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Abstract: In this study, the HIV-1 P18I10 CTL peptide derived from the V3 loop of HIV-1 gp120
and the T20 anti-fusion peptide of HIV-1 gp41 were inserted into the HPV16 L1 capsid protein to
construct chimeric HPV:HIV (L1:P18I10 and L1:T20) VLPs by using the mammalian cell expression
system. The HPV:HIV VLPs were purified by chromatography. We demonstrated that the insertion of
P18I10 or T20 peptides into the DE loop of HPV16 L1 capsid proteins did not affect in vitro stability,
self-assembly and morphology of chimeric HPV:HIV VLPs. Importantly, it did not interfere either
with the HIV-1 antibody reactivity targeting sequential and conformational P18I10 and T20 peptides
presented on chimeric HPV:HIV VLPs or with the induction of HPV16 L1-specific antibodies in vivo.
We observed that chimeric L1:P18I10/L1:T20 VLPs vaccines could induce HPV16- but weak HIV-1-
specific antibody responses and elicited HPV16- and HIV-1-specific T-cell responses in BALB/c mice.
Moreover, could be a potential booster to increase HIV-specific cellular responses in the heterologous
immunization after priming with rBCG.HIVA vaccine. This research work would contribute a step
towards the development of the novel chimeric HPV:HIV VLP-based vaccine platform for controlling
HPV16 and HIV-1 infection, which is urgently needed in developing and industrialized countries.

Keywords: HIV-1; HPV16; vaccine; virus-like particles; P18110; T20 enfuvirtide; BCG.HIVA; humoral
immunity; T cell-mediated immunity

1. Introduction

Human immunodeficiency virus-1 (HIV-1), which causes acquired immunodeficiency
syndrome (AIDS), was discovered in the early 1980s, and since then it has become a
global epidemic [1]. Although highly active anti-retroviral treatment (HAART), together
with pre-exposure prophylaxis (PrEP) can have a real impact on the control of HIV-1
infection, vaccination is still a fundamental approach for public benefit and to put an end
to global HIV-1 epidemic [2]. In spite of over three decades of thorough HIV-1 research and
numerous vaccine clinical trials, a licensed HIV-1 vaccine until now is still unachievable.
The RV144 trial conducted in Thailand was the first case to reveal a modest efficacy of
31.2% against acquisition of HIV-1 infection [3]. The majority of other HIV-1 vaccine
candidates that underwent clinical trials were mainly based on DNA, recombinant viral
vectors or subunit protein models [4,5]. Ideally, an efficacious HIV-1 vaccine is capable of
inducing innate immune responses, neutralizing antibodies to prevent viral infection [6] as
well as cytotoxic T lymphocytes (CTL) responses to eliminate infected cells [7]. However,
eliciting each response may require different vaccine strategies, warranting separate but
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parallel development efforts. The selection of immunogens and delivery vectors will have
significant impacts on function and specificity of HIV-1 vaccines [8,9]. The repeated failures
using the standard approaches for the HIV-1 vaccine development led to a recognition of the
importance of delivery vector selection, prime-boost regimes and immunogen specificity in
both humoral and cellular responses. More than 100 types of human papilloma virus (HPV)
are already known and the HPV genotypes 16 and 18 are considered to be responsible
for approximately 70% of cervical cancers worldwide [10]. HPV L1 virus-like particles
(VLDPs), classified as a type of subunit vaccines, could predominantly induce comparable L1-
specific humoral responses to wild-type virion and also T cell-mediated responses [11-13].
Currently, three HPV preventive vaccines have been licensed on the market and all of them
are based on VLPs of HPV L1 capsid protein. Two of them, Gardasil (Merck, Rahway,
NJ, USA) and Gardasil-9 (Merck) are produced by the yeast (Saccharomyces cerevisiae)
expression system while the other, Cervarix (GSK, Brentford, UK), is produced by the
baculovirus expression vector/insect cell (BEVS/IC) system [14]. Until now, optimum
conditions of production HPV16 L1 proteins in the mammalian expression system have not
been well-established. Thus, the development of a combined vaccine that would protect
against HPV and HIV infections is a logical effort in the fight against these two major
global pathogens.

In our previous review paper publication regarding design concepts of virus-like
particle (VLP)-based HIV-1 vaccines, we mentioned that non-enveloped VLPs, such as
papillomavirus VLPs, could play a functional role as delivery vectors to present HIV-1 CTL
or neutralizing antibody epitopes [15,16]. This hypothesis has been confirmed in several
chimeric bovine papillomavirus (BPV) L1 VLP presenting P18110 CTL epitope from V3
loop of gp120 HIV-1 envelope protein (Env) and 2F5 epitope or MPER region of gp41 HIV-1
Env [17-22]. The structural feature of human papillomavirus type-16 (HPV16) L1 capsid
proteins is similar to that of BPV and could self-assemble into single-layer L1 VLPs [23].
Five of the HPV16 L1 proteins form a pentamer and 72 of the pentamers self-assemble into
an HPV16 VLP [24]. However, there is still no clear evidence that chimeric HPV16:HIV cap-
sid proteins could be stable in vitro and self-assemble into morphologically integral VLPs.
On the other hand, HPV16 L1 VLPs have been demonstrated to be highly immunogenic
and are capable of inducing antigen-specific T and B-cell immune responses [11-13]. It still
remains to be seen whether the presentation of HIV-1 epitopes through HPV:HIV VLPs
could be immunogenic.

In this study, we aimed at developing a chimeric VLP-based HPV:HIV vaccine by
using human 293F cells, a well-established mammalian cell expression system. The HPV
16 L1 protein acted as the structural vaccine scaffold, and the P18110 and T20 peptides were
selected as HIV-1 immunogens and inserted into the DE loop of HPV16 L1 protein. The
immunodominant P18110 CTL epitope comprising 10 amino acids (residues 311-320: RGP-
GRAFVTI) is derived from the third variable domain (V3) of the HIV-1 envelope glyco-
protein gp120. The P18I10 peptide has been identified as a H-2Dd-restricted MHC class-I
molecule to induce cytotoxic T lymphocytes (CTL) responses [25,26]. The T20 peptide,
known as Enfuvirtide and designed as an antiretroviral multimeric fusion peptide, consists
of a 36 amino acid sequence (YTSLIHSLIEESQNQQEKNEQ ELLELDKWASLWNWEF) mim-
icking the C-terminal heptad helix sequence close to the membrane’s proximal external
region (MPER) of the HIV-1 envelope glycoprotein 41 (gp41) [27]. These two HIV-1 T
(P18I10) and B (T20) cell-based epitopes were selected as a starting point and proof of
concept experiment for the chimeric VLP-based HPV:HIV vaccine development platform.

Over the past decade, many different prime-boost formats of VLP-based HIV-1 vac-
cine have been tested [15]. Although the majority of previous HIV-1 VLP [28] or chimeric
BPV:HIV VLP [17-22] vaccine strategies were focused on inducing immune responses by us-
ing the homologous prime-boost regimen, two former studies suggested that heterologous
immunization consisting of recombinant Mycobacterium bovis Bacillus Calmette-Guérin
(rBCG) expressing HIV-1 Gag prime and HIV-1 Gag VLP boost may contribute to enhance
T-cell immunity [29,30]. In our research group, we have demonstrated that priming with
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rBCG expressing HIVA immunogen and boosting with recombinant viral vector MVA.HIVA
was safe and elicited HIV-1-specific T-cell immune responses in BALB/c mice [31-33]. The
HIVA immunogen, designed by Dr. Tomas Hanke, is composed of the full-length HIV-1
Gag protein combined with multiple CTL epitopes including P18I10 epitopes at the C-
terminus [34]. Therefore, we aimed to evaluate whether rBCG.HIVA could boost the T-cell
immune responses induced by HIV:HPV (L1:P18I10) VLPs in BALB/c mice.

In this study, the chimeric HPV:HIV (L1:P18I10 and L1:T20) immunogens were de-
signed and produced by using 293F expression system. The chimeric L1:P18I10 and L1:T20
protein expression was confirmed by immunostaining. The HPV:HIV VLPs were sub-
sequently purified by a 3-step chromatographic method, including cation (CEC), size
exclusion (SEC) and heparin affinity (H-AC) chromatography. Then, the in vitro stability,
in vitro self-assembly and morphology of purified HPV:HIV VLPs were confirmed by
non-reducing SDS-PAGE, molecular mass assay and transmission electron microscopy
(TEM), respectively. The sequential and conformational P18I10 and T20 peptides presented
on chimeric HPV:HIV VLPs were further characterized by anti-HIV-1 gp120 V3 and 2F5
monoclonal antibodies in vitro by using Western blot and indirect ELISA assay. Finally,
the immunogenicity of HPV:HIV VLPs was assessed in BALB/c mice model. We demon-
strated that chimeric L1:P18I10 and L1:T20 VLP-based vaccines could induce HPV16- and
HIV-1-specific antibody responses and chimeric L1:P18I10 VLPs could induce HPV16- and
HIV-1-specific T-cell responses in BALB/c mice. Because the development and manufac-
turing of an immunogenic HPV:HIV vaccine is still unachievable, this study provided a
baseline strategy that may be worth supporting the global efforts to develop novel chimeric
VLP-based vaccines for controlling HPV and HIV-1 infections.

2. Materials and Methods
2.1. Construction of the BCG.HIVA?™¥-int Vaccine Strain

Recombinant BCG expressing HIVA immunogen was previously constructed us-
ing the E.coli-mycobacteriol integrative shuttle vector p2auxo.int. The construction of
E. coli/mycobacterial vector expressing HIVA antigen was previously described [31-33].
BCG.HIVAZauxoint yaq diluted in PBS-Tween20 to 2 x 107 cfu/mlL, sonicated to disrupt bac-
terial clumps and inoculated into the rear food pad or BALB/c mice (50 uL, 10° cfu/mouse).

2.2. Bacterial Cultures and Transformation

Cells of the glycine auxotrophic strain of E. coli, M151GIlyA (Invitrogen, Waltham,
MA, USA), provided by Dr. Pau Ferrer, were cultured in minimal M9-derivative medium
(M9-D: NapHPOy, 6.78 g/L; KHyPOy, 3 g/L; NaCl, 0.5 g/L; NH4Cl, 1 g/L, glucose, 10 g/L;
MgSQOy, 2 mmol/L; CaCly, 0.1 mmol/L; thiamine, 0.1 g/L; FeCls, 0.025 g/L; AlCl3-6H,0,
0.13 mg/L; ZnSO4-7H,0, 2.6 mg/L; CoCly-6H,0, 0.47 mg/L; CuSO4-H20, 4.6 mg/L;
H;3BO;3, 0.03 mg/L; MnCl,-4H,0, 4.2 mg/L; NiCl,-6H,0, 0.02 mg/L; NayMoOy4-2H,0,
0.06 mg/L), supplemented with glycine (70 pug/mL). The E. coli M151Gly cells were trans-
formed with the p2auxo.HIVA plasmids by electroporation. For this, the E. coli cultures
were grown to an optical density of 0.9 at 600 nm, transformed using a Bio-Rad gene
pulser electroporator at 2.5 kV, 25 uF, and 200 (). The transformed cells were subsequently
cultured on M9-D agar plates (components as previously described, with 1.5% bactoagar
added) without glycine supplementation for selection or with glycine supplementation
as a control. The lysine auxotrophic BCG strain, BCGAlys, kindly provided by W.R. Ja-
cobs Jr., B.R. Bloom, and T. Hsu was transformed with p2auxo.HIVAI™ plasmid DNA by
electroporation. The mycobacteria were cultured in Middlebrook 7H9 broth medium or
on Middlebrook agar 7H10 medium supplemented with albumin-dextrose-catalase (ADC;
Difco) containing 0.05% Tween 80. L-lysine monohydrochloride (Sigma, Kawasaki, Japan)
was dissolved in distilled water and used as a supplement at a final concentration of
40 pg/mlL. For transformation, BCG was cultured to an optical density of 1.5 at 600 nm,
transformed using a Bio-Rad gene pulser electroporator at 2.5 kV, 25 pF, and 1000 Q). The
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transformants were then cultured on ADC-supplemented Middlebrook agar 7H10 medium
containing 0.05% Tween 80 without lysine supplementation.

