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Abstract Conformationally complex membrane proteins
(MPs) are therapeutic targets in many diseases, but drug dis-
covery has been slowed down by the lack of efficient produc-
tion tools. Co-expression of MPs with matrix proteins from
enveloped viruses is a promising approach to obtain correctly
folded proteins at the surface of virus-like particles (VLPs),
preserving their native lipidic environment. Here, we imple-
mented a site-specific recombinase-mediated cassette ex-
change (RMCE) strategy to establish a reusable HIV-1 Gag-
expressing insect cell line for fast production of target MPs on
the surface of Gag-VLPs. The Sf9 cell line was initially tagged
with a Gag-GFP-expressing cassette incorporating two flipase
recognition target sites (FRTs), one within the fusion linker of
Gag-GFP. The GFP cassette was afterwards replaced by a
Cherry cassette via flipase (Flp) recombination. The fusion
of Gag to fluorescent proteins enabled high-throughput
screening of cells with higher Gag expression and Flp-
mediated cassette exchange ability, while keeping the func-
tionality of the VLP scaffold unaltered. The best cell clone

was then Flp-recombinated to produce Gag-VLPs decorated
with a human β2-adrenergic receptor (β2AR). Release of a
fluorescently labeled β2AR into the culture supernatant was
confirmed by immunoblotting, and its co-localization with
Gag-VLPs was visualized by confocal microscopy.
Furthermore, the differential avidity of β2AR-dsplaying
Gag-VLPs versus “naked” Gag-VLPs to an anti-β2AR anti-
bodymeasured by ELISA corroborated the presence ofβ2AR
at the surface of the Gag-VLPs. In conclusion, this novel in-
sect cell line represents a valuable platform for fast production
of MPs in their native conformation, which can accelerate
small-molecule and antibody drug discovery programs.
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Introduction

Complex transmembrane proteins such as G-protein-coupled
receptors (GPCRs) have been implicated in a multitude of
diseases, including cancer and immune and inflammatory dis-
eases, constituting an important target class for small-
molecule or antibody drug development (Huang et al. 2016;
Hutchings et al. 2017). However, these proteins are often
found at very little amounts in native tissues, and not only
their heterologous overexpression is very challenging, but also
they rely heavily on a lipidic environment to preserve their
conformation, making them hardly to purify at relevant quan-
tity and quality to succeed in drug discovery (Zhao and Wu
2012). Immunization strategies based on synthetic peptides,
protein ectodomains, purified membrane proteins, membrane
preparations, or whole cells have had limited success in gen-
erating conformational antibodies against many membrane
proteins (Hutchings et al. 2010; Takeda et al. 2015). New
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technologies providing high concentrations of complex multi-
spanning membrane proteins, with their conformational struc-
ture intact, are therefore needed.

Non-infectious virus-like particles (VLPs) have been pro-
posed as efficient antigen-presenting platforms, capitalizing on
the budding capacity of enveloped viruses. In particular, the
main structural protein of the Retroviridae family, the Gag
protein, has been extensively used as a VLP scaffold to display
a variety of membrane proteins, either to be used as vaccines or
in in vitro assays, including screening of binding molecules
(Chua et al. 2013; Hoffman et al. 2000; Kirchmeier et al.
2014; Patrone et al. 2016; Pushko et al. 2017). TheGag protein
self-assembles into VLPs and buds from the host cell in plasma
membrane lipid rafts without the need of any additional viral
factor (Delchambre et al. 1989). Among the chimeric Gag-
VLPs which have been proposed as vaccines are particles with
viral antigens from influenza, dengue, West Nile virus, human
cytomegalovirus, and Rift Valley fever virus (Chua et al. 2013;
Kirchmeier et al. 2014; Pushko et al. 2017). These
pseudotyped VLPs are safer than live-attenuated vaccines
and elicit robust and broad immune responses as target epi-
topes are displayed on their surface in a clustered fashion,
efficiently activating antigen-presenting cells (Haynes et al.
2009; Ulmer et al. 2006). Owing to this feature, recombinant
cancer antigens have been also displayed in Gag-VLPs to be
used in cancer immunotherapy (Kurg et al. 2016).
Furthermore, the use of VLPs as antigen vehicles for in vitro
isolation of functional binding molecules from compound li-
braries can be particularly useful when looking for inhibitors
for highly pathogenic viruses (e.g., H5N1 influenza virus),
avoiding the use of live viruses for obvious biosafety reasons.

The insect cell-baculovirus expression system (IC-BEVS)
has been widely explored for production of pseudotyped Gag-
VLPs (Cruz et al. 2000; Haynes et al. 2009; Pushko et al. 2017),
mainly because it provides eukaryotic post-translational modi-
fications together with short timeframes from cloning the genes
of interest until protein production (Fernandes et al. 2013).
However, the IC-BEVS encloses a number of limitations in
what concerns the production of complex membrane proteins.
For example, the lytic nature of the infection process commonly
leads to the release of host and viral proteases into the medium
as culture progresses, impacting negatively on product quality.
The concurrent production of baculovirus proteins can hamper
the secretory pathway, reducing product quantity and quality. In
addition, repeated rounds of baculovirus amplification within
the host cell during production phase tend to generate defective
interfering particles with concomitant reduction in protein
yields (van Oers 2011).

