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Bovine leukemia virus (BLV) is an oncogenic deltaretrovirus that infects cattle worldwide.
In Uruguay, it is estimated that more than 70% of dairy cattle are infected, causing
serious economic losses due to decreased milk production, increased calving interval,
and livestock losses due to lymphosarcoma. Several attempts to develop vaccine
candidates that activate protective immune responses against BLV were performed, but
up to date, there is no vaccine that ensures efficient protection and/or decreased viral
transmission. The development and application of new vaccines that effectively control
BLV infection represent a major challenge for countries with a high prevalence of infection.
In this study, we generated two Drosophila melanogaster S2 stable cell lines capable
of producing BLV virus-like particles (BLV-VLPs). One of them, BLV-VLP1, expressed
both Gag and Env wild-type (Envwt) full-length proteins, whereas BLV-VLP2 contain
Gag together with a mutant form of Env non-susceptible to proteolytic maturation by
cellular furin type enzymes (EnvFm). We showed that Envwt is properly cleaved by cellular
furin, whereas EnvFm is produced as a full-length gp72 precursor, which undergoes
some partial cleavage. We observed that said mutation does not drastically affect its
expression or its entry into the secretory pathway of S2 insect cells. In addition, it is
expressed on the membrane and retains significant structural motifs when expressed in
S2 insect cells. Morphology and size of purified BLV-VLPs were analyzed by transmission
electron microscopy and dynamic light scattering, showing numerous non-aggregated
and approximately spherical particles of variable diameter (70-200 nm) as previously
reported for retroviral VLPs produced using different expression systems. Furthermore,
we identified two N-glycosylation patterns rich in mannose in EnvFm protein displayed
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on VLP2. Our results suggest that the VLPs produced in Drosophila S2 cells could
be a potential immunogen to be used in the development of BLV vaccines that might
contribute, in conjunction with other control strategies, to reduce the transmission of

the virus.

Keywords: bovine leukemia virus (BLV), virus-like particles (VLP), furin cleavage site, immunogens, Gag, Env,

retrovirus

INTRODUCTION

Enzootic bovine leukosis, caused by the bovine leukemia virus
(BLV), infects cattle worldwide. Two-thirds of the infected
animals are asymptomatic, around 30% displays persistent
lymphocytosis, and between 5 and 10% develop an aggressive
tumor pathology called lymphosarcoma, which frequently causes
the death of these animals (1, 2).

Horizontal BLV transmission between herd animals depends
on the transfer of infected cells from blood, semen, or mucous
fluids. This cellular transfer is carried out by direct contact, by
iatrogenic veterinary procedures, or by insect bites. Vertical BLV
transmission from cow to calf depends on the transfer of infected
cells through the placenta, by contact with infected blood during
calving, and through feeding with colostrum and milk from
infected cows (3, 4).

BLV infection leads to high economic losses in dairy and beef
industries, related to mortality caused by lymphosarcoma (5);
negative impact on production parameters (6, 7); immunological
alteration and secondary infections (8); and restriction on the
international trade of live cattle, semen, and infected embryos
(3, 4, 9). European and Oceanian countries have developed
efficient programs to control and eradicate BLV infection to
reduce economic losses and to control the spread of this disease
(3). However, in the Americas region, most countries display high
enzootic bovine leukosis prevalence.

In this context, the control strategy designed to fight against
BLV infection includes a set of actions aimed at reducing
viral transmission. These include improving veterinary practices,
physical separation of infected and non-infected animals, and
genetic selection of animals resistant to infection. Likewise, the
use of vaccines that generate protective immunity has been
proposed as an essential tool to reduce BLV infection (2).

Several attempts to develop vaccine candidates that activate
protective immune responses against BLV were performed,
but up to date, there is no vaccine that ensures efficient
protection and/or decreased viral transmission (4). Inactivated
virus vaccines (10, 11), cell lysates from BLV-infected cells (12),
recombinant viral antigens (gp51 and p24 proteins) (13, 14),
and synthetic peptides were tested for immunization. These
vaccine candidates demonstrated immunogenicity, but they did
not display efficient protection from the BLV challenge. Other
vaccines, such as recombinant vaccinia virus expressing BLV
envelope protein, only conferred partial protection in sheep but
were ineffective in cows. Novel DNA-based vaccines containing
env and tax genes elicited strong immune responses but did not
prevent later infection or generate an effective immunological
memory (15-17). Recently, a new viral-attenuated vaccine

platform based on a BLV provirus with multiple deletions in
oncogenic genes (tax, G4, microRNAs) and genes responsible
for infectivity or replication was reported (env and G3). This
modified provirus is infectious in cattle but displays deficient
levels of replication (18, 19). This approach is auspicious, but
several regulatory aspects must be solved before its massive use.