2.3. Cell Lines and Cell Culture

The 293F cells (gibco), derived from human embryonic kidney (HEK) 293 cells, were
cultured in FreeStyle 293 expression medium (gibco) supplemented with 5 mL/L of
penicillin-streptomycin (gibco) and incubated in a 37 °C incubator containing a humidified
atmosphere of 5% CO; on an orbital shaker platform rotating at 125 rpm.

2.4. Production of L1:P18110 and L1:T20 Proteins Using the 293F Expression System

The pCDNAS3.1 construct contained L1:P18I10 or L1:T20 DNA coding sequences cor-
responding to chimeric L1:P18I10 and L1:T20 proteins, respectively. The HIV-1 P18I10
CTL peptide (RGPGRAFVTI) or T20 peptide (YTSLIHSLIEESQNQQEKNEQE LLELD-
KWASLWNWEF) were inserted into the DE loop of HPV16 L1 capsid protein. The HPV16
L1 DE loop sequence encoding 130-136 amino acids was replaced with either P18110110 or
T20 peptide. The L1:P18I10 or L1:T20 DNA coding sequences were modified with Kozak
sequence, optimized with human codon, flanked by the restriction enzyme sites of HindIIl
and Xbal and cloned into pcDNA3.1(+) vector by using GeneArt gene synthesis services
(Thermo Fisher, Waltham, MA, USA). The recombinant plasmid DNA (pDNA) was trans-
formed into E. coli DH5x competent cells (Invitrogen) for amplification and extracted by
using plasmid Maxi kits (QIAGEN, Hilden, Germany). The 293F cells were cultured with
30mL FreeStyle 293 expression medium in a 125mL Erlenmeyer flask (Corning, New York,
NY, USA) to a density of 1.0 x 10%/mL and transiently transfected with L1:P18I10 or
L1:T20 pDNAs using the branched polyethylenimine with a MW of 25 kDa (PEI-25K)
(Polysciences) at an optimized ratio of DNA to PEI 1:3 (w/w) and DNA to culture medium
1:1 (w/v), according to manufacturer’s instructions [35]. The 293F cells were harvested at
96 h post-transfection. The 293F cells can reach a confluent density of 3.6 x 10 cells/mL
with approximately 50% viability.

2.5. Immunofluorescence Staining

The cells were permeabilized on the glass slide with 100% cold acetone. Subsequently,
the fixed cells were probed with anti-HPV16 L1 antibody CAMVIR-1 (Abcam, Cambridge,
UK) and captured with anti-mouse IgG-FITC (Sigma). Immune-stained cell monolay-
ers were thoroughly washed with PBS and covered with mounting medium with DAPI
(Abcam). The immunofluorescence images were inspected under an inverted microscope
at 40 x magnification. Transfection efficiency was determined by the ratio of FITC (green)-
positive cells to DAPI (blue)-stained cells.

2.6. Purification of HPV:HIV (L1:P18110 and L1:T20) VLPs

A total of 108 transfected 293F cells in a 125 mL Erlenmeyer flask (30 mL culture
medium/flask) were collected by centrifugation at 1500 rpm for 5 min and washed twice
with PBS. Cell pellets were resuspended in lysis buffer formulated with 1% Triton X-100,
protease inhibitor (1:100) (Millipore) and Benzonase (25 U/mL) (Millipore). Cell lysates
were clarified with 0.45 um PVDF syringe filter (Millipore). The HPV:HIV (L1:P18110
and L1:T20) VLP samples were serially purified using cation exchange (Capto SP ImpRes,
GE, Boston, MA, USA), size exclusion (Capto Core 700, GE) and affinity (HiTrap Heparin
HP, GE) chromatography. The chromatographic protocols were described in our previous
studies [36,37] and following the manufacturer’s protocol [38]. The L1 protein signal in each
purification step was characterized by Western blot analysis and probed with anti-HPV16
L1 antibody CAMVIR-1 [39].

2.7. Non-Reducing SDS-PAGE

The HPV16 L1, L1:P18I10 and L1:T20 VLPs were mixed with 2x Laemmli sample
buffer (BIO-RAD) in the absence or presence of 5% (v/v) 2-mercaptoethanol (2-ME) and
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reacted at room temperature (RT) for 24 h. Samples were separated by 8-16% TGX stain-
free protein gels (BIO-RAD). Then, the gels were transferred to PVDF membranes. The
membranes were probed with the anti-HPV16 L1 CAMVIR-1 mAb at a dilution of 1:4000.
After that, the membranes were incubated with anti-mouse IgG Peroxidase Conjugate
(Sigma-Aldrich, St. Louis, MO, USA) at a dilution of 1:4000. The signal was developed and
visualized by chemoluminiscence using Western Blot ECL substrate kit (Bio-Rad, Hercules,
CA, USA). The blot images were acquired by using Odyssey Fc imaging system.

2.8. Molecular Mass Analysis

The HPV16 L1, L1:P18I10 and L1:T20 VLPs without 2-ME treatment were filtered out
through 1000 kDa molecular weight cutoff (MWCO) ultrafiltration devices (SARTORIUS).
The HPV16 L1, L1:P18I10 and L1:T20 VLPs with 2-ME treatment were passed through
100 kDa MWCO ultrafiltration devices (Amicon). The retentates were reconstituted to the
original volume and collected from the filter device sample reservoir, while the filtrates
were collected at the bottom of the centrifuge tube. The L1 signal was measured by using
dot blot probed with anti-HPV16 L1 mAb and detected by anti-mouse IgG-peroxidase
conjugate (Sigma-Aldrich). Images were acquired using Odyssey Fc Imaging System at a
chemiluminescence channel.

2.9. Negative Staining and Transmission Electron Microscopy

After charging the carbon-coated copper grids (Sigma-Aldrich) under ultraviolet light for
5 min, commercial HPV16 L1 (Abcam), purified L1:P18I10 and L1:T20 VLPs equilibrated with
20 mM Tris-HCI (pH 7.4, 137 mM NaCl) were absorbed on grids for 1 min and rinsed three
times by miliQ water. The HPV:HIV VLPs were negative-stained with 2% uranyl acetate at pH
4.5 (Sigma-Aldrich) for 1 min. Excess staining agents were removed by Whatman qualitative
filter paper (Sigma-Aldrich). Grids were placed in a dehumidifier chamber at least 2 h before
observation. Images were acquired using a transmission electron microscope (Tecnai Spirit
120 kV) at magnification SA135K (100 nm) and SA59000 (200 nm), respectively.

2.10. Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis and Western Blotting Analysis

Equal amounts (500 ng) of HPV16 L1 protein (Abcam), purified L1:P18110 and L1:T20
VLPs were mixed with 2x Laemmli sample buffer containing 5% 2-ME and boiled at
95 °C for 5 min. Samples were separated by 8-16% TGX Stain-free protein gels and then
transferred to a PVDF membrane (Millipore, Burlington, MA, USA) using a Semi-Dry
transfer device (Bio-Rad). The membrane was blocked with 5% skim milk in TBST. Then,
the membranes were probed with the anti-HPV16 L1 CAMVIR-1 mAb at a dilution of
1:4000, anti-HIV-1 gp120 V3 loop mAb (NIBSC, EVA3012) at a dilution of 1:40 and HIV1
gp41 (2F5) mAb (NIBSC, ARP3063) at a dilution of 1:4000, respectively. After that, the
membranes were incubated with anti-mouse IgG Peroxidase Conjugate (Sigma-Aldrich)
at a dilution of 1:4000. The Western ECL substrate kit (BIO-RAD) was used for signal
development. The blot images were acquired by using Odyssey Fc imaging system at a
chemiluminescence channel.

2.11. Immunization of Mice, Collection of Sera and Isolation of Splenocytes

This is a preliminary proof-of-concept study to demonstrate immunogenicity of
HPV:HIV VLPs (L1:P18I10 and L1:T20 VLPs). The dose, administration route and prime-
boost interval of our HPV:HIV VLPs referred to previous studies that immunized mice with
bovine papillomavirus (BPV):HIV VLPs for inducing antibody responses [20,21]. Purified
HPV:HIV VLPs were emulsified with an equal volume of (225 pg per each 0.5 mL dose)
aluminum hydroxyphosphate sulfate (Thermo Fisher), to ensure a similar formulation to
the licensed Gardasil-9 HPV vaccine [40]. All mouse groups had equal gender distribution
(male n = 4 and female n = 4 per group). In groups A and B, BALB/c mice were immunized
intramuscularly (i.m.) with 10 ug of L1:P18I10 or L1:T20 VLPs, respectively, by following
a homologous prime-boost regime. In the group C, mice were inoculated with 10° cfu of
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BCG.HIVA?Zawo.int intradermally (i.d., at the food pad) and boosted with 10 pg of L1:P18I10
VLPs intramuscularly. In the group D, positive control mice were inoculated with Gardasil-
9 prime followed by Gardasil-9 boost intramuscularly with 10 pg of HPV16 L1 VLPs. In the
group E, negative control mice were immunized twice with PBS buffer. The prime-boost in-
terval was 2 weeks. Mice were sacrificed on day 28. Blood samples were collected from the
heart of mice. Sera were recovered by centrifugation and stored at —20 °C for ELISA assay.
Murine spleens were removed and pressed individually through a cell strainer (Falcon)
with a 5 mL syringe rubber plunger. Following the removal of red blood cells with ACK
lysing buffer (Lonza), splenocytes were washed and resuspended in lymphocyte medium
R10 (RPMI 1640 supplemented with 10% fetal calf serum (FCS), penicillin-streptomycin,
20 mM HEPES and 15 mM 2-ME) at a concentration of 2 x 107 cells/mL.

2.12. Enzyme-Linked Immunosorbent Assay

To test the HPV16 L1- and HIV-1-specific antibodies binding to chimeric HPV:HIV
VLP constructs in vitro, 50 puL of equal concentration (200 ng/mL) of recombinant HPV16
L1 protein (Abcam, ab119880), purified L1:P18I10 and L1:T20 VLPs in 50mM carbonate-
bicarbonate buffer (pH = 9.6) (Sigma) were 2-fold serially diluted and coated onto the
Maxisorb plates (Nunc). The plates were incubated at 4 °C overnight. Plates were blocked
with the blocking buffer (5% skim milk in TBST) at 37 °C for at least 2 h. After wash twice
with TBST, the VLP-coated plates were incubated with anti-HPV16 L1 CAMVIR-1 mAb
at a dilution of 1:8000, 2F5 mAb (NIBSC, ARP3063) at a dilution of 1:8000 and anti-HIV-1
gp120 V3 loop mAb (NIBSC, EVA3012) at a dilution of 1:40 in blocking buffer, respectively,
at 37 °C for 2 h. After washing three times with TBST, the plates were incubated with
recombinant protein G peroxidase conjugate (Thermo Scientific, Waltham, MA, USA) at
a dilution of 1:4000 in blocking buffer at 37 °C for 1 h. TMB was used to develop the
enzyme-linked immunosorbent assay (ELISA) signal and stopped with 50 pL of 2M H,SO;.
The optical density (OD) of each well was measured and recorded at a wavelength of
450 nm by using EL x 800 absorbance microplate reader.