Stable insect cell lines are an attractive alternative to the IC-
BEVS for the production of secreted and membrane-anchored
proteins (Harrison and Jarvis 2016). To circumvent the labo-
rious traditional cell line development process, our group has
established a flipase (Flp)-mediated cassette exchange

(RMCE) system in an insect Sf9 cell line for targeted gene
integration (Fernandes et al. 2012). By having a tagging cas-
sette anchored in a given chromosomal locus, one could ex-
change it by a target cassette encoding the gene of interest
flanked by the same pair of Flp recognition target (FRT) sites
via Flp recombination. This allows for repeated use of the
same locus for production of different proteins thus
circumventing extensive clone screening (Qiao et al. 2009;
Turan et al. 2013; Turan et al. 2014). In this work, we propose
a novel RMCE strategy for fast development of an insect S9
cell line dedicated to produce enveloped VLPs pseudotyped
with membrane proteins of interest. The design of efficient
tagging and target cassettes and the combination of a two-
step tagging process with fluorescence-activated cell sorting
(FACS) allowed high-throughput screening of loci supporting
high HIV-1 Gag expression and Flp recombination. As proof
of concept, Gag-VLPs displaying a model membrane protein,
the G-protein coupled β2-adrenergic receptor (β2AR), were
produced in this platform.

Materials and methods

Plasmid construction

The RMCE plasmids were constructed using the pTag 2.0
backbone (GenScript; GenBank MG356850), composed by
the following elements: the OpIE2 promoter from the
Orgyia pseudotsugata multicapsid nucleopolyhedrosis virus
(OpMNPV) immediate-early 2 (ie-2) gene, FRT wt (Fwt) se-
quence, enhanced green fluorescent protein (egfp) gene with a
polyA from the OpMNPV ie-2 gene, hygromycin gene, FRT
F5 (F5) sequence, and the OpIE1 promoter. The polymerase
chain reactions (PCRs) were carried out using the Phusion
DNA Polymerase (Thermo Fisher Scientific), and cloning re-
actions were conducted using the In-Fusion HD Cloning Plus
kit (Clontech). All inserts were verified by Sanger sequencing.

To assemble the tagging cassette (GenBank MG356851),
we designed a new HIV-1 Gag fusion gene and inserted it in
between the OpIE2 promoter and the eGFP gene of the pTag
2.0. The HIV-1 Gag gene was cloned from pOET-Gag
(Patrone et al. 2016), but was truncated in the stop codon
(TAA), and followed by a FRT linker region composed by
three GGGGS sequences on both sides of the Fwt site.

The target cassette encoding a red reporter protein
(pTarget-Cherry; GenBank MG356852) was assembled from
the pTagging. First, the gag gene and the OpIE1 and OpIE2
promoters were removed by inverted PCR. Then, the se-
quence from Fwt to F5 was cloned again into the backbone
using the In-Fusion HD kit. The eGFP and hygromycin
genes were removed by inverted PCR and replaced by
iCherry and neomycin genes, respectively. Finally, the hr5-
AcIE1 promoter (cloned from pIEX-10, Merck) and the
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iFLP gene (from the OpIE2-iFlp-IEterm plasmid (GenBank
MG051710), containing a Spodoptera frugiperda codon-
optimized Flp gene kindly provided by the Protein Sample
Production Facility (PSPF) at the Helmholtz Centre for
Infection Research (Braunschweig, Germany), were cloned
between the iCherry and neomycin genes.

The target cassette encoding a membrane protein
(pTarget-β2AR; GenBank MG356853) was assembled from
pTarget-Cherry. The fusion gene β2AR was cloned from
pCDNA_B2AR-i-pep, kindly provided by Sivaraj
Sivaramakrishnan (Addgene plasmid #47436). The iCherry
gene was substituted by a codon stop with inverted PCR and
cloned using the In-Fusion HD kit. Then, the neomycin gene
was replaced by zeocin from pIZT/V5-His (Thermo Fisher
Scientific) using PCR and the In-Fusion HD kit.

Cell line and culture media

Insect Sf9 cells (Invitrogen) were maintained in Sf-900II SFM
medium (Gibco Invitrogen Corporation) in 125- or 500-mL
shake flasks (10% working volume—w/v), and routinely sub-
cultured to 0.5 × 106 cells/mL every 3–4 days when the cell
density reached 3–4 × 106 cells/mL. The cultures were agitat-
ed at 100 rpm in an Innova 44R incubator (Eppendorf) at
27 °C. The cell density and viability were analyzed daily by
the trypan blue exclusion method, in a Fuchs–Rosenthal he-
mocytometer chamber.