The use of virus-like particle (VLP)-based vaccines on
preventing different viral diseases appears as an alternative
strategy to traditional formulations (20, 21). In general, VLPs
mimic the natural virus while lacking the viral genetic material,
thus making them safe (without the risk of virus replication) and
are highly immunogenic (22, 23). Due to their particulate nature,
it is very efficiently uptaken by antigen-presenting cells leading to
potent activation of humoral and cellular immune responses (20).
VLPs are produced in different cellular systems, including yeast,
bacteria, mammalian, plants, and insect cells (24-26). Drosophila
melanogaster Schneider (S2) cells have been used in the efficient
production of several VLP types (27-30). S2 cells display several
advantages as a eukaryotic system for protein expression: simple
glycosylation profiles, fast-growing in a serum-free medium, very
high cell densities without aggregation or toxic metabolite issues,
and lack of adventitious agents that could infect humans (27).

Enveloped VLPs usually include scaffold proteins that can
be coated by immunogenic proteins to enhance the immune
response. In this regard, Yang et al. (28) produced human
immunodeficiency virus (HIV) VLPs in S2 cells, including Gag
and Env proteins, and demonstrated that HIV Env glycoprotein
was properly cleaved, glycosylated, and incorporated into
VLPs (28).

BLV Env glycoprotein trimer binds to the cellular receptor
cationic amino acid transporter-1/solute carrier family 7 member
1 (31), promoting the fusion of the viral and host cell membranes
and plays a crucial role in determining viral infectivity (32, 33).
BLV Env is synthesized as a glycosylated polypeptide precursor
(gp72) that is cleaved by cellular furin proteases into surface gp51
(SU) and the transmembrane gp30 (TM) subunits; both proteins
are associated through a disulfide bond. This cleavage gives rise
to a metastable pre-fusion conformation that has the necessary
energy to carry out the fusion process once the recognition with
the cellular receptor occurs (34). Env is a major target of antiviral
immunity, as indicated by the rapid emergence of neutralizing
antibodies after viral inoculation (35). The presence of helper
CD4+ and cytotoxic T-lymphocyte CD8+ epitopes in gp51 and
gp30 indicates that Env also stimulates a T-cell response (32, 35).

The Gag protein plays important structural roles responsible
for intracellular transport, direct assembly of virus particles,
and catalyzing the budding process (33). Expression of the Gag
polyprotein alone can lead to the formation of VLPs (36). BLV
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Gag is initially synthesized as a polyprotein that is cleaved into
major structural domains [matrix (MA, p15), capsid (CA, p24),
and nucleocapsid (NC, p12)] (37). The CA protein is also a major
target of antiviral immunity with high antibody titers found in
the sera of infected animals and contains two CD4+ epitopes
recognized by specific T lymphocytes (38).

BLV VLPs have been produced in different systems by using
mammalian, silkworm, or other insect cells. These BLV VLPs
were only composed of Gag polyprotein, and none of them
contained Env surface glycoprotein (37, 39-41).

In this study, we describe for the first time the production
and characterization of BLV VLPs containing Env and Gag
immunogenic proteins expressed in Drosophila melanogaster
S2 stable cell lines. Purified VLP morphology was analyzed
by negative staining transmission electron microscopy (TEM)
and dynamic light scattering (DLS), showing a polydisperse
population with shape and sizes compatible with previously
reported data for another retrovirus VLPs (42-49). Gag and Env
in VLPs were detected by Western blot and further confirmed by
mass spectrometry.

MATERIALS AND METHODS

Construction Design for Protein

Expression in Drosophila Cells

DNA sequences of BLV (GenBank, access number: EF600696)
encoding the precursor Gag protein (amplified from FLK-BLV
cells, DSMZ #ACC 153) and Env glycoprotein (synthesized
by Genscript) were cloned by RF cloning in pMT/BiP/V5-
His expression vector (Invitrogen). All constructs were cloned
under the control of Drosophila metal-inducible metallothionein
promoter (MT), followed by a stop codon immediately after
its C-terminus. All sequences were confirmed by automated
sequencing (Macrogen, Korea).

Two different constructs (483 aa) were designed to express
BLV-Env protein: the native form, pMT/BiP/Envwt, which is
processed by cellular furin proteases, giving rise to SU and
TM subunits and the furin-mutated form, pMT/BiP/EnvFm,
containing a double substitution at positions R301N and R302N
to avoid its proteolytic processing (50), leading to a stable
Env precursor protein. The Drosophila BiP secretory sequence
replaced the native signal peptide to ensure its entry into the
secretory pathway.

In the case of pMT/Gag, the N-terminus of the Gag protein
(393 aa) corresponds to its first native amino acid (lacking the
BiP signal from the expression vector) and giving rise to a
cytosolic protein.

Stable Transfection of S2 Drosophila Cell
Line

Twenty-four hours before transfection, S2 cells were seeded
in T25 flasks (1 x 10° cells/ml) and grown at 28°C in
Schneider’s culture medium supplemented with 10% fetal bovine
serum (Invitrogen) and 50-unit penicillin/50-pg streptomycin
per milliliter of medium. Co-transfection was performed with
0.1-pg pCoPuro plasmid (Invitrogen; conferring resistance to

puromycin), 1-ug of pMT/Gag, and 1-pug pMT/Bip/Envwt or
pMT/Bip/EnvFm using Effectene Transfection Reagent (Qiagen)
according to the manufacturer’s instructions. Three days post-
transfection, 6 pg/ml puromycin was added, and resistant cells
were selected and gradually adapted to the protein-free culture
medium (Insect Xpress, Lonza) for 4 weeks to generate two
stable cell lines Gag/Envwt-S2 and Gag/EnvFm-S2 capable of
expressing Gag and Envwt or EnvFm proteins upon induction
with 5-uM CdCl, (Sigma).

