot was performed by standard curves with H1 and
H3 haemagglutinin of known concentration and visual estimation.
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Transmission Electron Microscopy

Sucrose gradient fractions were used for electron microscopy. VLPs were adsorbed for 1
min on copper grids directly from different sucrose gradient fractions and washed with PBS
containing 1% bovine serum albumin (BSA). Negative staining was performed using uranyl
acetate (pH 4.5) [25]. Samples were examined on a transmission electron microscope at
various magnifications.

Haemagglutination Assay

Results

VLPs were serially 2-fold diluted in PBS and incubated at room temperature for two hours
with 50 pl of 1.25% human red blood cells (RBC, blood group 0). The haemagglutination
extent was estimated visually. The haemagglutination titer designated as haemagglutination
units (HAU) was determined by the reciprocal of the highest dilution without complete
sedimentation of RBC.

Influenza A VLP Yields in Two Different Insect Cell Lines

Influenza A VLPs were generated by co-infection of Sf9 or BTI-TN5B1-4 cells with
recombinant baculovirus (rBV) expressing HA (SF = HA from A/California/04/2009
(HIN1), PR = HA from A/Puerto Rico/8/1934 (H1N1) or HIR = HA from A/Hiroshima/
52/2005 (H3N2)) and M1 (PM = M1 from A/Puerto Rico/8/1934 (H1N1) or UM = M1 from
A/Udorn/307/1972 (H3N2)) (abbreviations see Table 1). VLPs were detected and quantified
in two different ways. The expression supernatants were analysed for haemagglutination
activity by haemagglutination assay and additionally the HA content of ultracentrifuged
expression supernatant was analysed by Western Blot. Haemagglutination assays showed 16
HAU for all supernatants from both cell lines.

Analysis of the HA content in pellets after ultracentrifugation is shown in Fig. 1. Differences
between cell lines are clearly visible; ultracentrifugation pellets from BTI-TN5B1-4
expression supernatants showed a higher HA content in all samples. Differences are most
significant for HA from A/California/04/2009 (ranges from ~3/6 ug/ml in BTI-TN5B1-4
supernatants to ~0.4/0.4 ug/ml in Sf9 supernatants) and A/Puerto Rico/8/1934 (ranges from
~15 pg/ml in BTI-TN5B1-4 supernatants to ~3 pug/ml in Sf9 supernatants) but are also
observed with HA for A/Hiroshima/52/2005 (ranges from ~6/4.5 pg/ml in BTI-TN5B1-4
supernatants to ~3/3 ug/ml in Sf9 supernatants) (Fig. 1; Table 2). Also the choice of M1
(from HIN1 or H3N2) seems to influence HA expression; HA expression levels are slightly
higher when co-expressed with the homologues M1 protein (Fig. 1; Table 2).

Migration Pattern of VLPs in Sucrose Density Gradient Centrifugation

VLPs from both cell lines produced by co-expression of HA (SF or PR) and M1 (PM or
UM) were analysed in context of their migration pattern in sucrose density gradient
centrifugation. VLPs were harvested from supernatants by ultracentrifugation and subjected
to a sucrose density gradient. After centrifugation, the gradient was split into 11 fractions
and the pellet and analysed by Western Blot analysis. Migration patterns of VVLPs were
found to be cell line and therefore yield dependent. VLPs produced in BTI-TN5B1-4 cells
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were located dominantly in fractions 7, 8 and 9 (40-50% sucrose) whereas VLPs derived
from Sf9 cells were dominantly found in fractions 6, 7 and 8 (35-45%) (Table 2; Fig. 2).

Baculovirus Background

Baculovirus titers of Sf9 and BTI-TN5B1-4 expression supernatants were assessed by
plague assay in Sf9 cells. Baculovirus titers of Sf9 supernatants ranged from 1.2 x 108 to 3 x
108 whereas titers of BTI-TN5B1-4 supernatants were significantly lower and ranged from
2.5 x 10° to 8.8 x 10° (Table 2; Fig. 3). The difference in baculovirus titers and, therefore,
baculovirus protein content is also reflected by results from coomassie stainings and
Western Blot analysis against baculoviral proteins vp39 and gp64 (Fig. 4). Coomassie
stainings from VLP gradients derived from BTI-TN5B1-4 cells showed a high ratio of HA
and M1 protein whereas stainings from Sf9 derived material showed predominantly
baculovirus proteins and BSA residues from foetal calf serum (FCS) (Fig. 4). Western Blots
from VLP gradients against vp39 and gp64, the major baculovirus structural proteins,
confirmed the result (Fig. 4). Blots of material from BTI-TN5B1-4 showed only slight bands
for vp39 and no bands for gp64 at all, whereas blots from Sf9 derived material showed
massive bands for both proteins (Fig. 4, A3 and C3).