To measure the VLP-induced antibodies in BALB/c mice, the microtiter plates were
coated with 50 pL of 2 pg/mL recombinant HPV16 L1 protein (Abcam, ab119880), HIV-1
P18I10 peptide (NIBSC, ARP734), T20 peptide (NIBSC, ARP984), respectively, with 50 mM
carbonate-bicarbonate buffer (pH = 9.6). The plates were incubated at 4 °C overnight.
Plates were blocked with the blocking buffer (5% skim milk in TBST) at 37 °C for at least
2 h. At the same time, sera collected from the group A-E immunized mice were diluted
with 5% skim milk in TBST at a ratio of 1:50. After wash twice with TBST, the plates were
incubated with the diluted sera at 37 °C for 2 h. After washing three times with TBST, the
plates were added with recombinant protein G HRP conjugate at a dilution of 1:4000 in
blocking buffer and incubated at 37 °C for 1 h. TMB was used to develop the ELISA signal
and stopped with 50 pL of 2M HSO,. The OD of each well was measured at a wavelength
of 450 nm by using EL x 800 absorbance microplate reader (Biotek).

2.13. IFN-y ELISpot Assay

The enzyme-linked immune absorbent spot (ELISpot) assay was performed using
the commercial murine IFN-y ELISpot kit (Mabtech, Nacka Strand, Sweden), according
to the manufacturer’s instructions. The ELISpot plates (MSISP4510, 96-well plates with
polyvinylidene difluoride membranes, Millipore, Middlesex County, MA, USA) were 70%
EtOH treated and coated with purified anti-mouse interferon-y (IFN-y) capture monoclonal
antibody diluted in phosphate-buffered saline (PBS) to a final concentration of 5 pug/mL at
4 °C overnight. Then, 2.5 x 10° fresh splenocytes were added to each well. Subsequently,
the cells from groups A and B were stimulated with 2 ng/mL of HPV16 L1 VLPs and HIV-1
P18I10 peptides, respectively. All the samples and controls were plated in duplicate wells.
ELISpot assays were incubated for 16 h at 37 °C, 5% CO,. The plates were subsequently
washed 5 x with PBS, incubated for 2 h with a biotinylated anti-IFN-y monoclonal anti-
body (mAb) diluted in PBS 2% Fetal Calf Serum (FCS) to a final concentration of 2 ng/mL,
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washed 5 times in PBS, and incubated with the streptavidin-alkaline phosphatase conjugate
in PBS 2% FCS. Then, plates were washed 5 times with PBS before incubating with 100 uL
of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) /nitro blue tetrazolium (NBT) substrate
solution (Sigma-Aldrich, St. Louis, MO, USA). After 5-10 min, the plates were washed
with tap water, dried, and the resulting spots counted using an ELISPOT reader (AID,
Autoimmun Diagnostika GmbH, Strasberg, Germany). For each animal, the mean of back-
ground responses was subtracted individually from all the wells to enable a comparison of
the IFN-y spot forming cells (SFC)/10° between groups. To define positive responses, a
threshold was defined as at least five spots per well, and responses exceeding the mean
number of spots in negative control wells plus three standard deviations of the negative
control wells.

2.14. Statistical Analysis

All statistical analysis was performed using Prism 6 GraphPad software (CA, USA). We
used data from experiments carried out over 5 different ELISA plate coating concentration
(0, 50, 100, 150, 200 ng/mL) of recombinant HPV16 L1 protein (Abcam, ab119880) and
HPV:HIV VLPs. We collected data from 2 groups (HPV16 L1 and HPV:HIV VLPs) and
collected three replicates for each coating concentration. The graph in Prism showed the
data as a scatterplot showing coating concentration (ng/mL) on the X-axis and OD450 on
the Y-axis. Since we hypothesized that our in vitro ELISA data is related in a linear pattern,
we performed the linear regression analysis and compared the slopes of the two lines to
confirm that data set-1 and data set-2 (antibody reactivity between HPV16 L1 and HPV:HIV
VLPs) are different in their actions. We selected 95% confidence intervals alongside the
best-fit line. Prism was automatically overlaid a linear regression line on both our data
sets and it has plotted a dotted line representing 95% confidence intervals. During the
linear regression analysis, the software calculated only the mean Y value of our data set
that indicated show the goodness of fit. In addition, Prism gave us a commentary, so we
can conclude that the differences between two slopes are extremely significant.

We had 5 sets (ELISA) and 4 sets (ELISPOT) of data collected from mouse immuniza-
tion experiments. These data sets had an equal number (male 7 = 4 and female n = 4) in each
group. We used Gardasil-9-immunized mice as positive control group and PBS-immunized
mice as negative control group. The data of our designed experiments were not matching
or pairing. We undertook one-way analysis of variance (ANOVA) to see whether these
means were different. We first checked our data fit Gaussian normal distribution. We found
that some groups of data in ELISA assay did not past the Gaussian normal distribution
test. Therefore, we carried out a non-parametric statistical analysis on these data. By
contrast, all groups of data in the ELISPOT assay past the Gaussian normal distribution
test. Thus, we preformed a parametric statistical analysis on these data. The significance
threshold and confidence level were set to 0.05 (equivalent to 95% confidence interval). p
value showing in general the probability that there are differences between groups. Since
our main concern for this experiment is what are the differences between our groups, the
multiple comparisons in Prism gave us the outcome of comparison in all groups with every
other group.

2.15. Ethics Statements

Six to eight-week-old BALB/c mice were purchased from Envigo (an Inotiv company,
Chicago, IL, USA) and approved by local authorities (Generalitat de Catalunya, project
number 11157) and Universitat Autonoma de Barcelona Ethics Commitee. The animal
experiments strictly conformed to the animal welfare legislation of the Generalitat de
Catalunya. All the experiments were approved by the local Research Ethics Committee
(Procedure 43.19, Hospital de la Vall d’"Hebron, Universitat Autonoma de Barcelona).
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3. Results
3.1. Design of L1:P18110 and L1:T20 Immunogens and Evaluation of HPV:HIV Protein
Expression by Using 293F Expression System

The P18I10 peptide from HIV-1 Env third variable domain (V3) loop and T20 peptide
from HIV-1 Env membrane’s proximal external region (MPER) were inserted into to HPV16
L1 DE loop protein to generate chimeric L1:P18I10 and L1:T20 immunogens. The chimeric
L1:P18I10 and L1:T20 DNA coding sequence were cloned into pcDNA3.1 (+) plasmid
DNA expression vector for transient transfection in 293F cells (Figure 1A). The monomer
structures of HPV16 L1, chimeric L1:P18110 and L1:T20 capsid proteins were preliminarily
predicted using the SWISS-model server (Figure 1B). HPV16 major capsid protein L1
(7cn2.1.R) was selected as the structural template to build the HPV16 L1, L1:P18I110 and
L1:T20 capsid protein homology modeling. Compared with the conformation of the bound
P18I10 peptide in the previous study [41], the N to C terminus main chain direction of
P18I10 peptide on our chimeric L1:P18I10 protein runs right to left (Figure 1B, middle
and top panel), and the exposing P18I10 side chains could potentially interact with T cell
receptors (Figure 1B, middle and bottom panel). Compared with the structure of HIV-1
fusion inhibitor peptide in the previous review paper [42], the inserted T20 peptide on
HPV16 L1 capsid protein is presented as a x-helix-like formation (Figure 1B, right and top
panel), and the exposing T20 side chains could potentially recognized by B cell receptors
(Figure 1B, right and bottom panel). Since HPV16 L1 capsid proteins could homogeneously
assemble into a T = 7 icosahedral particle with 72 pentameric capsomeres [43], the high
density display of P18I10 or T20 peptides to the exterior surface of chimeric HPV:HIV VLPs
is potentially highly immunostimulatory to induce epitope-specific immune responses.
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Figure 1. L1:P18I10 and L1:T20 immunogen design and construction of chimeric HPV:HIV VLPs by
using 293F expression system. (A) The chimeric L1:P18I10 and L1:T20 DNA coding sequence were cloned
into pcDNA3.1+ expression vector, respectively, for transient transfection in 293F cells. (B) Prediction of
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monomer structures of HPV16 L1 and chimeric HPV:HIV capsid proteins by using the SWISS-model
server. HPV16 major capsid protein L1 (7cn2.1.R) was selected as the structural template to build the
HPV16 L1 (left panel), L1:P18I10 (middle panel) and L1:T20 (right panel) capsid protein homology
modeling. Secondary structural elements of HPV16 L1 capsid protein are labeled, with letters h1-h5
for the 5 a-helices. Loops of HPV16 L1 capsid protein between strands are labeled BC, CD, DE,
EF, FG and HI. Secondary structural elements of HIV-1 P18I10 and T20 peptides L1 are labeled by
the arrows (top panel). The part of the P18I10 and T20 peptide that protrudes above the surface of
the HPV16 L1 capsid protein are indicated by the arrows (bottom panel). (C) Immunofluorescence
staining of L1 protein in 293F cells. The following pDNA.L1:P18I10 (left), pPDNA.L1:T20 (middle)
and pDNA.without insertion (right) were transfected in 293F cells. The transfected cells were
probed with anti-HPV16 L1 mAb and detected with anti-mouse IgG-FITC (green channel). Cell
nuclei were stained with DAPI (blue channel). Immunofluorescence images were merged by using
Adobe Photoshop.

Since HPV16 L1 protein C terminal sequence mediates cellular nuclear import ma-
chinery during infection [44], nuclear localization signals (NLS) of HPV16 L1 protein has
been identified in prior studies [45]. The CAMVIR-1 monoclonal antibody was selected to
recognize HPV16 L1 epitope (GFGAMDE, 230-236 aa) [39], and fluorescein-based dye FITC
was used as reporter to monitor expression of L1:P18I10 and L1:T20 proteins. Immunofluo-
rescence images clearly showed that HPV16 L1 (in green) was mainly localized in the nuclei
(in blue) of 293F cells. No L1 signal was observed in control plasmid-transected 293F cells
(pcDNA3.1 plasmid without insert) (Figure 1C). The results suggested that both chimeric
L1:P18I110 and L1:T20 capsid proteins could be expressed by using polyethylenimine (PEI)-
mediated transfection and recognized by HPV16 L1 CAMVIR-1 monoclonal antibody.