Cell transfection with the tagging cassette

To randomly integrate the tagging cassette in the genome of
Sf9 cells, we transfected them with 0.3 μg of pTagging, using
8 μL of Cellfectin® II Reagent (Invitrogen) per 1 × 106 cells.
Antibiotic selection started 72 h post transfection (hpt) in me-
dium containing Hygromycin B (200 U/mL; InvivoGen).

Recombinase-mediated cassette exchange

Flp-mediated cassette exchange was performed in shake flask
cultures, using a protocol described elsewhere (Fernandes
et al. 2012). The medium was replaced 24 hpt, and the antibi-
otic selection marker (G418 300 U/mL or Zeocin 200 U/mL
(InvivoGen)) was added 72 hpt. When the cell viability
dropped below 50% (about 120 hpt), the cells were transferred
to six-well plates and kept in selection.

Production of Gag-VLPs

The production of Gag-GFP, Gag-iCherry, and Gag-β2AR
VLPs was performed in 500-mL shake flasks (10% w/v).
Briefly, the engineered Sf9 cells were seeded at 0.5 × 106

cells/mL and kept in culture (as described above) until cell
viabilities dropped below 80%. The cell culture bulks were

clarified, and the Gag-VLPs were concentrated using a two-
step ultracentrifugation procedure: 40,000×g, 4 °C for 3 h
followed by 60,000×g, 4 °C for 3 h on a layer of 20% (v/v)
sucrose in PBS. The pellet containing the VLPs was collected
and stored at 4 °C until further analysis.

Analytics

Fluorescence microscopy

Engineered Sf9 cells expressing the fusion proteins Gag-GFP
or Gag-iCherry, or co-expressing Gag-iCherry and β2AR-ci-
trine, were visually inspected by fluorescence microscopy
(DMI6000, Leica) and point scan confocal microscopy
(SP5, Leica). During confocal image acquisition, each
fluorophore was detected separately to avoid channel bleed-
through. The ImageJ softwarewas used tomerge channels and
adjust the linear brightness and contrast of the images.

Western blot

Proteins were denatured at 70 °C for 10 min, separated under
reducing conditions in a 4–12% SDS gel (Thermo Fisher
Scientific), and transferred to a nitrocellulose membrane using
iBlot® Transfer Stack (Thermo Fisher Scientific). For Gag
identification, we used the anti-HIV-1 p24 mouse monoclonal
antibody (Abcam, Cat. ab9071) at a dilution of 1:2000. For
identification of β2AR, anti-HA (Abcam, Cat. ab18181) at a
dilution of 1:1000 was used. As secondary antibody, we used
the anti-mouse IgG antibody conjugated with horseradish per-
oxidase labeling (HRP) at a dilution of 1:5000 (Sigma, Cat.
A9917). Protein band detection was performed with the en-
hanced chemiluminescence detection system (ECL)
(Amersham Biosciences).

Transmission electron microscopy

Negative staining TEM was used to assess the conformation
and size of Gag-GFP and Gag-β2ARVLPs. Briefly, 10 μL of
VLP samples (concentrated by ultracentrifugation) were fixed
for 1 min in a copper grid coated with Formvar carbon
(Electron Microscopy Sciences). Grids were washed with
Milli-Q water and then stained with 1% (v/v) uranyl acetate
for 2 min and left to air dry. Samples were then observed in a
Hitachi H-7650 Transmission Electron Microscope (JEOL).

Enzyme-linked Immunosorbent assay

The concentration of Gag-VLPs was assessed using the Lenti-
X p24 Rapid Titer Kit (Clontech) according to the manufac-
turer’s instruction. To confirm that β2AR proteins were being
displayed on the surface of Gag-VLPs, a modified/non-
quantitative ELISA was performed. Briefly, 96-well
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MaxiSorp plates (Nunc) were coated with 5 × 109 purified
Gag-VLPs (naked or coated with β2AR) and incubated over-
night at 4 °C. After extensive plate washing and blocking with
4% (w/v) skimmed milk (Merck Millipore), we added an anti-
HA antibody (Abcam, Cat. ab18181) at 1:500 dilution and
incubated for 2 h at room temperature. Then the plate was
washed again and incubated for 2 h with an anti-mouse HRP
conjugated antibody (1:5000 dilution). The reaction was visu-
alized by the addition of the substrate TMB (Sigma) and
stopped about 30 min later by adding 100 μL of Stop
Solution for TMB Substrates (Sigma). The absorbance of
the wells was measured at 450 nm in a plate reader (Tecan).

Fluorescence-activated cell sorting

The populations of Sf9-GagGFP, Sf9-GagCherry, and Sf9-
Gag-β2AR cells were sorted in a MoFlo High-Speed Cell
Sorter (Beckman Coulter) using a previously developed pro-
tocol (Vidigal et al. 2013). Single cells of the Sf9-GagCherry
population were collected into 96-well plates (BD Falcon™)
containing conditioned culture medium supplemented with
10% FBS (Gibco) and Antibiotic–Antimycotic (Invitrogen),
and monitored every 2–3 days. Wells containing multiple col-
onies were discarded. After adaptation to these culture condi-
tions, robust colonies were obtained and expanded in Sf-900II
SFM medium.