Immunofluorescence Assay

The expression of recombinant proteins was evidenced by
indirect immunofluorescence and confocal microscopy. Briefly,
50 wl of induced cells were fixed for 30 min with 4% (v/v)
paraformaldehyde in PBS, washed three times with PBS, and
subsequently blocked for 15 min with PBS-3%BSA-0.1% Triton
X-100. Cells were further incubated 1h at RT with monoclonal
antibodies anti-p24 (BLV3, 1/200) or anti-gp51 (BLV1, 1/500)
(VMRD, USA). After three washes with PBS, cells were incubated
for 1h at RT with Alexa Fluor®594 conjugated goat anti-
mouse IgG (Invitrogen) diluted 1/1,000 in PBS added with 3%
(w/v) BSA and methyl green 1/5,000, washed three times with
PBS and mounted in 70% (v/v) glycerol pH 8.8. Cell images
were acquired on a Leica TCS SP5 microscope with a 63x oil
immersion lens (NA = 1.4), pinhole set at 1 Airy unit. Stacks were
deconvolved with FIJI using DeconvolutionLab2 software (51),
applying a Fast Iterative Shrinkage-Thresholding algorithm (52)
and using a theoretical PSF estimated with the Born and Wolf 3D
optical model.

Cell Surface Env Protein Expression
Analysis by Flow Cytometry Analysis

Induced or non-induced EnvFm/Gag-S2 cells were incubated
with a monoclonal antibody anti-gp51 (BLV1, 1/50) (VMRD,
USA) and subsequently stained with a goat anti-mouse
IgG Alexa-594 secondary antibody (Invitrogen). Cells were
immediately acquired, without permeabilization or fixation,
using a BD FACSAria™ Fusion Cell Sorter (BD Biosciences,
Franklin Lakes, NJ, USA). Data were analyzed with FlowJo
software (Tree Star, Inc.). Unstained cells were used as a control
of fluorescence background.

Production and Purification of Virus-Like

Particles

Envwt/Gag-S2 and EnvFm/Gag-S2 cells were cultured at 28°C
with moderate agitation in glass Erlenmeyer flasks and induced
with 5-pM CdCl, upon reaching a density of 7.5 x 10°
cell/ml. Seven days post-induction, cells were harvested by
centrifugation at 6,000 x g for 30 min at 4°C, and supernatant
was filtered through 0.45 pm. Clarified supernatant was further
ultra-centrifuged in a 20% sucrose cushion (72,000 x g for 1.5h
at 4°C), and the pellet containing VLPs was resuspended in PBS
and stored at —80°C (28).

Western Blot

The expression of Envwt, EnvFm, and Gag was evidenced by
Western blot analysis from induced cells culture supernatant
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and purified VLP fractions. Samples were migrated in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) 12% under reducing or non-reducing conditions
and electroblotted onto nitrocellulose membrane (Hybond
ECL, Amersham-GE Healthcare) for 2h at 300mA and 4°C.
Membranes were blocked overnight at 4°C with PBS + 3%
(w/v) BSA, incubated for 1 h at RT with monoclonal antibodies:
anti-p24 (BLV3, 1/2,000) or anti-gp51 (BLV2, 1/2,000) (VMRD,
USA) and vigorously washed three times for 5min with PBS
+ 0.3% (v/v) Tween 20. Membranes were then incubated
with goat anti-mouse monoclonal antibody conjugated to
peroxidase (1/5,000) (Santa Cruz Biotechnology) for 1h at RT
and washed as previously described. Both primary and secondary
antibodies were diluted in PBS + 3 % (w/v) BSA and 0.3% (v/v)
Tween 20. Finally, membranes were incubated 5min at RT
with the enhanced chemiluminescence enzyme substrate kit
(Thermo Fisher Scientific, USA), exposed to Hyperfilm enhanced
chemiluminescence (GE Healthcare), and manually developed.