3.2. Purification of L1:P18110 and L1:T20 VLPs by Using Chromatographic Methods

The chimeric L1:P18I10 and L1:T20 proteins were produced by using 293F expression
system. The capture, intermediate purification, polishing (CiPP) strategy to develop our
chromatographic purification protocol is shown in Figure 2A. Flowthrough (FT) in each
purification step were collected and the level of L1 protein expression was detected by
Western blot analysis using anti-L1 mAb to trace intermediate HPV:HIV VLPs (Figure 2B,C).
A cation exchange (CEC) column was selected as capturing step to isolate HPV:HIV VLPs
from host cell proteins (HCPs). The result of CEC FT revealed that most of L1:P18I10 and
L1T20 VLPs were lost in the FT over the CEC column (Figure 2B,C, lane 2). Traditional
CEC matrices we used heavily rely on diffusion-limited mass transfer [46]. Large macro-
molecular complexes, such as our HPV:HIV VLP samples, might be inefficient for the VLP
binding to CEC matrices. In order to reach the maximum binding capacities of the CEC col-
umn (~50 mg protein/mL resin), we loaded double amount of soluble cell lysate containing
approximately 2% of HPV:HIV VLPs into the CEC column. In intermediate purification
step, HPV:HIV VLPs were purified using a layered-bead size exclusion chromatography
(SEC) resin [38]. Large HPV:HIV particles (>700 kDa) were eluted while most of small
impurities were trapped in the beads (Figure 2B,C, lane 5). Due to heparin having a similar
structure as DNA and possibly binding to positively charged peptides of conformational
HPV16 L1 VLPs, we selected a heparin affinity chromatography (H-AC) as polishing step
to remove heterogeneous or closely-related particles [47]. Analysis of densitometry from
Western blot analysis and bovine serum albumin (BCA) assay confirmed that purity of
L1:P18I10 and L1:T20 VLPs after diafiltration step was high, over 76% (Figure 2B,C, lane 10).
The purified L1:P18I10 and L1:T20 VLPs were detected as a band in size of approximately
56 kDa and 58 kDa, respectively. We found that the commercial HPV16 L1 protein and our
purified chimeric HPV:HIV VLPs (L1:P18I10 and L1:T20) share the similar protein pattern
(a target band >50 kDa and a heterologous lower band <50 kDa). These heterologous lower
bands could be detected, especially, when we loaded SDS-PAGE gel with high amount
of chimeric HPV:HIV VLP samples (Figure 2B,C, lane 1 to 10). It probably caused by
proteolytic degradation or heterogeneous formation of L1 proteins. The similar pattern
(2 bands) was also found in many previous HPV16 L1 purification studies [23,48-51]. These
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data demonstrated that 293F expression system and chromatographic purification methods
are feasible approaches to engineer chimeric HPV:HIV VLPs.

A PURIFICATION STEPS B Purification of L1:P18110 VLPs

CCL CEC SEC  H-AC DF
3 | e— | — T —

293F expression system

l 75

L1:P18 —p - -
(56kDa) 50 A p_ « ~

1 2 3 4 5 67 8 980

Cell lysis and clarification

v

25 -

- " Anti-L1
Capturing: Cation exchange |  ————————————
v C Purification of L1:T20 VLPs

Intermediate: Size exclusion CCL CEC ~ sEC H-AC DF
I 3 4.5 647.8 910

75 -
Polishing: Heparin affinity L1:T20 =——p - o
(58 kpa) 50 - -

- .

25 -

Anti-L1

Figure 2. Purification and characterization of L1:P18I10 and L1:T20 VLPs. (A) Schematic process
flowchart of L1:P18110 and L1:T20 VLP purification by chromatography. (B,C) Western blot analysis of
L1:P18I10 and L1:T20 VLP samples from each purification step. The signal of L1 in each purification
step was characterized by Western blot analysis probed with anti-HPV16 L1 mAb. The arrow
indicates the molecular weight ~56 kDa of L1:P18110 and ~58 kDa of L1:T20 proteins. Lane 1: clarified
cell lysate (CCL); Lane 2: flow-through (FT) from cation exchange chromatography (CEC) sample
loading; Lane 3: CEC eluate; Lane 4: FT from CEC 2M NaCl regeneration step; Lane 5: size exclusion
chromatography (SEC) FT-1; Lane 6: SEC FT-2; Lane 7: FT from heparin affinity chromatography
(H-AC) sample loading; Lane 8: H-AC eluate; Lane 9: FT from H-AC 2M NaCl regeneration step;
Lane 10: 10-fold diafiltration.

3.3. In Vitro Stability and Self-Assembly of L1:P18110 and L1:T20 VLPs

In order to confirm that purified HPV:HIV VLPs displayed similar in vitro stability
to HPV16 L1 VLPs, we performed non-reducing SDS-PAGE to evaluate disulfide cross-
linking of HPV:HIV capsid proteins (Figure 3A). It is known that pH, ionic strength,
temperature [52] and redox environment all correlate with disulfide bonds of HPV16 L1
capsid proteins [53]. HPV L1 VLPs tend to self-assemble at low pH and high ionic strength.
Maximal disassembly of VLPs typically require exposure to a high concentration of reducing
agent, such as 5% 2-mercaptoethanol (2-ME) for a relatively long duration [54]. In the
absence of reducing agents 2-ME, only a small portion of the HPV-16 L1, L1:P18I10 and
L1:T20 protein migrated to monomers with an apparent molecular weight (MW) of 55 kDa.
Approximately 70% of L1 proteins were disulfide bonded into larger dimers or pentamers,
with predicted MW of 110 kDa and 280 kDa (Figure 3A, lane 2, 4 and 6). By contrast,
almost all of HPV-16 L1, L1:P18110 and L1:T20 proteins in the disassembly buffer appeared
monomeric structure in non-reducing SDS-PAGE (Figure 3A, lane 3, 5 and 7). These results
indicated that in vitro stability of purified L1:P18I10 and L1:T20 VLPs presented similar
disulfide cross-linking pattern as HPV16 L1 VLPs under the same pH, ionic strength and
thermal conditions. The purified VLPs appear to be broken down to the level of pentarmers,
trimers and dimers following long-term exposure to high concentrations of reducing agent.
These data are in concordance with previous studies [53,54] However, disassembly of
HPV:HIV VLPs was still far from complete (monomers).
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Figure 3. In vitro stability of L1:P18I10 and L1:T20 VLPs. (A) Disulfide cross-linking of L1:P18I10 and
L1:T20 VLPs in non-reducing SDS-PAGE. The HPV16 L1 VLPs, purified L1:P18I10 and L1:T20 VLPs
were mixed with Laemmli sample buffer in the absence or presence of 2-mercaptoethanol (2-ME),
respectively, and analyzed by non-reducing SDS-PAGE. The position of the L1 monomer (55 kDa), L1
dimer (110 kDa) and L1 pentamer (280 kDa) are indicated by the arrow. Lane 1: protein molecular
weight marker; Lane 2: HPV16 L1 VLP; Lane 3: HPV16 L1 VLP treated with 2-ME; Lane 4: L1:P18I10
VLP; Lane 5: L1:P18I10 VLP treated with 2-ME; Lane 6: L1:T20 VLP; Lane 7: L1:T20 VLP treated
with 2-ME. (B) Molecular mass analysis of L1:P18I10 and L1:T20 VLPs. Assembled VLPs un-treated
with 2-ME (lane 2, 4 and 6) were filtered out through 1000kDa molecular weight cutoff (MWCO)
diafiltration devices (upper panel). Disassembled VLPs treated with 2-ME (lane 3, 5 and 7) were
filtered out through 100kDa MWCO centrifugal filter devices (lower panel). Retentates (R) were
collected from filter device sample reservoirs, while the filtrates (F) were collected at the bottom
of centrifuge tubes. The L1 protein signal was detected by using dot blot probed with anti-HPV16
L1 mAb.

To demonstrate that purified HPV:HIV proteins by chromatography are able to self-
assemble to icosahedral particles, we further performed molecular mass analysis under
the same reducing condition (5% 2-ME). The commercial HPV16 L1, purified L1:P18I110
and L1T20 proteins without reducing agent treatment were filtered out through 1000 kDa
molecular weight cut-off (MWCO) diafiltration devices individually (Figure 3B, top panel).
The L1 monomers (55 kDa), oligomers (110~200 kDa) or pentameric capsomers (280 kDa)
were expected to pass through an ultrafiltration membrane retaining the integral VLPs
(MW~20,000 kDa). The L1 signal of commercial HPV16 L1 proteins was detected in
both retentates and filtrates. Most of purified L1:P18I10 and L1T20 proteins formed large
particles (>1000 kDa) and were preserved in retentates. The pattern was in coincidence
to the data that were observed in non-reducing SDS-PAGE. Although all the VLP groups
treated with 2-ME were showed in a monomeric band (~55 kDa) in the non-reducing
SDS-PAGE (Figure 3A, lane 3, 5 and 7). However, the corresponding reduced VLPs were
not filtered out through 100kDa ultrafiltration membranes (Figure 3B, bottom panel). These
results suggested that chimeric HPV:HIV proteins were capable of self-assembling to larger
particles, but maximal disassembly of VLPs into monomers required not only the reduction
of disulfide bonds but also other denaturing factors, such as pH or ionic strength.

3.4. Morphological Characterization of L1:P18110 and L1:T20 VLPs

Transmission electron microscopy (TEM) was used to examine morphologic conforma-
tion of HPV16 L1 and HPV:HIV VLPs. The HIV-1 P18I10 and T20 peptides were inserted
into DE loops of HPV16 L1 protein, respectively. These commercial HPV16 L1 and chimeric
HPV:HIV capsid proteins can spontaneously self-assemble in vitro into integral VLPs in
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a diameter of approximately 50-60 nm (Figure 4A—C, right panel). Compared to electron
micrographs of HPV16 L1 VLPs published in previous studies [55,56], the icosahedral
structure of HPV16 L1, L1:P18I10 and L1:T20 VLPs here were less contrast and vague. It
could be attributed to the negative stain reagent that we used in this study. In our recent
study published in previous study [37] and another ongoing paper under peer review
(data not shown), we have got good quality and resolution of electron micrographs when
yeast- and baculovirus-derived L1:P18I10 VLPs (the same chimeric construct) were equili-
brated in PBS and negative-stained with phosphotungstic acid (PTA). Because we used the
different VLP production and purification system in this study, mammalian cell-derived
L1:P18I10 and L1:T20 VLPs were equilibrated with Tris-HCI and negative-stained with
uranyl acetate. Although the electron micrographs could be improved, we could still
observe a clear pattern that most of the HPV16 L1, L1:P18I10 and L1:T20 capsid protein
could self-assemble into morphological VLPs under TEM screen (Figure 4A-C, left panel).
Basically, HPV VLPs are protected against aggregation in high salt conditions [57]. Some of
detectable aggregation of HPV16 L1 and HPV:HIV VLPs in low salt Tris-HCI buffer could
be seen under the lower magnification (Figure 4A-C, left panel). From these results, we
concluded that modification of partial L1 DE loop sequence by insertion of HIV-1 P18I10 or
T20 peptides did not significantly affect the morphology of HPV:HIV VLPs.