Integrity of VLPs

Co-migration of HA and M1 proteins in sucrose density gradients and migration into zones
of higher sucrose density, as shown in Figs. 2 and 4 (A1-A4) are one hint for the integrity of
influenza VLPs. As shown in Fig. 4 the HA protein was detected as approximately 70 kDa
protein and the M1 protein was detected as 29 kDa protein. The same results could be
observed for HA from A/Puerto Rico/8/34 (HIN1) and HA from A/Hiroshima/52/2005
(H3N2) (data not shown). In order to confirm the structure of insect cell derived VLPs,
electron microscopy was performed for VLPs comprising A/California/04/2009 HA and A/
Udorn/307/1972 M1. Particles from different fractions from Sf9 or BTI-TN5B1-4 gradients
were stained with uranyl acetate and used for transmission electron microscopy (Fig. 5) [25].
Both cell lines produced spheric and partially polymorphic VLPs of 80-120 nm diameter
which is consistent with the morphology of wild-type influenza virions [26].

Discussion

In this report we compared influenza A VLP production in two insect cell lines, Sf9 and
BTI-TN5B1-4, in matters of yield and quality. We co-expressed HA and M1 of several
influenza A strains, including HA from a swine-origin pandemic H1N1 isolate, and assessed
VLP contents of expression supernatants by haemagglutination assay and HA quantity of
ultracentrifugation pellets from supernatants by Western Blot analysis. Immunological
characteristics of swine-origin pandemic HIN1 VLPs produced in BTI-TN5B1-4 cells were
published elsewhere [27]. Supernatants from all HA-M1 combinations in both cell lines
showed constant haemagglutination activities of 16 HAU (Table 2). In contrast, the HA
content of ultracentrifugation pellets was markedly different between cell lines. HA content
in BTI-TN5B1-4 derived material was 2-15 times higher than inSf9 derived material (Table
2; Fig. 1). Additionally, supernatants showed slightly higher HA contents when HA was co-
expressed together with homologues M1 protein (H1 with M1 from H1N1 strain, H3 with
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M1 from H3N2 strain) (Fig. 1). We detected a total higher HA protein content with no
influence on the haemagglutination titer, suggesting there might be a difference in size,
shape or density of the particles (Table 2; Fig. 1). For further investigation, VLPs derived
from both cell systems were purified and compared for their appearance in electron
microscopy and for their migration pattern in sucrose gradient density centrifugation.
Analysis by electron microscopy showed that VVLPs from both cell systems have similar
spherical, partially polymorphic size and shape (Fig. 5). In contrast, VLPs derived from
different cell lines show discriminative migration patterns in sucrose gradients. Particles
derived from BTI-TN5B1-4 cells migrated to higher sucrose densities than VVLPs derived
from Sf9 cells (Figs. 2 and 4).

We assume that two preparations of resembling VLPs that accumulate at different densities
in a gradient have different numbers of HA molecules integrated in their membranes. This
theory could explain the higher amount of HA protein found in the BTI-TN5B1-4 cell
culture supernatants. The question that comes up is whether a higher density and thereby a
higher HA content of the particles is an advantage in terms of immunology. This question
can only be answered by additional immunological analysis and is subject to further
investigations.

An important aspect regarding insect cell produced influenza A VLPs is contamination of
the vaccine formulation with baculovirus or baculovirus DNA [20]. Baculovirus particles
are able to transduce a variety of mammalian cells including human cells with high
efficiencies [28-33]. Moreover, baculovirus transduction in vivo provokes expression of
various kinds of cytokines and may lead to unwanted adjuvant effects and strong immune
responses [28, 34, 35]. Potentially, baculovirus DNA may integrate into the genome of the
host cell and consequently may cause DNA damage [28]. We were able to show that by
using BTI-TN5B1-4 cells instead of Sf9 cells as production platform for influenza VLPs, the
baculovirus background can be reduced about approximately 2 logs from ~108 to ~106
pfu/ml expression supernatant (Fig. 3). The much lower concentration of baculovirus in the
BTI-TN5B1-4 expression supernatants simplifies the following purification procedure and
results in a much lower baculovirus background of the final preparation.

Until now, production of insect cell derived influenza VLP vaccines has been carried out in
Sf9 cells [13-20]. We conclude from our results that BTI-TN5B1-4 cells are an
advantageous production system for influenza VLPs as it decreases the baculovirus
background and therefore DNA contamination. Furthermore, BTI-TN5B1-4 cells produce
homogenous VLPs which carry more HA than their Sf9 derived counterparts. Additionally,
Cervarix™, a human papilloma virus vaccine that is approved by the European Medicines
Agency (EMEA) is produced in Hi-5 Rix4446 cells, which are derived from a BTI-
TN5B1-4 cell subclone [12].

Although it would possibly be necessary to maintain a second cell line for rBV propagation
due to the lower replication efficiency of recombinant AcNPV in BTI-TN5B1-4 cells, we
recommend to further proof the qualification of BTI-TN5B1-4 cells as production platform
and take them into account for influenza VVLP vaccine production.
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Fig. 1.