Identification of EnvFm and Gag Proteins

by Mass Spectrometry

Purified VLPs were migrated in reducing 12% SDS-PAGE and
stained with Coomassie blue, and the fraction corresponding
to molecular weights between 35 and 80 kDa was cut under
keratin-free conditions. Proteins were in-gel digested with
trypsin (Sequencing grade Promega) at 37°C overnight.
Peptide mixtures extracted from geles were desalted using
micro-columns (C18 ZipTip®, Merck, Millipore), eluted in
60% ACN/0.1% formic acid, dried and resuspended in 0.1%
formic acid, before nano-LC mass spectrometry (MS)/MS
analysis. Tryptic peptides were separated using a nano-HPLC
(UltiMate 3000, Thermo Scientific) coupled online with a
hybrid quadrupole-Orbitrap mass spectrometer (Q-Exactive
Plus, Thermo Scientific). Peptide mixtures were injected into
a trap column (Acclaim PepMap 100, C18, Thermo Scientific)
and separated into a PepMap™ RSLC C18 column (2pm,
100A,75pm ID, 50cm length) at a flow rate of 200 nl/min.
Elution was performed using the following gradient: 1-55%
B over 86 min and 55-99% B over 9min at a constant flow
rate of 200 nl/min [A: 0.1% formic acid in water, B: 0.1%
formic acid in acetonitrile (ACN)]. The mass spectrometer was
operated in data-dependent acquisition mode with automatic
switching between MS and MS/MS scans. The full MS scans
were acquired at 70K resolution, and MS/MS was performed
using a data-dependent top 12 method at a resolution of 17.5K
using a dynamic exclusion list. Bioinformatics data analysis was
performed using PatternLab for Proteomics software, v 4.0.0.84
(http://patternlabforproteomics.org). A target-decoy database
was generated using Drosophila melanogaster UP000000803
from Uniprot (https://www.uniprot.org) 2018/10/31 added
with the amino acidic sequences of Gag, EnvFm, and 127
most common contaminants. Search parameters were set as
follows: tryptic peptides; methionine oxidation and asparagine
glycosylation (Hex3HexNAc2 and Hex3HexNAc2dHex) as
variable modifications. Peptide spectrum matches were filtered
using the Search Engine Processor (SEPro) using the following

parameters: precursor mass tolerance 10 ppm; FDR < 1% at
the protein level. The mass spectrometry proteomics raw data
have been deposited to the ProteomeXchange Consortium
via the PRIDE (53) partner repository with the dataset
identifier PXD027973.

Analysis of Virus-Like Particles by

Transmission Electron Microscopy

Purified VLPs were deposited onto copper grids covered with
commercial carbon/Formvar film, stained with 1-3% uranyl
acetate, washed with Milli-Q water or 0.1-M KCl, and the excess
liquid was removed by absorption with regular tissue paper. TEM
images were obtained in a JEOL JEM-1010 microscope operated
at 80 kV.

Analysis of Transfected S2 Cells by

Transmission Electron Microscopy

Induced cells producing VLPs were obtained by centrifugation at
250 x g for 5min, fixed with 2.5% (v/v) glutaraldehyde in PBS,
pH 7.2-7.4 and further washed with PBS. A post-fixation step
with 1% osmium tetroxide (OsQOy) in distilled water was carried
out, washed with distilled water and finally dehydrated through
a graded [25, 50, 75, 95, and 100% (v/v)] ethanol-water series.
The material was infiltrated with Araldite epoxy resin and after
polymerization blocks were semi-thin (about 300 nm) and ultra-
thin (~70nm) sectioned using a RMC MT-X ultramicrotome.
Ultra-thin cuts were mounted on formvar-coated copper grids,
stained in 2% aqueous uranyl acetate followed by Reynold’s lead
citrate, and visualized in a Jeol JEM-1010 transmission electron
microscope operated at 80 kV.

Dynamic Light Scattering

Purified VLPs were analyzed by DLS using a Zetasizer Nano
S (Malvern Panalytical). Samples were pre-incubated at 25°C
for 10min and measured with automatic parameter using
disposable plastic cuvettes (UVette, Eppendorf). Data from
triplicate measurements were averaged and analyzed with
Zetasizer Software v.7.13 (Malvern Panalytical) to obtain size
distribution of the samples.

RESULTS

Expression of Envwt, EnvFm, and Gag

Protein in Drosophila S2 Cells

S2 Drosophila cells were co-transfected with plasmids pMT/Gag
and pMT/BiP/Envwt or pMT/BiP/EnvFm to express Gag and
Envwt or EnvFm proteins, respectively (Figure 1A). Transfected
cells were selected with puromycin and progressively adapted
to grow in protein-free culture medium, generating stable
polyclonal cell lines Gag/Envwt-S2 and Gag/EnvFm-S2 to
produce BLV-VLPs identified as VLP1 and VLP2, respectively
(Figure 1B).