Flow cytometry

CyFlow R Space (Partec GmbH) was used to evaluate trans-
fection and recombination efficiencies, and the fluorescence
distributions of engineered Sf9 cells expressing Gag-GFP,
Gag-iCherry, and Gag-β2AR-citrine. Exponentially growing
cells were harvested and diluted in PBS (Gibco) to around 1 ×
106 cell/mL. Fluorescence intensity was collected from
10,000 cells per sample (at 509 nm for GFP and citrine, and
at 610 nm for iCherry) and analyzed using the FlowJo
Software (2009, Quantum Analysis GmbH).

Real-time quantitative PCR

The number of tagging cassettes integrated in the genome of
the isolated cell clones was assessed using real-time quantita-
tive PCR. Briefly, genomic DNA of 5 × 106 cells was isolated
using the QIAamp®DNAMini and BloodMini Kit (Qiagen),
according to the manufacturer’s instructions, and quantified
using a NanoDrop 2000C spectrophotometer (Thermo
Scientific). As standard for quantitative PCR, we used the
genome of a previously established Sf9 cell line from which
we confirmed single copy integration of an OpIE2-containing
cassette by Southern blot (Fernandes et al. 2012). Forward and
reverse primer sequences for the OpIE2 promoter region
( CATGATGATAAACAATGTATGGTGC a n d

GGGGAGGCCACCGAGTATAA) and 18S (AGGGTGTT
GGACGCAGATAC and CTTCTGCCTGTTGAGGAACC)
were designed. A master mix solution was prepared according
to the LightCycler 480 SYBR Green I Master PCR kit (Roche
Applied Science), and 18 μL was distributed in each well of a
96-microwell plate, together with 2 μL of DNA (equivalent to
200 ng isolated DNA) or standard plasmid as PCR templates.
The reactions were conducted in a LightCycler® 480
Instrument (Roche Applied Science), and the qPCR results
were analyzed using the LC480 software. Upon normalization
to a housekeeping gene (18S), the number of integrated tag-
ging copies per cell was estimated using the standard curve.
Single-copy integration clones were considered to be those
with normalized values between 0.6 and 1.45.

Results

Cell line development strategy

In order to establish an Sf9 cell line to produce enveloped
VLPs pseudotyped with membrane proteins of interest, we
leveraged the capability of the HIV-1 Gag protein to bud
through the plasma membrane and drag along anchored cell
surface proteins. The cell line development strategy is based
on Flp/FRT site-specific recombination and consists of five
steps planned to facilitate the screening of loci supporting high
expression and high recombination efficiency (Fig. 1a), with
the aid of reporter genes and fluorescence-activated cell
sorting (FACS). The tagging cassette expresses a fusion pro-
tein between Gag and eGFP, with their linker (Fig. S1) con-
taining the upstream FRT site—Fwt (Fig. 1b). This will facil-
itate the screening of genomic “hot-spots” supporting high
expression of Gag (step 2, Fig. 1b), while adding the possibil-
ity to remove the fused reporter gene whenever desired, by
means of Flp-RMCE. The Fwt site is flanked by glycine-rich
regions consisting of three repetitions of Gly-Gly-Gly-Gly-
Ser domains (Fig. S1). It was designed to increase flexibility
and create spatial separation between Gag and the reporter
protein, such that the VLP assembly is not impaired. In addi-
tion to the reporter gene, the region flanked by the FRT sites
also harbors the resistance gene, and both will be replaced by
different reporter and resistance markers at each recombina-
tion step of the cell line development process. The first recom-
bination step is promoted in a FACS-enriched, high Gag-GFP-
expressing cell population and aims at collecting those cells
which are tagged in loci amenable to recombination (step 3,
Fig. 1a). Placing the promoters driving the expression of the
Gag-reporter protein fusion (OpIE2) and resistance markers
(OpIE1) outside of the FRT recombination region (Fig. 1b)
facilitates the isolation of cells which undergo successful
RMCE, since it allows for both antibiotic selection and fluo-
rescence sorting (step 4, Fig. 1a). This also ensures that most
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random genome integration events of the target cassettes are
excluded during the selection process.Wewill validate the Sf9
cell platform by re-targeting a selected locus to produce Gag-
VLPs displaying a model GPCR, the human β2-adrenergic
receptor (β2AR) (step 5, Fig. 1a).