HA content of ultracentrifugation pellets from expression supernatants.

A/California/

04/2009 and A/Puerto Rico/8/1934 blots were developed using monoclonal anti-HA mouse
antibodies in combination with secondary anti-mouse 1gG alkaline phosphatase labelled
antibodies. The A/Hiroshima/52/2005 blot was developed using anti-A/Panama/2007 H3N2
HA polyclonal sheep serum and a secondary anti-sheep 1gG alkaline phosphatase labelled
antibody. For abbreviations of the different HA and M1 proteins as well as cell lines please

consult Table 1
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Fig. 2.

Migration patterns of HIN1 and H3N2 VLPs in sucrose density gradients (20-60%). 1
represents the fraction with the lowest, 11 the fraction with the highest sucrose density and P
indicates the pellet. A/California/04/2009 blots were developed using monoclonal anti-HA
mouse antibodies in combination with secondary anti-mouse 1gG alkaline phosphatase
labelled antibodies. A/Hiroshima/52/2005 blots were developed using anti-A/Panama/2007
H3N2 HA polyclonal sheep serum and a secondary anti-sheep IgG alkaline phosphatase
labelled antibody. For abbreviations of the different HA and M1 proteins as well as cell lines
please consult Table 1. BTI-TN5B1-4 cell derived VLPs migrated into fractions with higher
sucrose densities than Sf9 derived VLPs. Furthermore M1 proteins influence the migration
pattern
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Fig. 3.

Baculovirus titers in VLP expression supernatants from BTI-TN5B1-4 and Sf9 cells. Bars
represent arithmetic mean titers from one series of expressions. Mock infection was carried
out with baculovirus expressing GFP. For abbreviations of the different HA and M1 proteins
as well as cell lines please consult Table 1
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Fig. 4.

Western Blot analysis and coomassie stainings of VLPs from co-expressions of A/
California/04/2009 HA with two different M1 proteins derived from BTI-TN5B1-4 (a, b)
and Sf9 cells (c, d). Al to D2 shows Western Blots and coomassie stainings of migration
patterns of VLPs in sucrose density gradients. M indicates the marker, 1 indicates the
fraction with the lowest sucrose density, 11 indicates the fraction with the highest sucrose
density and P indicates the pellet. Western Blots in A1, B1, C1 and D1 were developed

using monoclonal anti-HA and anti-M1 mouse antibodies in combination with secondary
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anti-mouse 1gG alkaline phosphatase labelled antibodies and show co-migration of HA and
M1 proteins. A2, B2, C2 and D2 show coomassie stainings, HA, M1 and baculoviral
proteins gp64 and vp39 are indicated by arrows. A3 and C3 show Western Blots developed
with anti-gp64 and anti-vp64 monoclonal mouse antibodies in combination with an alkaline
phosphatase labelled secondary anti-mouse antibody
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Fig. 5.
Transmission electron micrographs of negatively stained VVLPs from A/California/04/2009
HA and A/Udorn/307/1972 M1 co-expressions derived from Sf9 (a) and BTI-TN5B1-4 cells

(b)
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Table 1

Abbreviations for cell lines, HA and M1 proteins

Abbreviation  Full-length designation

Hi5 BTI-TN5B1-4 cell derived material

Sf9 Sf9 cell derived material

SF HA from A/California/04/2009 (H1N1)
HIR HA from A/Hiroshima/52/2005 (H3N2)
PR HA from A/Puerto Rico/8/1934 (H1IN1)
PM M1 from A/Puerto Rico/8/1934 (H1IN1)
UM M1 from A/Udorn/307/1972 (H3N2)
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Table 2

Comparison of Sf9 and BTI-TN5B1-4 cells as production platforms for influenza A VLPs

Page 17

v

m HAU/50 ul - HA protein yield in pg/ml  Baculovirus titer pfu/ml  Main fractions in sucrose density
= centrifugation
'(_8D Hi5 mock infection 0 - 6.0 x 108 -

e Sf9 mock infection 0 - 2.9 %108 -

(Zj Sf9 SF + UM 16 ~0.4 1.5 x 108 6,7,8

o Hi5 SF + UM 16 ~3 2.8 x 108 7.8

§ Sf9 SF + PM 16 ~0.4 1.2x108 6,7

7 Hi5 SF + PM 16 ~6 2.3 x 10 8,9,10

,1—> SfOHIR + UM 16 ~3 2.2 x 108 6,7,8

;j" Hi5 HIR + UM 16 ~6 2.5 x 106 7,89

% SfOHIR + PM 16 ~3 3.1x108 7,8,9

= Hi5 HIR + PM 16 ~45 5.8 x 106 8,9

é SfO9PR + PM 16 ~3 3.0 x 108 -

é' Hi5 PR + PM 16 ~15 8.8 x 106 -

7]

For abbreviations of the different HA and M1 proteins as well as cell lines please consult Table 1
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