The presence of Gag, Envwt, and EnvFm proteins was first
confirmed by Western blot analysis in reducing conditions, in
the culture supernatant after 7 days post-induction (Figure 1C).
Gag protein, with an expected size of 42.8 kDa, was detected
with an anti-p24 monoclonal antibody (BLV3) in both cell
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FIGURE 1 | Schematic representation of the expression vectors, produced BLV VLPs, and expression of Gag, Envwt, and EnvFm proteins in transfected Drosophila
S2 cells. (A) Representative vectors used to express BLV Envwt, EnvFm, or Gag proteins in S2 cells. pMT, metal-inducible metallothionein promoter; BiP, Drosophila
secretory sequence; SU, Surface subunit; TM, Transmembrane subunit; CD, cytosolic domain; Fm, mutated furin cleavage site; MA, matrix; CA, capsid; NC,
nucleocapsid. Dotted lines represent the membrane spanning domain present in Envwt and EnvFm. (B) Representative scheme of the BLV VLPs (VLP1 and VLP2)
produced in S2 cells. (C) S2 Drosophila cells were co-transfected with plasmids pMT/Gag and pMT/BiP/Envwt or pMT/BiP/EnvFm to generating stable Gag/Envwt-S2
and Gag/EnvFm-S2 cell lines to produce BLV VLP1 and VLP2. Gag, Envwt and EnvFm proteins expression were analyzed by western blot in reducing conditions, in
the culture supernatant after 7 days post-induction. Gag protein, with an expected size of 42.8 kDa was detected with an anti-p24 monoclonal antibody (BLV3) in
both cell culture supernatants. Properly cleaved Envwt protein was detected as major band with a size between 35 and 55 kDa (left panel). Full-length EnvFm (~65
kDa) and proteolyzed lower fragments were detected (right panel). Envwt and EnvFm were detected using monoclonal antibody anti-gp51 (BLV2) which recognizes

the linear D epitope belonging to gp51 subunit. Protein size were indicated by Page Ruler Prestained Protein Ladder, 10-180 kDa (Thermo Fisher Scientific).

culture supernatants. Because Gag protein is devoid of secretory
signal peptides, its presence in the culture medium could
be associated with its incorporation into VLPs (Figure 1C).
In the case of Envwt, a major band with a size between
35 and 55 kDa was detected with monoclonal antibody
BLV2, which recognizes the linear D epitope belonging to
gp51 subunit. This result is in agreement with proteolytic
processing of Envwt by cellular furin endopeptidases,
giving rise to gp51 subunit (~40 kDa) detected by BLV2
antibody and the gp30 subunit (~24 kDa) not detected by
this antibody.

On the other hand, the BLV2 antibody detects a band
with a size according to the expected full-length protein (~65
kDa) in EnvFm cell culture supernatant, along with bands
of lower sizes (probably related to proteolysis over 7 days
of induction) (Figure 1C). Expression of Gag, Envwt, and
EnvFm was detected in transfected S2 cells after 7 days of
induction by immunofluorescence using monoclonal antibodies
BLV1 directed against the conformational epitope G of Env
(gp51) and BLV3 against the capsid protein, p24 (Figure 2A
and Supplementary Figure 1A). In both cases, Gag and Env
proteins were exclusively detected in transfected cells, and
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no expression was detected in untransfected S2 cells. These
results show that both Gag and Env proteins were expressed in
transfected S2 cells and despite the modification of the highly
conserved furin cleavage site (in EnvFm), this mutant may
be successfully expressed representing a suitable candidate to
stabilize a prefusion-like version of Env in BLV VLPs, which
could be used as an immunogen. To gain insight into the
feasibility of this alternative, we further characterized VLP2.

The proper display of EnvFm protein on the membrane of
Gag/EnvFm-S2 cells upon induction, which is a prerequisite for
its incorporation into VLPs, was demonstrated by flow cytometry
(Figure 2B). When non-induced unpermeabilized Gag/EnvFm-
S2 cells were treated/stained with BLV1 monoclonal antibody,
no change in the median fluorescence intensity (MFI) compared
with unstained control cells was observed. Regarding the induced
culture, an MFI shift was detected in those cells expressing
EnvFm, showing that abrogation of proteolytic processing by
furin does not hamper its transport and final anchoring on
the membrane of S2 cells, allowing its specific detection with a
conformational anti-BLV gp51 antibody.

Incorporation of Gag and Env Proteins Into

Virus-Like Particles

Previous results allowed us to produce and purify BLV VLPs
according to the protocol schematized in Figure 2C to produce
particles displaying wild-type Env (VLP1) and pre-fusion like
Env (VLP2). Purified VLPs were analyzed by Western blot
using anti-p24 and anti-gp51 monoclonal antibodies. For VLP1,
Gag was detected as a unique band with the size according
to a molecular weight of 42.8 kDa (Supplementary Figure 1B),
whereas Envwt was evidenced as a ~40 kDa band corresponding
to fully processed gp51 subunit, as described before in the
Western blot results from cell culture supernatant. For VLP2
under non-reducing conditions (NR), EnvFm was detected as
species with sizes >180 kDa, in agreement with the expected
size of the Env trimer (~200 kDa) or even multimers probably
stabilized by disulfide bridges (Figure 2D). To evaluate this, we
also analyzed VLP2 by Western blot under reducing conditions,
revealing the presence of a band corresponding to EnvFm size
(~70 kDa) along with other bands of lower sizes ~35-40 kDa,
which are not detected under NR conditions (Figure 2D). These
results indicate that part of the EnvFm protein is found as a
full-length precursor gp72 (64.5 kDa, theoretical mass) together
with smaller size species held together by disulfide bridges. The
presence of Gag in VLP2 was also evidenced by Western blot
under reducing conditions showing the same results as seen for
VLP1 (Figure 2D).