Establishment of a RMCE Gag-producing Sf9 cell
population

Population tagged in high-expressing loci

Parental Sf9 cells were transfected with the tagging cas-
sette (Fig. 1b), and upon 3 weeks under hygromycin
(Hyg) selection, a robust Sf9 cell population expressing
Gag-GFP was obtained. Fluorescence microscopy con-
firmed the localization of Gag at the host cell membrane
(Fig. 2a). Western blot analysis of Gag in the cell culture
supernatant shows two bands: one at 83 kDa representing
the fusion of the Gag polyprotein and GFP, and a second at

40 kDa representing the cleavage products of the Gag
polyprotein, the matrix (MA) and capsid (CA) proteins
(Fig. 2b). Noteworthily, Gag seems to accumulate in the
culture supernatant over time, reaching a peak level at
192 h of culture. To confirm the formation of correctly
assembled Gag-GFP VLPs, cell culture supernatant sam-
ples were concentrated and analyzed by TEM. Spherical
particles of external diameters of 100–120 nm could be
observed (Fig. 2c), closely resembling the morphology
(shape and size) of authentic HIV virions (Briggs et al.
2006). These results demonstrate that (i) Sf9 cell proteases
can induce maturation of the Gag polyprotein, and more
importantly (ii) the fusion of Gag to GFP with an FRT site
composing the linker did not impair Gag processing into
functional domains and its secretion as VLPs.

The stability of the Sf9 cell population expressing Gag-
GFP was assessed by analyzing cell growth kinetics
(Fig. 2d) and GFP fluorescence intensity (Fig. 2e) over
several passages. During the first passages under Hyg

Fig. 1 Cell line development strategy based on Flp/FRT site-specific
integration technology for co-expression of HIV-1 Gag and a target
membrane protein from the same locus. a Five-step sequence from
tagging parental Sf9 cells with a Gag reporter cassette (step 1),
collecting high GFP-expressing cells by FACS (step 2), submitting cells
to Flp-RMCE by a iCherry-encoding cassette to isolate cells tagged in
loci amenable to recombination (step 3), until isolating high Gag-
producer cell clones (step 4), which will co-express a membrane protein
of choice from a single locus, in a process mediated by Flp (step 5). b
Design of the cassettes. The tagging cassette contains an FRT wild-type
(Fwt) and FRT 5 (F5), in which the Fwt site is part of a fusion linker

between Gag and a GFP reporter protein (GAG-eGFP). The Gag gene
and the OpIE2 and OpIE1 promoters are placed outside of the Flp
recombination region. An intermediate cassette with the same pair of
FRT sites flanking an Sf9 codon-optimized red reporter protein
(iCherry), an Sf9 codon-optimized Flp (iFlp), and an hygromycin
resistance gene, was designed to isolate by hyg selection and FACS a
population of iCherry-expressing cells which are amenable to Flp
recombination. The final target cassette has a stop codon downstream to
the Fwt to eliminate the fluorescent protein from the Gag-VLPs when the
producer cell line has been established, and encodes a human β2AR as
model membrane protein and zeocin as resistance marker
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selection, cellular growth was impaired, but this effect
ameliorated with successive cell passages and cells could
reach similar growth kinetics of parental Sf9 cells. The
median GFP fluorescence intensity of the cell population
remained at similar levels independently of the passage
number (Fig. 2e). Together, these results confirm the stable
integration of the transgene over many cell generations,
ruling out any potential cytotoxic effect arising from the
continuous expression of Gag-GFP VLPs in Sf9 cells.

Flow cytometry analysis of the Sf9-GagGFP cell popula-
tion also revealed its substantial heterogeneity in terms of GFP
intensity (Fig. 3a). Although a significant number of cells
expressed Gag-GFP at relatively high levels, the majority of
them had fluorescent intensities similar to parental cells.
Therefore, to enrich the population in cells with high expres-
sion, we applied a recently developed FACS protocol for
shear-sensitive insect cells (Vidigal et al. 2013). After a round
of FACS, the mean fluorescence intensity of the population
could be enhanced by almost tenfold (Fig. 3a). Unprocessed
and matured Gag could be detected byWestern blot in culture
supernatants of sorted cells, and both seem to be significantly
higher than in the non-sorted population (Fig. 3b). This was
confirmed by ELISA where a sixfold increase in p24 protein
could be observed (Fig. 3c).

Flp-RMCE in the tagging Sf9-GagGFP cell population

The traditional step after selection of a stable polyclonal cell
population consists in single-cell cloning and screening for
high producers, a labor-intensive and time-consuming process
that can take more than 8 weeks (Zitzmann et al. 2017). In this
study, rather than starting screening for clones with single-
copy integration of the tagging cassette, the Sf9-GagGFP cell
population was first submitted to RMCE (Fig. 1a). The aim
was to reduce clone screening time by increasing the proba-
bility of selecting cells tagged in loci supporting site-specific
recombination. The Sf9-GagGFP population was transfected
with a cassette encoding a red reporter protein (iCherry) and a
Flp recombinase (iFlp), whose genes were codon-optimized
for Sf9 cells (Fig. 1b). Flow cytometry analysis of the popu-
lation 4 days post transfection (dpt) indicated that cassette
exchange was well-succeeded, with about 6% of the cells
expressing iCherry (Fig. 4a). This recombination efficiency
is within the reported values for a Flp-RMCE process in mam-
malian cells (Qiao et al. 2009), suggesting that the FRT site
within the linker between the two genes does not have impact
on recombination. Due to the two-promoter traps, only cells
that exchanged cassettes will express iCherry and resist to
G418 selection. After 3 weeks in antibiotic selection, flow