HPV16 L1 VLPs

L1:P18110 VLPs L1:P18]10 VLPs

L1:T20 VLPs : L1:T20 VLPs

Figure 4. Electron micrographs of L1:P18I10 and L1:T20 VLPs. (A) Morphology of HPV16 VLPs.
(B) Morphology of L1:P18110 VLPs. (C) Morphology of L1:T20 VLPs. Purified VLPs were absorbed
on UV-charged carbon-coated copper grids, and negatively stained with 2% uranyl acetate. Images
were acquired under transmission electron microscopy. The bar represents 200 nm at magnification
59,000 (left panel) and 100 nm at magnification 135K (right panels), respectively.
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3.5. Presentation and Reactivity of the HPV-16 and HIV-1 Epitopes

To confirm that sequential HIV-1 P18I10 or 2F5 epitopes were presented in chromatography-
purified L1:P18I10 or L1:T20 VLPs, Western blot analysis and indirect ELISA were pre-
formed using epitope-specific mAbs. We selected a well-known monoclonal antibody
(mADb), designated CAMVIR-1, to recognize the highly conserved epitope (GFGAMDE,
aa 230-236) of HPV16 L1 protein [39,58]. A previously published mAb targeting HIV-1
gp120 V3 loop epitope (RIQRGPGRAFVTIGK, aa308-322) was chose to detect sequential
P18I10 epitopes (RGPGRAFVTI, aa311-320) [59]. On the other hand, the broad neutralizing
antibody (bnAb) recognizing HIV-1 gp41 2F5 epitope (ELDKWA) against a broad variety
of laboratory HIV-1 strains was chose for T20 peptide characterization [60,61]. Western
blot assay probed with HPV16 L1 mAb showed bands 55, 56 and 58 kDa corresponding
to HPV16 L1, L1:P18I10 and L1:T20 protein, respectively (Figure 5A,B, left). The molecu-
lar weight (MW) of L1:P18I10 protein was similar to HPV16 L1 protein (Figure 5A, left).
The band corresponding to L1:T20 protein was observed slightly higher than HPV16 L1
protein, as predicted from the additional amino acid sequence (Figure 5B, left). The bands
of approximately 56 and 58 kDa, corresponding to L1:P18I10 and L1:T20 protein, were
detected in Western blot assay probed with anti-HIV-1 gp120 V3 and 2F5 mAb, respectively
(Figure 5A,B, right). We thought the molecular weight (MW) of anti-2F5-stained L1:T20
protein is correct and fitted the expected 58 kDa (Figure 5B, right). However, the MW of
anti-HIV-1 gp120 V3-stained L1:P18I10 protein is a bit lower (Figure 5A, right). This could
be attributed to the heterogeneous structure of chimeric L1:P18I10 proteins. Since the se-
quential epitope conformation might be lost under the denaturing condition in SDS-PAGE.
Therefore, we further performed indirect ELISA to demonstrated the conformational P18110
peptide properly presented on our chimeric L1:P18I10 VLPs (Figure 5E). On the other hand,
anti-HIV-1 gp120 V3 loop antibody that we used recognized whole HIV-1 V3 loop rather
than P18I10 epitope. Consequently, the overall anti-V3 signal was lower (Figure 5A,B, right
panels). Even so, these results indicated that the sequential HIV-1 P18110 and T20 peptides
are presented in the HPV:HIV VLPs.

Sequential (western blot) and conformational (ELISA) epitope characterization of L1:P18110 VLPs
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Figure 5. Presentation of HPV-16 and HIV-1 epitopes. (A,B) Sequential epitope detection of chimeric
L1:P18I10 and L1:T20 VLPs. The purified L1:P18110 and L1:T20 VLPs were analyzed by Western blot,
using anti-HPV16 L1, anti-HIV-1 gp120 V3 and 2F5 mAb. The HPV16 L1 VLPs were used as a control.
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The molecular weight of the L1 (55 kDa), L1:P18I10 (56 kDa) and L1:T20 (58 kDa) proteins are
indicated by the arrow. Lane 1: protein molecular weight marker; Lane 2: HPV16 L1 protein; Lane 3:
L1:P18I10 protein; Lane 4: L1:T20 protein. (C,D) Binding of HPV16 L1 mAb to chimeric L1:P18I10
and L1:T20 VLPs. (E) Binding of anti-HIV-1 gp120 V3 mAb to chimeric L1:P18110 VLPs. (F) Binding
of HIV-1 2F5 mAb to chimeric L1:T20 VLPs. The line graph of indirect ELISAs were performed to
detect the conformational epitopes of recombinant HPV16 L1, L1:P18I10 and L1:T20 VLPs bound to
anti-L1, anti-HIV-1 gp120 V3 or 2F5 mAbs, respectively. Data are representative of three independent
experiments. Simple linear regression test was done to compare the line difference of purified
L1:P18I10 and L1:T20 VLPs with the standard curve of commercial L1 VLPs; ns: not significant;
**p<0.01.

Moreover, to determine whether HIV-1 conformational epitopes presented on HPV:HIV
VLPs could be identified by the gp120 V3 and 2F5 neutralizing antibodies in vitro, we per-
formed indirect ELISA assay to check the epitope-binding specificity and reactivity. As
shown in Figure 5C,D, HPV16 L1, L1:P18I10 and L1:T20 VLPs were recognized by anti-L1
mADb. We performed linear regression analysis to compare the slope of each dilution line.
The results revealed that L1 epitope-binding specificity of either L1:P18110 or L1:T20 VLPs
was not different from HPV16 L1 VLPs. Moreover, anti-HIV-1 gp120 V3 mAb was able to
bind L1:P18110 VLPs, but not HPV16 L1 VLPs (Figure 5E). In addition, the 2F5 mAb could
recognize L1:T20 VLPs, but not HPV16 L1 VLPs (Figure 5F). After linear regression analy-
sis, the difference of gp120 V3 epitope-binding specificity between L1:P18110 and HPV16
L1 was extremely significant (p < 0.01%). The 2F5 epitope-binding specificity of L1:T20
VLPs was significantly different from HPV16 L1 VLPs (p < 0.01%). These pattern revealed
that hydrophobic cellular lipids were not necessary for the binding of 2F5 neutralizing
antibodies to HPV:HIV VLPs in vitro. Although the reactivity of anti-HIV-1 gp120 V3 and
2F5 neutralizing antibodies to HPV:HIV VLPs is relatively mild, the binding of anti-HIV-1
gp120 V3 and 2F5 mAb to HPV:HIV VLPs were significantly epitope-specific.

3.6. Immunogenicity of L1:P18110 and L1:T20 VLPs after BALB/c Mice Immunization

We evaluated the HPV16- and HIV-1-specific immune responses after BALB/c mice
immunization with L1:P18I10 and L1:T20 VLPs. The immunization schedule is shown
in Figure 6A. Because VLP-induced immunogenicity following mucosal administration
was generally weaker than following systemic administration, mice were immunized
intramuscularly with one sixth of the Gardasil-9 HPV16 L1 dose [22,62]. The aluminum
hydroxy phosphate sulfate adjuvant for a dose (10 nug/100 pL) of chimeric HPV:HIV VLPs
was adjusted to the same concentration (1 mg/1 mL) as Gardasil-9. In order to assess the
sex difference in the outcomes of vaccination, a comparison of antibody responses between
male (1 = 4) and female (1 = 4) mice were evaluated. In the group of L1:P18I10 VLP, L1:T20
VLP and Gardasil-9, anti-HPV16 L1 antibody responses of female mice were on average
higher than male mice (Figure 6B). 2 out of 4 (50%) L1:P18I10 VLP-immunized females,
3 out of 4 (75%) L1:T20 VLP-immunized females and all (100%) Gardasil-immunized female
mice elicited higher titer of anti-L1 antibodies than male mice. Anti-L1 responses induced
by female mice in Gardasil-9 group was significantly higher than male mice (p = 0.0041)
(Figure 6B). A very low level of anti-L1 antibody responses were detected in the group of
rBCG.HIVA priming and L1:P18I10 VLP boosting. This pattern corresponds with previous
findings describing that BCG predominantly induces T-cell responses rather than IgG
production [63].
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Figure 6. Induction of humoral immune responses by L1:P18110 and L1:T20 VLPs in BALB/c mice.
The immunization schedule is depicted in (A) All mouse groups had equal gender distribution
(male n = 4 and female n = 4). Groups A and B: homologous prime-boost immunization with
10 pg L1:P18I10 or L1:T20 VLPs intramuscularly (i.m.); Group C: priming with 10° cfu rBCG.HIVA
intradermally (i.d.) and boosting with 10 pug L1:P18110 VLPs i.m.; Group D: homologous prime-boost
vaccination with Gardasil-9 containing 10 pug of HPV16 L1 VLPs i.m.; Group E: immunization twice
with PBS buffer. The prime-boost interval was 2 weeks. The end point of this trial was on day 28.
Sera were collected and diluted at a titer of 1:50 for ELISA assay. (B) HPV L1-specific IgG in male
and female mice. (C-E) Epitope-specific IgG induced by L1:P18I10 and L1:T20 VLPs. ELISA was
performed to analyze anti-L1, anti-P18I10 and anti-T20 IgG induced by BALB/c mice following
different prime-boost combinations as described above. Data are shown as mean + S.D. One-way
ANOVA (nonparametric) test was done to compare differences between groups. OD: opticaldensity.
Ns not significant; ** p < 0.01.

We assessed if mice immunized with L1:P18110 and L1:T20 VLPs could induce HPV-
16 L1-specific and HIV-1 epitope-specific antibodies in BALB/c mice. VLP-induced IgG
antibodies in murine sera were measured by ELISA coated with recombinant HPV16 L1
protein, P18I10 or T20 peptides, respectively. A statistically difference in L1-specific IgG at a
serum titer of 1:50 was detected in Gardasil-9 group in comparison with PBS control group
(p = 0.0039). The anti-L1 responses among Gardasil-9, L1:P18110 and L1:T20 VLP-immunized
mice were similar and did not differ significantly (Figure 6C). The BCG.HIVA2W0-nt prime
and L1:P18I10 VLP boost mice elicited a very low level of anti-L1 IgG. These results sug-
gested that HPV:HIV VLP-immunized mice produced the same level of anti-L1 IgG as
Gardasil-9-immunized mice (Figure 6C). Although L1:P18I10 VLP group numerically ap-
pear to a trend toward higher level of P18110 epitope-specific IgG than other immunization
groups, these differences were not statistically significant (Figure 6D). In some of L1:P18I10
VLP-immunized mice (4 out of 8, 50%), higher anti-P18I10 binding antibodies were observed
compared to Gardasil-9-immunized mice. Alternatively, a T-test analysis revealed that the
difference between L1:P18110 VLP and Gardasil-9 group was significant (p = 0.005) (data
not shown). In L1:T20 VLP group, a significantly higher antibody response against T20
peptide was detected compared to Gardasil-9 group (p = 0.0083). As expected, anti-T20
titers were undetectable in Gardasil-9, PBS, L1:P18110 VLP and rBCG.HIVA prime combined
with L1:P18I10 VLP boost groups (Figure 6E). The titer of T20 peptide-specific antibody
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was relatively low. This is likely due to: (1) T20 is subdominant peptide; (2) elicitation of
MPER or 2F5 neutralizing antibodies requires peptide-lipid conjugates (Figure 6E). Overall,
our results demonstrated that L1:P18I10 and L1:T20 VLPs could induce HPV16- but weak
HIV-1-specific antibody responses in mice.