Identification of Gag and EnvFm Proteins

by Mass Spectrometry

The identity of EnvFm and Gag proteins from VLP2 was
assessed by LC-MS/MS analysis after SDS-PAGE band digestion
with trypsin. The sequence of both proteins with peptides
identified from three independent replicates highlighted
(Supplementary Table 1) are shown in Figure 3A. In the case
of Gag, the total sequence coverage was 17.5 %, including

the PPPY motif located in the MA domain, which was fully
identified with a 100% sequence coverage. In the case of
EnvFm, the BiP sequence was not detected in any case as
expected for a fully processed protein entering the secretory
pathway, so it is not included starting at amino acid position
33. Sequence identification coverage for EnvFm was 25%,
allowing the confirmation of both linear and conformational
epitopes. Conformational H and F epitopes, linear E epitope and
conserved CXgCC motif were identified with 100% coverage,
whereas for conformational G epitope, 4 of 5 amino acid
residues were also confirmed. Other sequences, such as the
neutralization domain, the CD4+ and CD8+ T cell epitopes, 4-3
heptad repeat domain and the immunosuppressive peptide, were
partially identified. A unique glycosylated peptide in EnvFm
was identified by MS/MS (SWALLLNQTAR) with two N-glycan
residues, Man3GIcNAc2Fuc (m/z = 1,038.38 Da) (Figure 3B) or
Man3GlcNAc2 (m/z = 892,32 Da) (Supplementary Figure 2).

Morphology and Size of BLV Virus-Like

Particles

Gag/EnvFm-S2 cells were analyzed by TEM, showing budding
structures on its surface with size and shape resembling
VLPs (Figure4A). Purified VLPs were also analyzed by
negatively stained TEM showing numerous non-aggregated
and approximately spherical particles of variable diameter
(70-200 nm). Within this polydisperse population, VLPs were
observed as particles surrounded by a lipid membrane (shiny
in appearance) with an electrondense nucleus (Figure 4B and
Supplementary Figure 1C) as previously reported retroviral
VLPs produced using different expression systems (42-49). Size
distribution of purified VLPs was analyzed by DLS revealing
the presence of monomodal size distribution with a unique
peak by intensity, with a polydisperse population characterized
by a z-average hydrodynamic radius (z-ave Ry =+ sd) of 102.1
4+ 50.04nm for VLP1 (Supplementary Figure 1D) and 93.02
+ 36.72nm for VLP2 (Figure 4C) with polydispersity index
(PdI) values of 0.156 and 0.240 (polydisperse), respectively. DLS
results confirmed the polydisperse and non-aggregated nature of
purified VLPs in agreement with TEM results.

DISCUSSION

Trimeric Env glycoprotein is displayed on the surface of
retroviral particles as a metastable conformer. After being
processed by furin protease, SU and TM subunits are held
together through inter-subunit disulfide bond among other
molecular contacts. Despite this mechanism is not fully
understood, disulfide isomerization leading to establishment of
intra-subunit bonds and dissociation of SU and TM subunits
generates a dramatic conformational change resulting in viral and
cellular membranes fusion.

This conformational change leads to exposure of non-
neutralizing regions of Env to the immune system, giving rise to
an immune evasion mechanism known for several retroviruses
such as HTLV (55) and HIV (56). Moreover, gpl120 from
HIV (analogous to BLV gp51 subunit) was found to be very
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FIGURE 2 | (A) Confocal microscopy of cytoplasmatic Gag and EnvFm expression in Gag/EnvFm-S2 cells. A strong EnvFm and Gag signal is observed in the
cytoplasm of CdCl,-induced cells (left), green and magenta respectively, while being absent in untransfected S2 cells (right). EnvFm and Gag proteins were detected
using anti-gp51 conformational monoclonal antibody (BLV-1) and anti-p24 monoclonal antibody (BLV-3), respectively. Alexa 594 goat anti-mouse antibody (Invitrogen)
was used to reveal both proteins and DNA was stained with methyl green (blue). Scale bar: 5 um. (B) Flow cytometry histograms to analyze cell surface expression of
EnvFm in CdCl-induced Gag/EnvFm-S2 cells. Unstained control is shaded in gray. The increase in EnvFm cell surface expression in induced cells (red ling) is shown
compared to the non-induced S2 cells (gray line). EnvFm was detected using a monoclonal antibody anti-gp51 (BLV1) and stained with a goat anti-mouse 1gG
Alexa-594 secondary antibody (Invitrogen). (C) Schematic representation of the experimental strategy used to express and purify VLPs. (D) Western blot analysis of
Gag and EnvFm in purified VLPs. Supernatants from cultures of induced S2 cell line were harvested 7 days post induction and sedimented through a sucrose
cushion. Individual proteins expressed in the VLPs were analyzed in western blot. On the left and center panels, western blot analysis of EnvFm protein using
anti-gp51 monoclonal antibody (BLV-2) in non-reducing (NR) or in reducing (R) conditions, respectively. On the right, analysis of Gag protein using anti-p24
monoclonal antibody (BLV-3). Protein size were indicated by Page Ruler Prestained Protein Ladder, 10-180 kDa (Thermo Fisher Scientific).
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FIGURE 3 | Identification of amino acid sequence Gag and EnvFm expressed VLP2 by mass spectrometry. (A) Amino acid sequence of Gag (up) and EnvFm (down)
of BLV VLP2. Those peptides identified by MS in three replicates are shown in bold. The sequence of the different proteins in the construction are depicted with
different shades of grays. Conformational epitopes G, H, and F, and CX6CC motif are marked above the text. The remaining motifs are indicated below the text (54).
(B) Representative MS/MS spectrum of the EnvFm N-glycosylated peptide (sequence SWALLLNQTAR modified with Man3GIcNAc2Fuc doubly charged ion, m/z:
1,1566.546. The N-terminal and C-terminal fragment ions, including those with partial loss of the glycan structure are labeled.
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FIGURE 4 | Morphology and size of BLV VLP2. (A) TEM image of an ultrathin
section showing budding structures from Gag/EnvFm-S2 cells. Bar 100 nm.
(Continued)