Fig. 2 Sf9 cell population expressing GagGFP-VLPs. a Fluorescence
microscopy of GagGFP-expressing cells showing that the fusion protein
is functional (scale bar is equal to 100 μm). The insert is a confocal
fluorescence microscopy image (scale bar is equal to 10 μm). b
Western blot analysis of p24 Gag protein in the supernatant along
culture time. Ethanol precipitation was performed to 100 μL of culture
supernatant before analysis. HIV-1 Gag proteins were detected by a mAb
specific to the p24 capsid (CA) protein, which detected the immature

protein fused to GFP at 83 kDa and its mature form (matrix (MA) and
CA domains) at 40 kDa. c Electron microscopy images of the GagGFP
VLPs pelleted by ultracentrifugation from the supernatant of GagGFP-
expressing cells. Scale bar represents 100 nm. d Growth profiles of
parental Sf9 cells and engineered Sf9-GagGFP cells at different
passages (P6, P12, and P18). e Median fluorescence intensity along
passages analyzed by flow cytometry
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cytometry data shows that the percentage of iCherry-
expressing cells could be enhanced to 60% (Fig. 4a), and
fluorescence microscopy of the monolayer cultures show red
as well as green colonies (Fig. 4b). To get rid of resistant GFP-
expressing cells, the Sf9-GagCherry population was harvested
and sorted for GFP-negative cells.

Establishment of the RMCE Sf9-Gag cell line

Screening of Sf9-GagCherry cell clones

We next isolated single cells from the Sf9-GagCherry popu-
lation by sorting for GFP-negative and iCherry-positive cells,
which were collected into 96-well plates. The expansion of the
colonies was monitored regularly; all wells containing multi-
ple colonies were discarded. Cell growth performance and
iCherry fluorescence intensity were characterized for seven
of the isolated clones. Higher growth rates and peak densities
were observed for cell clones #10, #11, #12, and #13 (Fig. 5a).
Noteworthy, these four clones had also improved iCherry
fluorescence distributions (Fig. 5b). Therefore, they were

selected for further characterization in terms of cassette copy
number by real-time PCR and Gag expression levels by
ELISA. Real-time PCR data confirmed that all four clones
have a single targetable locus (Fig. 5c), a desired feature to
achieve a more robust RMCE cell line. Concerning produc-
tivity assessment, clone #11 showed significantly higher Gag
expression levels than the remaining three clones (Fig. 5d).
We also performed genomic PCR analysis of clone #11 to
confirm that the target cassette had been introduced by
RMCE (Fig. S2). Based on this data, we selected clone #11
for a proof-of-concept study, in which we explored the devel-
oped RMCE cell platform (Sf9-GagCherry-11 cell line) to
produce Gag-VLPs decorated with a membrane protein.

Co-expression of Gag and β2AR proteins from the same locus

As target membrane protein, β2AR fused to a reporter protein
(citrine) and to a hemagglutinin tag (HA-tag) was used to
facilitate the detection of both (i) cells co-expressing β2AR
and Gag proteins upon Flp recombination and (ii) β2AR on
the surface of Gag-VLPs secreted into the culture supernatant.

Fig. 3 Isolation of high GagGFP-producing Sf9 cells by FACS. a Flow
cytometry analysis of the Sf9-GagGFP cell pools, before and after sorting
for high GagGFP-expressing cells. Parental Sf9 cells were used as
negative control. b Western blot analysis and c ELISA of p24 Gag

accumulated in the culture supernatant (192 h post inoculation) of
populations before and after sorting. ELISA statistical significance was
determined on the three independent experiments using the two-tailed
Student t test, *p < 0.01

Fig. 4 Flipase-mediated cassette exchange to isolate Sf9 cell clones
tagged in targetable loci. a GFP and iCherry flow cytometric profiles of
the population before transfection, 96 h post transfection with the

pTarget-Cherry cassette and 3 weeks in G418 selection. b Fluorescence
microscopy of the population after Flp-mediated cassette exchange and
G418 selection during 3 weeks. Scale bar represents 100 μm
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We transfected Sf9-GagCherry-11 cells with the β2AR-
encoding target cassette (Fig. 1b), and eliminated the residual
iCherry-expressing cells by FACS after a period of 3 weeks
under zeocin (Zeo) selection. An homogeneous population of
citrine-positive and iCherry-negative cells was obtained at the
end of this process (Fig. 6a). Fluorescence microscopy con-
firmed the localization of β2AR-citrine fusion proteins at the
plasma membrane (Fig. 6b). Sf9-Gag-β2AR cell growth ki-
netics closely resemble that of cells from which they were
derived (Sf9-GagCherry-11) (Fig. 6c), but the production
levels of Gag in Sf9-Gag-β2AR cells as estimated by
ELISA were almost threefold higher (Fig. 6d). The integral
of viable cells is similar for both cell populations (0.56 and
0.49 million cells mL−1 h−1), thus the Gag per cell productiv-
ity is also higher in Sf9-Gag-β2AR cells. This difference may
be directly related with the lower burden imposed to cells by
the expression of Gag (in Sf9-Gag-β2AR cells) instead of its
fusion with iCherry (in Sf9-GagCherry-11 cells), as observed
in other expression systems (Larson et al. 2005).