To evaluate the HPV and HIV-specific T-cell immune responses in mice, we followed the
immunization schedule shown in Figure 7A. In addition, heterologous BCG.HIVA?2auxo-nt
priming and L1:P18I10 VLPs boosting was compared with homologous L1:P18110 VLP
prime and boost immunization to evaluate the frequency of specific-HPV16 and HIV-1 T-cell
immune responses. There were no differences between Gardasil-9 and PBS groups regarding
the IFN-y secretion after splenocytes stimulation with HPV16 L1 VLPs. Differences in L1-
specific IFN-y secretion were also not significant between L1:P18I10 VLP and Gardasil-9
groups. We deduced that the weak L1-specific IFN-y secretion might be attribute to the low
concentration (2 pug/mL) of HPV16 L1 VLPs used as stimuli. The group of BCG.HIVAZauwxo-int
prime and L1:P18I10 VLP boost induced higher frequency of IFN-y secreting splenocytes
and significant difference in IFN-y secretion were observed when compared with mice
vaccinated with Gardasil-9 group (p = 0.0103). 3 out of 8 mice (~38%) elicited the highest L1-
specific IFN-y responses (Figure 7B). This might be attributed to the unspecific adjuvanticity
of BCG according our previous studies [64—66]. The evident priming effect, even by wild-
type BCG, is in line with the ability of rBCG derivatives to act as potent adjuvants for
subsequent boosting vaccines [64,65]. Regarding the HIV-1-specific T-cell responses, the
highest total magnitude of IFN-y spot-forming cells (SFC)/10° splenocytes was observed in
BCG.HIVA2awxoint primed mice compared to mice receiving Gardasil-9 vaccines or L1:P18I10
VLPs. Mice primed with BCG.HIVA and boosted with L1:P18I10 VLPs elicited significantly
higher IFN-y secretion compared with mice vaccinated with L1:P18110 VLP homologous
prime-boost (p = 0.0268). In addition, a significantly higher IFN-y secretion was observed in
mice vaccinated with L1:P18I10 VLPs in comparison with mice receiving Gardasil-9 vaccines
(p = 0.0157) (Figure 7C). As expected, the IFN-y secretion was undetectable in Gardasil-9
and PBS groups. These results demonstrated that (1) L1:P18I10 VLPs elicited HIV-1-specific
T-cell immune responses; (2) L1:P18I10 VLPs elicited HPV-specific T-cell immune responses
and (3) BCG.HIVAZwoint coyld boost the HIV-1-specific T-cell immune responses elicited
by L1:P18I10 VLP.
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Figure 7. Induction of HPV16 and HIV-1 specific T cell responses by chimeric L1:P8I10 VLPs and
rBCG.HIVA in BALB/c mice. The immunization schedule is depicted in (A). All mouse groups had equal
gender distribution (male # = 4 and female n = 4). Group A: homologous prime-boost immunization with
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10 pg L1:P18110 VLPs intramuscularly (i.m.); Group B: priming with 106 cfu rBCG.HIVA intra-
dermally (i.d.) and boosting with 10 ug L1:P18I10 VLPs i.m.; Group C: homologous prime-boost
vaccination with Gardasil-9 containing 10 ug of HPV16 L1 VLPs i.m.; Group D: immunization twice
with PBS buffer. The prime-boost interval was 2 weeks. The end point of this trial was on day 28.
Splenocytes were isolated for IFN-y ELISpot assay. T-cell immune responses to HPV16 and HIV-1
were assessed ex vivo by IFN-y ELISpot after splenocyte stimulation with HPV16 L1 VLP and P18I10
peptide. (B,C) HPV16 L1- and HIV-1 P8I10-specific T-cell responses elicited by L1:P8I10 VLPs and
rBCG.HIVA prime combined with L1:P18I10 VLP boost. Data are shown as median + S.D. One-way
ANOVA test was done to compare differences between groups. Ns not significant; * p < 0.05.

4. Discussion

Both HPV16 and HIV-1 are sexually transmitted diseases and are currently the focus
of many vaccine studies. Although HPV prophylactic vaccines have been commercialized
and HIV-1 transmission has been greatly controlled by anti-retroviral treatment (ART) and
PrEP, an effective, safe and affordable chimeric HPV:HIV vaccine against both viruses
is an urgent need. In this study, (1) we demonstrated that the 293F expression system
and the chromatographic purification method could be feasible approaches to produce
and purify chimeric L1:P18110 and L1:T20 VLPs; (2) we confirmed that the insertion of
P18I10 or T20 peptides into the DE loop of HPV16 L1 capsid proteins did not affect in vitro
stability, self-assembly and morphology of chimeric HPV:HIV VLPs; (3) The sequential and
conformational P18110 or T20 peptides exposed to DE loops of chimeric HPV:HIV VLPs
could be detected by anti-HIV-1 gp120 V3 and 2F5 neutralizing antibodies in vitro; (4) The
chimeric L1:P18I110 and L1:T20 VLPs could elicit HPV but weak HIV-1-specific binding
antibodies in BALB/c mice. Furthermore, the insertion of HIV-1 P18I10 or T20 peptides into
HPV16 L1 protein did not affect HPV16 L1-specific antibody induction in vivo; (5) L1:P18I10
VLPs could induce both HPV16 and HIV-1-specific T-cell responses; (6) BCG.HIVA prime
and L1:P18I10 VLP boost elicited highest magnitude of IFN-y producing splenocytes in
comparison with L1:P18110 VLPs homologous prime-boost in BALB/c mice. These finding
supported further development of HIV-1 vaccines based on rBCG and chimeric HPV:HIV
VLPs. All in all, this study provides a baseline strategy that may be worthy to support
the global efforts to develop novel chimeric VLP-based vaccines for controlling HPV and
HIV infections.

In this study, L1:P18110 and L1:T20 VLPs could induce the same level of anti-HPV16
L1 binding antibodies as HPV Gardasil-9 vaccine. However, L1:P18I10 and L1:T20 VLPs
only elicit low level of P18I10 and T20 epitope-specific HIV binding antibody responses.
We hypothesized that might be due because ELISA assay plates were coated with recombi-
nant HPV16 L1 protein, HIV-1 P18I10 peptide and HIV-1 T20 peptide, respectively. The
murine anti-L1 antibodies induced by our L1:P18110 and L1:T20 VLPs might target multiple
binding epitopes of L1 protein. By contrast, murine anti-HIV-1 antibodies elicited by our
L1:P18I10 and L1:T20 VLPs only target single HIV peptide (P18110 or T20) on HPV:HIV
VLPs. Consequently, the overall maximum OD450 values of anti-HIV-1 binding antibodies
were much lower than anti-HPV16 L1 antibodies.

The reason that we selected HPV16 L1 capsid protein DE loop as preliminary insertion
region of HIV-1 immunogen referred to a previous study that immunized mice with bovine
papillomavirus (BPV):HIV VLPs for inducing antibody responses [20]. It is known that
the epitopes located within surface-exposed DE and FG loops of the HPV L1 major capsid
proteins dominantly contribute to the vaccine-induced cross-neutralizing antibodies [67].
Furthermore, it has been shown by previous studies that insertion of HIV-1 MPER into BPV
L1 DE loop could induce partially neutralizing antibodies that specifically recognized the
native conformation of MPER in HIV-1 Env [20]. However, no data has shown whether the
recombinant BPV L1:MPER VLP affects the immunogenicity and neutralization against
BPV after insertion of HIV-1 MPER into BPV L1 protein. In our study using HPV16 L1
VLPs as HIV antigen delivery vector, we have observed that HIV-1 peptide insertion has
not modified HPV L1 structure, and that the chimeric HPV:HIV proteins still holds the
capacity to form VLPs. In addition, we carried out the concept of immunobridging to
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demonstrate comparable immune responses between a HPV:HIV VLP candidates (ours)
and an approved VLP based HPV vaccine (licensed Gardasil-9). Our data revealed that
the insertion of HIV-1 P18I10 or T20 peptide into chimeric HPV:HIV VLPs could elicit
the similar titer of HPV16 L1-specific binding antibodies, compared to HPV Gardasil-9
vaccine. The type-specific anti-HPV16 L1 binding antibodies observed with licensed HPV
Gardasil-9 VLP vaccine compared with chimeric versions of HPV Gardasil-9 VLP vaccine
was in concordance with our data.

The length and site of optimal HIV-1 foreign antigen incorporated into the HPV16 L1
VLPs and the in vitro stability of the resulting chimeric HPV:HIV VLPs should be verified
before mice immunization. Our current study have shown that the insertion of P18110
or T20 peptides into HPV16 L1 protein did not affect in vitro stability, self-assembly and
morphology of chimeric HPV:HIV VLPs. These results were in concordance with previous
studies indicating that insertion of HIV-1 MPER domain into BPV L1 DE loop sequence did
not influence the capacity of BPV L1 capsid protein self-assemble to VLPs [20]. Basically,
epitopes located within surface-exposed DE and FG loops of the HPV L1 capsid proteins
dominantly contribute to induce L1-specific cross-neutralizing antibodies [67]. Here, we
demonstrated that insertion of HIV-1 P18I10 or T20 peptides into HPV16 L1 DE loop did not
affect L1-specific antibody induction by chimeric HPV:HIV VLPs after mice immunization.
In addition, the HIV-1 P18I10 or T20 epitopes onto HPV16 DE loops of chimeric HPV:HIV
VLPs were detected in vitro and were immunogenic in vivo. HPV16 L1 VLPs constitute a
potential scaffold for surface display of the HIV-1 epitope of interest. In this study, we have
performed indirect ELISA to demonstrated the conformational P18I10 and T20 peptide
presented on the surface of our chimeric HPV:HIV VLPs. In the future, the immune-electron
microscopy could also be an additional approach to demonstrate P18110 or T20 antigen
structural localization and organization within HPV:HIV VLPs.

Self-assembly is a representative index of in vitro stability of HPV16 L1 VLPs. It is
known that pH, ionic strength, temperature [52] and redox environment all correlate with
disulfide bonds of HPV16 L1 capsid proteins [53]. The earlier works on papillomavirus
VLPs suggested the importance of disulfide bonds to L1 major capsid self-assembly [68,69].
Disulfide formation indicated a higher cysteine of L1 capsid protein in an appropriate
geometry [53]. These disulfide cross-links connecting residues 175 and 428 (for HPV16)
that stabilize HPV virions and VLPs [70]. In this study, we analyzed intermolecular
disulfide cross-linking pattern as an indirect evidence to prove our L1:P18110 and L1:T20
capsid proteins tend to self-assembly in vitro. In Figure 3A, we demonstrated that purified
L1:P18I10 and L1:T20 VLPs presented similar intermolecular disulfide cross-linking pattern
as HPV16 L1 VLPs under the same pH, ionic strength and thermal conditions. In Figure 3B,
we further demonstrated that purified L1:P18I10 and L1:T20 proteins were capable of self-
assembling to larger particles (larger than L1 pentamer MW 280 kDa) in vitro. Therefore,
together with the morphological self-assemble VLP pattern (although the icosahedral
structure were not quite good) observed in Figure 4, we concluded our purified chimeric
HPV:HIV VLPs is stable in vitro. Besides VLP stability, many other critical factors that
could affect the immunogenicity of chimeric HPV:HIV VLPs should be considered, such as
immunogen insertion site among different loops of VLPs [71], dose, prime-boost intervals,
and administration route [22] etc.