FIGURE 4 | (B) TEM image of purified VLP2 negatively stained. Numerous
non-aggregated and approximately spherical particles of variable diameter
(70-200 nm) were observed. Bar 100 nm. (C) Size distribution of purified VLP2
analyzed by DLS. Monomodal size distribution with a unique peak by intensity,
with a polydisperse population was observed. The size distribution is shown
as the average of triplicate measurements and mean size represented as
z-average Ry (z-ave Ry) (in nm with its standard deviation) and the
polydispersity index (Pdl) are shown.

flexible (57), resulting in an immune system presentation that
may involve different structural conformations, thus diverting
attention from functional Env. This conformational diversity
also imposes significant barriers in the development of efficient
vaccines aimed to induce broadly neutralizing antibodies, and
several strategies have been proposed to stabilize Env trimers
in the pre-fusion state (58-61). Recently, Gonelli et al. (62)
generated VLPs displaying stabilized HIV Env trimers by
introducing inter-subunit disulfides and a proline substitution
(SOSIP) mutation. The resulting modified VLPs can efficiently
activate B cells by displaying epitopes recognized by broadly
neutralizing antibodies while minimizing exposure of non-
neutralizing antibody sites (62).

Our group has previously expressed soluble ectodomain of
BLV Env proteins in S2 insect cells, giving rise to unstable gp51-
gp30 complexes (for ectoEnvwt), which show a high tendency to
form aggregates; meanwhile, a proteolytic processing defective
mutant (ectoEnvFm) showed higher stability (63). Previous
works intended to produce HIV VLPs in insect cells showed
Env maturation probably driven as a consequence of endogenous
furin proteases present in S2 Drosophila cells (28, 43, 64), so we
decided to mutate the proteolytic processing site of Env, to keep
both gp51 and gp30 epitopes bound to the VLP surface and, at
the same time, lock the protein in a more stable pre-fusion-like
conformation, thus reducing immune evasion. The inclusion of
other sequence modifications may also be further considered,
but the lack of tridimensional structural data of BLV Env trimer
does not allow us to step forward into a rational design. The
newly reported Alpha Fold artificial intelligence program, which
performs predictions of protein 3D structures from its aminoacid
sequences may be a potentially helpful alternative to solve this
problem (65).

In this work, we transfected S2 Drosophila cells with
expression plasmids encoding BLV Gag and Env proteins
to generate stable cell lines capable of producing two types
of BLV VLPs. The expression of Gag, Envwt, and EnvFm
proteins in both stable cell lines was confirmed by Western blot
and immunofluorescence and its antigenicity evidenced using
monoclonal antibodies recognizing linear and conformational
epitopes. Furthermore, the incorporation of the EnvFm protein
into the membrane of transfected cells was confirmed by flow
cytometry. Altogether, these results show that the mutation of
Env does not drastically affect neither its expression nor its
entry into the secretory pathway of S2 insect cells. In addition,
its detection by BLV1 monoclonal antibody (recognizing a
conformational epitope) suggests that EnvFm retain important
structural motifs when expressed in S2 insect cells.
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The presence of Gag, Envwt, and EnvFm in purified VLPs was
also demonstrated by Western blot analysis. For VLP1, only one
band with molecular weight corresponding to gp51 is detected,
indicating that Envwt is fully processed by cellular furin proteases
as expected. EnvFm displayed on VLP2 is produced as a full-
length gp72 precursor that undergoes some partial cleavage,
along with additional fragments showing smaller and discrete
sizes, which remains covalently bound by disulfide bonds and
displayed on BLV VLPs. The genesis of this partial proteolysis
remains elusive to us, being the recognition of other sequences
in a less efficient way by different Drosophila furin proteases, a
plausible explanation for this (66). On the other hand, we cannot
exclude the possibility that a proportion of the EnvFm protein is
cleaved by other intracellular proteases. In fact, cellular proteases
play crucial roles by regulating the conformation of major viral
proteins (67, 68). The existence of undescribed hydrolysis sites
for other cellular proteases cannot be ruled out (69).