The identification of β2AR and Gag proteins was per-
formed by Western blot in cell culture samples concentrated
by ultracentrifugation (Fig. 6e). The band corresponding to
β2AR protein (approx. 110 kDa) could be detected in Sf9-
Gag-β2AR cells using an anti-HA antibody. Immunoblotting
of Gag from Sf9-Gag-β2AR culture samples detected the

cleavage products of the Gag polyprotein, namely, the CA
domain (24 kDa), the MA and CA domains (40 kDa), and
p55 (55 kDa). The 83-kDa band observed in Sf9-
GagCherry-11 cells corresponds to the Gag-iCherry fusion
protein, which is absent in Sf9-Gag-β2AR cells. A non-
quantitative ELISA was performed to differentiate between
Gag-VLPs (naked VLPs) and β2AR-displaying Gag-VLPs
(full VLPs) measuring the absorbance at 450 nm (see
“Materials and methods” section for details). The full VLPs
have threefold higher optical density than naked VLPs, sug-
gesting that β2AR proteins are being displayed on the surface
of the Gag-VLPs (Fig. 6f). We also performed confocal mi-
croscopy of concentrated supernatant samples from Sf9-
GagCherry-11 cells transfected with a β2AR-citrine-
expressing plasmid, and could observe the co-localization of
Gag and β2AR on secreted particles (Fig. S3).

Discussion

Enveloped VLPs have emerged as an efficient and cost-
effective tool for displaying membrane proteins in their native
conformation, to be used as safe and potent vaccines, or on
screening platforms for small drug or antibody discovery
(Hoffman et al. 2000; Willis et al. 2008). In this work, we

Fig. 5 Characterization of Sf9-
GagCherry cell clones isolated by
FACS. a Growth profiles and b
iCherry fluorescence distribution
of cell clones 8, 10, 11, 12, 13, 14,
and 17. c Copy number
assessment by real-time
quantitative PCR. d p24 Gag
concentration in supernatant
samples at the time of harvest
assessed by ELISA. Statistical
significance from ELISA results
was determined based on three
independent experiments using
the two-tailed Student t test,
*p < 0.01
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Fig. 6 Flp-mediated cassette exchange to produce β2AR-displaying Gag-
VLPs. aFlow cytometry analysis of clone 11 before transfection, 4 days post
transfection (dpt) with pTarget-β2AR cassette and 4 weeks under antibiotic
selection and FACS to sort out the residual iCherry-positive cells. b
Fluorescence microscopy of clone 11 before and after cassette exchange,
in which the iCherry fused toGagwas eliminated and cells started to express
a citrine fluorescently labeled β2AR. White arrows point citrine
fluorescence mainly at the plasma membrane. The scale bar represents
100 μm. c Growth profiles and d p24 Gag concentration in supernatant
samples at the time of harvest of Sf9-GagCherry-11 and Sf9-Gag-β2AR

cell cultures. Data from three independent experiments. e, fCharacterization
of Gag-VLPs in ultracentrifuged supernatant samples from Sf9-GagCherry-
11 and Sf9-Gag-β2AR cell cultures. eWestern blot analysis ofβ2AR (using
a mAb specific to the HA tag in the β2AR) and p24 Gag proteins.
Representative pictures from three experiments are shown. f ELISA data
from “naked” and β2AR-pseudotyped Gag-VLPs using an anti-HA mAb.
The differential absorbance at 450 nm suggests the incorporation of HA-
labeled β2AR in the Gag-VLPs of the Sf9-Gag-β2AR cells. Statistical
significance was determined based on three independent experiments
using the two-tailed Student t test, *p < 0.01
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established an insect Sf9 cell line using a Flp-mediated site-
specific recombination system, aimed at accelerating the pro-
duction of membrane proteins anchored on HIV-1 Gag-VLPs.