The P18I10 peptides derived from HIV-1 gp120 V3 loop are presented in HIV-infected
cells by major histocompatibility complex (MHC-I) class I molecules [26]. CD8+, cytotoxic
T lymphocytes (CTL), could recognize MHC-I restricted P18I10 antigens and secreting a
variety of cytokines, such as IFN-y to eliminate HIV-infected cells [72-75]. Recombinant
viral or plasmid DNA are good vaccine vehicles to express P18110 peptides in host cells and
induce P18I10-specific cellular responses through MHC-I pathway [76-79]. For instance, a
combined regimen of DNA prime and modified vaccinia virus Ankara (MVA) boost was ef-
ficient for the induction of IFN-y and CTL responses against the P18I10 epitope [79]. On the
contrary, exogenous P18I10 peptides are not efficiently presented to CD8+ T-cells by MHC-I
pathway [80,81] and require the participation of appropriate adjuvants [82-85] or antigen



Vaccines 2023, 11, 15

19 of 26

carriers, such VLPs. For instance, immunogenicity of synthetic P18I10 peptides supple-
mented with adjuvants was marginal due to the absence of T-helper determinants [82-85].
It has been reported previously that HIV-1 Gag VLPs [86], hepatitis B surface antigen
(HBsAg) VLPs [87], parvovirus VP2 VLPs [88] and papillomavirus L1 VLPs [17-19] could
act as delivery vectors for MHC-I-restricted CTL epitope presentation in vivo. Although
the mechanism of VLP-induced MHC-I-restricted T-cell responses is still unclear, the partic-
ulate structure of VLPs might benefit endocytic uptake of macrophages or dendritic cells,
thus accessing the cytosol and subsequently entering typical MHC-I pathway [89,90]. In
addition, the MHC-I-restricted P18I10 determinant was observed to induce CD4+ helper
T-cell responses itself through an MHC-II pathway [91,92]. Hybrid BPV1 L1 VLPs can
be used as antigenic epitope carriers to elicit therapeutic virus-specific CTL responses
through MHC-I and MHC-II pathways [17,19], providing a promising strategy for the
vaccine design to control viral infection. Some early studies also indicated BPV L1 VLPs
expressing HPV16 E7 epitope or P18I10 epitope of HIV-1 gp120 V3 loop induced mucosal
surfaces and also systemic VLP epitope-specific humoral and T cell immunity [18]. In line
with previous studies, we have preliminarily demonstrated that our chimeric HPV:HIV
(L1:P18I10) VLPs could induce HIV-specific T-cell immune responses in BALB/c mice after
splenocytes stimulation with P18I10 peptide. In addition, BCG.HIVA priming enhanced
the HIV-1-specific T-cell immune responses in mice. However, the multifunctional T-cell
immune responses induced by L1:P18110 VLPs would need further immunological studies.

Broader CD8+ T-cell responses against multiple conserved CTL epitopes are beneficial
to overcome HIV-1 genetic diversity and escape [7,93-100]. The rational design of HIV-1
T-cell immunogens, such as HIVA, should have the potential to respond to multiple CTL
epitopes [34]. The HIV-1 HIVA immunogen, designed by Dr. Tomas Hanke, is composed of
the full-length HIV-1 Gag protein combined with multiple CTL epitopes including P18110
epitopes at the C-terminus [34]. The DNA, MVA and rBCG were selected as HIVA immuno-
gen delivery vehicles and induced high magnitude and breadth of CTL epitope-specific
cellular responses by using heterologous prime-boost regimes in mouse and non-human
primate (NHP) models [34,101]. Our prior studies have shown that rBCG.HIVA prime in
combination with MVA.HIVA boost elicited HIV-1-specific IFN-y producing CD8+ T-cells
in BALB/c mice [31-33,102]. Interestingly, VLPs could be a potential booster to increase
HIV-specific cellular responses in the heterologous immunization with rBCG [29,30] or
DNA vaccines [103,104]. For example, rBCG expressing HIV-1 Gag protein could effectively
prime the T-cell immune system for a boost with a Gag VLPs in NHP models [29,30]. In
the current study, we have demonstrated that rBCG.HIVA priming could boost the T-cell
immune responses induced by HPV:HIV (L1:P18I10) VLPs. We will further investigate the
magnitude of polyfunctional CD4+, CD8+ and memory T-cell responses generated by this
rBCG prime and VLP boost regime.

Currently, our research group is focusing on the development of promising rBCG:HIV
vaccines expressing novel HIV-1 T-cell immunogens, such as tHIVconsvX and HIVACAT
(HTT) T cell immunogen, to improve HIV-1 variant match and T-cell response breadth.
The 2nd-generation HIVconsvX immunogens were designed by redefining the group M
conserved regions and utilizes a bivalent mosaic design to maximize the match of potential
9-mer T-cell epitopes in the vaccine to global variants [64]. The HTI immunogen was
designed to cover T-cell targets against which T-cell responses are predominantly observed
in HIV-1-infected individuals with low HIV-1 viral loads [65,66]. Because papilloma VLPs
have been proved to be a multiple CTL epitope carrier [17], we aimed to construct chimeric
HPV16 L1 VLPs carrying multiple conserved HIV-1 CTL epitopes in combination with
rBCG expressing ThivconsvX or HTI T-cell immunogens to induce broader CTL immune
responses against HIV-1. The high density and multiple copies of the HIV-1 CTL epitope
presented on chimeric HPV:HIV VLPs might improve antigen delivery to the immune
system and induce a higher frequency of CTL responses. By contrast, recombinant BCG is
more likely to generate a lower frequency of CTL responses due to slow replication in vivo.
Because BCG has a distinct influence on the differentiation of T cells, which means that BCG
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can induce memory CD8+ T cells through the participation of CD4+ T-helper cells [105],
this immunogenic property might make BCG suitable as a priming agent in heterologous
prime-boost regimens. Thus, we expected that our HPV:HIV VLPs might appear to be a
promising booster to increase the magnitude and breadth of HIV-1 CTL responses when
priming with a recombinant BCG expressing novel HIV-1 T-cell immunogen.

The T20 peptide contains a highly conserved linear epitope 2F5 (ELDKWA). The 2F5
antibody collected from long-term HIV-infected patients was reported to have broadly
neutralizing efficacy [106,107]. The MPER of gp41 is considered to be poor immunogenic,
perhaps related to its location close to cellular and viral phospholipid bilayer [108]. Using
DNA vectors presenting MPER in a lipid environment is beneficial to induce gp41-specific
nAbs [109-111]. For instance, the HIV-1 T20-encoding DNA vaccines, designed by Dr.
Britta Wahren, have been demonstrated to induce cross-clade neutralizing antibody (nAb)
responses [109]. By contrast, many early attempts to induce nAbs targeting gp41 by
using peptide or subunit vaccine strategies have failed [112-116]. Recently, some studies
indicated BPV L1 VLPs expressing 2F5 epitope or MPER of HIV-1 gp41 induced 2F5-specific
antibodies in mice resulted in cross-clade neutralization [20,21]. A similar immunogenicity
pattern was found when hepatitis B surface antigen (HBsAg) was fused with HIV-1 2F5
epitope or MPER [59,117-119]. Here, we demonstrated that presentation of HIV-1 T20
and P18I10 peptide in our chimeric HPV16 L1 VLP could induce antibody responses
against HIV-1 and HPV16. Neutralizing epitopes stabilized on a conformational scaffold,
such as HIV-1 functional spikes or VLPs, could be the mainstream of B-cell immunogen
design for achieving broad neutralizing antibodies (bnAbs) [93]. However, most of novel
bnAb epitopes (approximately 90%) are non-continuous and constituted regions brought
together in 3-dimentional configurations [120]. Although the presentation of discontinuous
epitopes onto a protein scaffold could be predicted by computational modeling [121],
these bnAb epitopes might be challenged to be embedded in non-enveloped HPV16 L1
protein scaffold. By contrast, a minority of HIV-1 B-cell immunogens, such as MPER (2F5)
of HIV-1 gp41 or V3 loop (P18IIB) of gp120, contains linear neutralizing epitopes and
might be suitable for the HPV:HIV protein backbone. Therefore, we selected the linear
2F5 neutralizing epitope that is included in an extended T20 peptide of HIV-1 MPER in
term of favorable structure for a-helix formation [122]. T20 peptides could be fused and
stabilized on L1 capsid scaffolds to elicit neutralizing antibody responses if the native
configuration of 2F5 epitope could be presented. In this study, we found that 2F5 nAbs
were bound to chimeric HPV:HIV (L1:T20) VLPs in vitro. Moreover, the L1:T20 VLPs can
also induce T20-specific binding antibodies in BALB/c mice. There was growing evidence
that HIV-1 fusion inhibitory (T20) peptide-induced antibodies have similar properties as
anti-HIV-1 fusion peptide Enfuvirtide to bind the hydrophobic trans-membrane T20 residue
located in MPER of gp41 during HIV-1 fusion and contribute to viral control [109,123,124].
According to our previous reviews, the rational design of chimeric VLP-based vaccines
to induce HPV and HIV-specific neutralizing antibody and CTL responses would always
need to be considered in terms of immunogen selection, antigen delivery vectors and
prime-boost regimes. In conclusion, this study has shown an alternative mammalian
cell-based expression platform and a scalable chromatographic purification method to
engineer chimeric HPV:HIV VLPs. We consider that our new purification methods will
aid in recovering antigenic HPV:HIV VLPs from mammalian cells towards the goal of
reducing time, cost, and labor while increasing the capacity for industrial production.,
Additionally, we demonstrated HPV16 L1 VLPs can work as a delivery platform to carry
HIV-1 peptide antigen, because the insertion of P18I10 or T20 peptides into the DE loop of
HPV16 L1 capsid proteins did not affect in vitro stability, self-assembly and morphology
of chimeric HPV:HIV VLPs and did not interfere HPV16 L1-specific antibody induction
in vivo. On the other hand, chimeric HPV:HIV VLPs could elicit HPV16 and HIV-specific
B and T-cell immune responses against both viruses. This report explored a possibility
of developing HIV-1 vaccines based on recombinant BCG expressing HIV-1 immunogens
and HPV:HIV VLPs, which can be used for childhood HIV-1 immunization. Since the
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development of an effective chimeric vaccine against HPV16 and HIV-1 is still a challenge,
this work contributes a step towards the development of the novel chimeric HPV:HIV
VLP-based vaccine platform for controlling HPV16 and HIV-1 infection, which is urgently
needed in developing and industrialized countries.

Author Contributions: J.J.-M. and N.S. conceived the study design. C.-W.C. and N.S. planned and
performed the experiments. J.J.-M. and N.S. contributed to the interpretation of the results. C.-W.C.
took the lead in writing the manuscript and processing the figures. A.K. provided feedback and
helped to shape the analysis and manuscript. J.J.-M. led the full revision of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from the European Union’s Horizon 2020 research and
innovation program under grant agreement No. 681137. In addition, we acknowledge support
by Instituto de Salud Carlos III (FIS PI20/00217), Direccié General de Recerca i Innovacié en Salut
(DGRIS), Catalan Health Ministry Generalitat de Catalunya, and Centro para el Desarrollo Tecnolégico
Industrial (CDTI) from the Spanish Ministry of Economy and Business, grant number IDI-20200297.

Institutional Review Board Statement: All the experiments were approved by the local Research
Ethics Committee (Procedure 43.19, Hospital de la Vall d’'Hebron, Universitat Autonoma de Barcelona).

Informed Consent Statement: Not applicable.
Data Availability Statement: All data are contained within the article.

Acknowledgments: We gratefully acknowledge the donors of the reagents and the Centre for AIDS
Reagents, NIBSC, UK. P18I10 peptide (ARP734) was obtained from the CFAR. Anti-HIV-1 gp120
V3 mAb (EVA3012) was sourced from A von Brunn and the program EVA CFAR. T20 peptide
(ARP984) was contributed from Roche and CFAR. 2F5 mAb (ARP3063) was obtained from the
POLYMUN Scientific Immunbiologische Forschung GmbH and CFAR, supported by EURIPRED (EC
FP7 INFRASTRUCTURES-2012-INFRA-2012-1.1.5.: Grant Number 31266).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. UNAIDS Global HIV & AIDS Statistics—2018 Fact Sheet. 2019. Available online: http://www.unaids.org/en/resources/fact-
sheet (accessed on 15 June 2020).