The identity of EnvFm and Gag proteins from purified
VLP2 was further confirmed by mass spectrometry. In the
case of EnvFm, several peptides were detected, allowing the
identification of distinctive motifs, some of them containing
conformational and linear epitopes of gp51 in agreement
with results obtained by immunofluorescence and flow
cytometry assays.

Regarding the glycosylation of EnvFm, we identified two
paucimannosidic residues at asparagine 203, in agreement
with previous results obtained with the recombinant soluble
ectodomain of BLV-Env expressed in S2 Drosophila cells in
our laboratory (63) and in accordance with the type of
glycosylation described in insect cells (70, 71). The presence
of an N-glycosylation site at this position, which has been
demonstrated to be essential for BLV in vitro infection (72),
remains as an important feature in our attempt to produce non-
infectious particles showing epitopes mimicking those found
in native virions. N-glycosylation of Env protein is essential
for BLV infectivity and could be responsible for antigenic
determinants (72, 73). In this regard, taking into account the
low coverage of sequence identification obtained by MS, along
with previous results obtained in our group (63) reflects that
as in native BLV virions, Env protein present in VLPs is highly
glycosylated even if N-glycans are paucimannosidic thus less
complex than in mammalian cells. Moreover, the electrophoretic
migration of EnvFm identified by western blot agrees with the
presence of several modifications wich increases the overall
mass of the protein. In this regard, antigen paucimannosylation
may represent a promising mechanism to increase vaccine
immunogenicity (74).

In the case of Gag, one of the identified peptides on the MA
domain (p15) contains the PPPY motif which is essential in the
assembly and budding of the BLV particle (37, 75).

Structures with size and shape resembling budding VLPs were
visualized in TEM images obtained from ultrathin sections of
transfected S2 cells. TEM analysis of purified VLPs showed the
presence of non-aggregated spherical vesicles with variable size
and DLS results confirmed the polydisperse and non-aggregated
nature of this fraction. This polydispersity could be associated
with the existence of VLPs with variable size, however we

cannot rule out the coexistence of membrane-covered vesicles
with similar density (exosomes, microvesicles) which could be
copurified in VLPs fraction (76).

A series of attempts have been performed before to develop
vaccines capable of generating protective responses against BLV;
however, until now, no vaccine candidate ensures efficient
protection and/or decreased transmission of BLV infection in
cattle (15, 16, 77-82).

Th1 responses, particularly involving cytotoxic T lymphocytes
(CTL), are proposed to mediate immunity against retroviruses,
including BLV (79). Vaccine trials in sheep have shown efficacy
in protection against BLV challenge, and this has been correlated
with a Thl-polarized cellular immune response (80, 81).
However, in cattle, vaccine trials shown a lack of protection
efficacy that was correlated with a Th2 polarized response
(77). These results indicate that it would be important to
include adjuvants in vaccine formulations that can polarize the
type of response toward Thl to improve anti-viral protection.
The presence of adequate neutralizing antibody levels and
a strong CTL-mediated cellular response would be desirable
characteristics for an efficient anti-BLV vaccine (83).

The use of an attenuated vaccine composed of a provirus
with deletions and mutations located in BLV genomic regions
involved in viral pathogenesis represent a very promising
approach. This live-attenuated vaccine is infectious in cattle but
replicates at reduced levels in cows and is able to efliciently
stimulate the humoral and cellular immune response in cattle
(84). However, risks as genetic drift, antigenic change or
acquisition of mutations that increase pathogenicity, such as
substituting by N230E of an N-linked envelope glycosylation site,
must be considered significant concerns (18).

In this work, we developed BLV VLPs containing full-length
Env and Gag proteins. As mentioned by Bai et al. (32), one
of the major problems of using only BLV gp51 protein as the
immunogen is due to the high variability of CTL epitopes within
this subunit. Therefore, the best candidate for a vaccine against
BLV would contain the full-length Env protein, as gp30 CTL
epitopes appear to be less polymorphic (32) and will contribute
better in the development of an efficient immune response. Our
results suggest that the VLPs produced in Drosophila S2 cells
could be a potential immunogen to be used in the development
of a BLV vaccine that contributes, in conjunction with other
control strategies, to reduce the transmission of the virus. In
vivo studies are still needed to evaluate its ability to stimulate
effective immune responses to evaluate its possible application
in the rational design of an effective vaccine. Considering the
different proven strategies for the development of a vaccine
against BLV infection (18, 85), in addition to the characteristics
of the presentation of antigens in a particulate form (22), the
reduced biological risk associated to the use of non-infectious
material, and the immunogenic features of proteins with N-
glycosylation patterns rich in mannose, BLV VLPs produced in
S2 Drosophila cells could be a potential immunogen. Future trials
designed to evaluate immunogenicity and protective efficacy
against viral challenges of this VLP platform in cattle may provide
information on its potential advantages to be incorporated into
new veterinary vaccine formulations.
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