RMCE systems have been widely adopted to circumvent the
laborious cell line development process associated to random
genomic integration of the transgene, which requires extensive
clone screening to identify the best performers for each new
recombinant protein to be produced. In RMCE systems, a fluo-
rescent reporter protein is typically used in the tagging cassette
to facilitate the identification of cell clones tagged in loci
supporting better expression levels. However, as fluorescent
proteins are synthesized and stay in the cytoplasm, we might
end up selecting clones with high transcription rates of the GOI
but with an inefficient secretory machinery, which is a recog-
nized bottleneck of cell lines engineered to produce secreted
proteins (Peng and Fussenegger 2009; Tigges and Fussenegger
2006). One of the main design principles of our RMCE strategy
was to use Gag fused to reporter proteins, to allow high-
throughput screening of cells that not only have high Gag ex-
pression (due to the 1:1 stoichiometrywith the reporter protein),
but also provide functional synthesis and maturation of Gag
proteins destined to the plasma membrane. As Gag is the com-
mon scaffold to expose different membrane proteins of interest,
we placed it outside the Flp recombination region, while its
fused fluorescent protein was placed inside to be eliminated
from the particle by Flp recombination once the cell line had
been established. The fusion linker between the two proteins
was inserted on the Gag C-terminal domain, based on previous
Gag structural and functional studies (Lingappa et al. 2014;
Sundquist and Kräusslich 2012), and consisted of one FRT site
flanked by two glycine-rich domains. We showed that this un-
conventional linker does not impair either (i) the formation of
Gag–GFP protein complexes, which we could detect at the
plasma membrane by fluorescence microscopy and in the cul-
ture supernatant by Western blot or (ii) the assembly of Gag
proteins as VLPs, which were observed in the culture superna-
tant by TEM. The fusion of Gag to fluorescent and non-
fluorescent proteins has been performed in different ways, in-
cluding insertingGFP or Cre recombinase between theMA and
CA domains of Gag, demonstrating the plasticity and flexibility
of the retrovirus core protein as nanocarrier (Dale et al. 2011;
Gutiérrez-Granados et al. 2013; Kaczmarczyk et al. 2011;
Kawabe et al. 2016).

Achieving genomic integration in high expressing loci after
transfection is pivotal for the success of RMCE systems (Baer
and Bode 2001; Qiao et al. 2009). Antibiotic selection pro-
vides proliferative advantage to those cells that underwent
integration, but may also select for expression of its own tran-
scription unit ultimately leading to poor expression of the
transgene, evenwhen the expression cassette is placed in close
proximity to the antibiotic marker (Kaufman et al. 2008).
When populations are isolated by FACS, higher levels of
transgene expression can be achieved, as we specifically

collect cells with transgenes integrated in a favorable chroma-
tin environment (Kaufman et al. 2008). In this study, we
adopted a combination of these two complementary selection
procedures, which has proven to improve significantly the cell
line development process (Qiao et al. 2009).

Besides providing the best production levels of functional
Gag-VLPs, the cell clones should also be Flp-RMCE compe-
tent. We have previously established a Flp-mediated cassette
exchange system in insect cells in which the majority of the
isolated clones were tagged in loci not amenable for recombi-
nation, therefore making the cell line development process
highly inefficient (Fernandes et al. 2012). Since very little is
known about the correlation between high expression levels
and RMCE competence, the selection of a clone combining
both features is extremely difficult. To get rid of cells tagged in
RMCE incompetent loci before single-cell cloning, we added
an intermediate step of Flp-mediated cassette exchange in the
Sf9 tagging population. By means of two promoter traps, we
could use antibiotic resistance and FACS to select cells which
are tagged at least in one locus supporting Flp recombination.
Through this step, we could also easily confirm that the FRT
which integrates the fusion linker remains accessible to the Flp
as cells which were GFP positive turned into iCherry positive
after Flp recombination. This step of enrichment with cells
supporting RMCE has also been adopted in cell engineering
studies of Chinese hamster ovary (CHO) cells (Qiao et al.
2009). The co-selection of high Gag-expressing and RMCE
competent clones reduced significantly the number of clones
we needed to screen to generate a master RMCE cell line.

As proof of concept, we used the best Gag producer clone
to co-express a human β2AR from its tagged locus, and could
confirm the presence of the target protein on the surface of
secreted Gag-VLPs by confocal fluorescence microscopy and
by ELISA, in which a β2AR-specific antibody bound to the
β2AR-displaying VLPs but not to “naked”VLPs (i.e., that do
not display the target protein). Capturing such complex recep-
tors in a native conformation, in the membrane-like environ-
ment of Gag-VLPs, can be particularly advantageous for an-
t ibody select ion/generat ion by phage display or
immunization-screening tools, in which antibodies that recog-
nize the VLP scaffold can be easily removed by first providing
“naked” VLPs to the phage library/animals before providing
the “full” VLPs.

Overall, this work demonstrates the suitability of the
RMCE approach adopted to rapidly develop a stable Sf9
cel l platform to eff icient ly produce Gag-VLPs
pseudotyped with membrane proteins of interest. It con-
stitutes a valuable expression tool to overcome specific
downsides of stable (e.g., random integration) and tran-
sient (e.g., insect cells-baculovirus) expression systems,
and a fast strategy to produce receptors and viral anti-
gens in a soluble format, to fuel therapeutic antibody/
drug discovery and vaccine development programs.
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