2. Baeten, ].M. PrEP for HIV: Grade A for evidence but pending for impact. Nat. Rev. Urol. 2019, 16, 570-571. [CrossRef]

3. Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Kaewkungwal, J.; Chiu, J.; Paris, R.; Premsri, N.; Namwat, C.; De Souza, M.;
Adams, E.; et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N. Engl. ]. Med. 2009,
361, 2209-2220. [CrossRef]

4. Ng'uni, T.; Chasara, C.; Ndhlovu, Z.M. Major scientific hurdles in HIV vaccine development: Historical perspective and future
directions. Front. Immunol. 2020, 11, 590780. [CrossRef]

5.  Robinson, H.L. HIV /AIDS vaccines: 2018. Clin. Pharmacol. Ther. 2018, 104, 1062-1073. [CrossRef]

6. Wang, Q.; Zhang, L. Broadly neutralizing antibodies and vaccine design against HIV-1 infection. Front. Med. 2020, 14, 30-42.
[CrossRef]

7. Collins, D.R.; Gaiha, G.D.; Walker, B.D. CD8+ T cells in HIV control, cure and prevention. Nat. Rev. Immunol. 2020, 20, 471-482.
[CrossRef] [PubMed]

8. Pollard, AJ.; Bijker, EM. A guide to vaccinology: From basic principles to new developments. Nat. Rev. Immunol. 2021, 21, 83-100.
[CrossRef]

9.  Shapiro, S.Z. Lessons for general vaccinology research from attempts to develop an HIV vaccine. Vaccine 2019, 37, 3400-3408.
[CrossRef]

10. Ahmed, H.G,; Bensumaidea, S.H.; Alshammari, ED.; Alenazi, ES.H.; ALmutlaq, B.A.; Alturkstani, M.Z.; Aladani, I.A. Prevalence
of human papillomavirus subtypes 16 and 18 among Yemeni patients with cervical cancer. Asian Pacific ]. Cancer Prev. 2017,
18, 1543-1548. [CrossRef]

11. Olcese, V.A; Chen, Y.; Schlegel, R.; Yuan, H. Characterization of HPV16 L1 loop domains in the formation of a type-specific,
conformational epitope. BMC Microbiol. 2004, 4, 29. [CrossRef]

12. Dupuy, C.; Buzoni-Gate, D.; Touze, A.; Le Cann, P.; Bout, D.; Coursaget, P. Cell mediated immunity induced in mice by HPV 16
L1 virus-like particles. Microb. Pathog. 1997, 22, 219-225. [CrossRef] [PubMed]

13.  Schiller, J.; Lowy, D. Explanations for the high potency of HPV prophylactic vaccines. Vaccine 2018, 36, 4768-4773. [CrossRef]

[PubMed]


http://www.unaids.org/en/resources/fact-sheet
http://www.unaids.org/en/resources/fact-sheet
http://doi.org/10.1038/s41585-019-0219-x
http://doi.org/10.1056/NEJMoa0908492
http://doi.org/10.3389/fimmu.2020.590780
http://doi.org/10.1002/cpt.1208
http://doi.org/10.1007/s11684-019-0721-9
http://doi.org/10.1038/s41577-020-0274-9
http://www.ncbi.nlm.nih.gov/pubmed/32051540
http://doi.org/10.1038/s41577-020-00479-7
http://doi.org/10.1016/j.vaccine.2019.04.005
http://doi.org/10.22034/APJCP.2017.18.6.1543
http://doi.org/10.1186/1471-2180-4-29
http://doi.org/10.1006/mpat.1996.0113
http://www.ncbi.nlm.nih.gov/pubmed/9140917
http://doi.org/10.1016/j.vaccine.2017.12.079
http://www.ncbi.nlm.nih.gov/pubmed/29325819

Vaccines 2023, 11, 15 22 of 26

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Markowitz, L.E.; Schiller, J.T. Human Papillomavirus Vaccines. J. Infect. Dis. 2021, 224, S367-S378. [CrossRef] [PubMed]

Chen, C.W.; Saubi, N.; Joseph-Munné, J. Design concepts of virus-like particle-based HIV-1 vaccines. Front. Immunol. 2020,
11, 573157. [CrossRef] [PubMed]

Eto, Y.; Saubi, N.; Ferrer, P; Joseph, ]. Designing chimeric virus-like particle-based vaccines for human papillomavirus and HIV:
Lessons learned. AIDS Rev. 2019, 21, 218-232. [CrossRef]

Liu, WJ,; Liu, X.S.; Zhao, K.N.; Leggatt, G.R.; Frazer, .H. Papillomavirus virus-like particles for the delivery of multiple cytotoxic
T cell epitopes. Virology 2000, 273, 374-382. [CrossRef]

Liu, X.S.; Abdul-Jabbar, I.; Qi, YM.; Frazer, LH.; Zhou, ]. Mucosal immunisation with papillomavirus virus-like particles elicits
systemic and mucosal immunity in mice. Virology 1998, 252, 39—45. [CrossRef]

Peng, S.; Frazer, .LH.; Fernando, G.J.; Zhou, J. Papillomavirus virus-like particles can deliver defined CTL epitopes to the MHC
class I pathway. Virology 1998, 240, 147-157. [CrossRef]

Zhai, Y.; Zhong, Z.; Zariffard, M.; Spear, G.T.; Qiao, L. Bovine papillomavirus-like particles presenting conserved epitopes
from membrane-proximal external region of HIV-1 gp41 induced mucosal and systemic antibodies. Vaccine 2013, 31, 5422-5429.
[CrossRef]

Zhang, H.; Huang, Y.; Fayad, R.; Spear, G.T.; Qiao, L. Induction of mucosal and systemic neutralizing antibodies against human
immunodeficiency virus type 1 (HIV-1) by oral immunization with bovine papillomavirus-HIV-1 gp41 chimeric virus-like
particles. J. Virol. 2004, 78, 8342-8348. [CrossRef]

Xiao, S.L.; Wen, J.L.; Kong, N.Z.; Yue, H.L.; Leggatt, G.; Frazer, L H. Route of administration of chimeric BPV1 VLP determines the
character of the induced immune responses. Immunol. Cell Biol. 2002, 80, 21-29. [CrossRef]

Kirnbauer, R.; Taub, ], AN.E.T.; Greenstone, HE.A.T.H.E.R.; Roden, RI.C.H.A.R.D.; Diirst, M.; Gissmann, L.; Lowy, D.R;;
Schiller, J.T. Efficient Self-Assembly of Human Papillomavirus Type 16 LI and L1-L2 into Virus-Like Particles. J. Virol. 1993, 67,
6929-6936. [CrossRef] [PubMed]

Zhao, Q.; Potter, C.S.; Carragher, B.; Lander, G.; Sworen, J.; Towne, V.; Abraham, D.; Duncan, P.; Washabaugh, M.W.; Sitrin, R.D.
Characterization of virus-like particles in GARDASIL® by cryo transmission electron microscopy. Hum. Vaccines Immunother.
2014, 10, 734-739. [CrossRef] [PubMed]

Achour, A.; Lemhammedi, S.; Picard, O.; M'bika, J.P.; Zagury, ].F.; Moukrim, Z.; Willer, A ; Beix, F.,; Burny, A.; Zagury, D. Cytotoxic
T Lymphocytes Specific for HIV-1 gp160 Antigen and Synthetic P18IIIB Peptide in an HLA-A11-Immunized Individual. AIDS Res.
Hum. Retroviruses 1994, 10, 19-25. [CrossRef]

Nakagawa, Y.; Kikuchi, H.; Takahashi, H. Molecular analysis of TCR and peptide/MHC interaction using P18-110-derived
peptides with a single D-amino acid substitution. Biophys. J. 2007, 92, 2570-2582. [CrossRef]

Qiu, Z.; Chong, H.; Yao, X.; Su, Y.; Cui, S.; He, Y. Identification and characterization of a subpocket on the N-trimer of HIV-1 Gp41:
Implication for viral entry and drug target. Aids 2015, 29, 1015-1024. [CrossRef]

Peters, B.S.; Cheingsong-Popov, R.; Callow, D.; Foxall, R.; Patou, G.; Hodgkin, K.; Weber, ].N. A pilot phase II study of the safety
and immunogenicity of HIV p17/p24:VLP (p24-VLP) in asymptomatic HIV seropositive subjects. J. Infect. 1997, 35, 231-235.
[CrossRef]

Chege, G.K,; Burgers, W.A.; Stutz, H.; Meyers, A.E.; Chapman, R.; Kiravu, A.; Bunjun, R.; Shephard, E.G.; Jacobs, WR;
Rybicki, E.P; et al. Robust Immunity to an Auxotrophic Mycobacterium bovis BCG-VLP Prime-Boost HIV Vaccine Candidate in
a Nonhuman Primate Model. J. Virol. 2013, 87, 5151-5160. [CrossRef]

Chege, G.K,; Thomas, R.; Shephard, E.G.; Meyers, A.; Bourn, W.; Williamson, C.; Maclean, J.; Gray, C.M.; Rybicki, E.P;
Williamson, A.L. A prime-boost immunisation regimen using recombinant BCG and Pr55gag virus-like particle vaccines based
on HIV type 1 subtype C successfully elicits Gag-specific responses in baboons. Vaccine 2009, 27, 4857-4866. [CrossRef]

Joseph, J.; Saubi, N.; Im, E.J.; Fernandez-Lloris, R.; Gil, O.; Cardona, PJ.; Gatell, ].M.; Hanke, T. Newborn mice vaccination with
BCG.HIVA222 + MVA HIVA enhances HIV-1-specific immune responses: Influence of age and immunization routes. Clin. Dev.
Immunol. 2011, 2011, 516219. [CrossRef]

Saubi, N.; Gea-Mallorqui, E.; Ferrer, P.; Hurtado, C.; Sanchez-Ubeda, S.; Eto, Y.; Gatell, J.M.; Hanke, T.; Joseph, J. Engineering new
mycobacterial vaccine design for HIV-TB pediatric vaccine vectored by lysine auxotroph of BCG. Mol. Ther. Methods Clin. Dev.
2014, 1, 14017. [CrossRef]

Mahant, A.; Saubi, N.; Eto, Y.; Guitart, N.; Gatell, ].M.; Hanke, T.; Joseph, J. Preclinical development of BCG.HIVA2auxo.int,
harboring an integrative expression vector, for a HIV-TB Pediatric vaccine. Enhancement of stability and specific HIV-1 T-cell
immunity. Hum. Vaccines Immunother. 2017, 13, 1798-1810. [CrossRef] [PubMed]

Hanke, T.; McMichael, A.]J. Design and construction of an experimental HIV-1 vaccine for a year-2000 clinical trial in Kenya.
Nat. Med. 2000, 6, 951-955. [CrossRef] [PubMed]

Durocher, Y; Perret, S.; Kamen, A. High-level and high-throughput recombinant protein production by transient transfection of
suspension-growing human 293-EBNA1 cells. Nucleic Acids Res. 2002, 30, E9. [CrossRef] [PubMed]

Kim, HJ.; Kim, S.Y.; Lim, S.J.; Kim, J.Y.; Lee, S.J.; Kim, H.J. One-step chromatographic purification of human papillomavirus type
16 L1 protein from Saccharomyces cerevisiae. Protein Expr. Purif. 2010, 70, 68-74. [CrossRef] [PubMed]

Eto, Y.; Saubi, N.; Ferrer, P.; Joseph-Munné, J. Expression of chimeric HPV-HIV protein L1P18 in pichia pastoris; purification and
characterization of the virus-like particles. Pharmaceutics 2021, 13, 1967. [CrossRef]


http://doi.org/10.1093/infdis/jiaa621
http://www.ncbi.nlm.nih.gov/pubmed/34590141
http://doi.org/10.3389/fimmu.2020.573157
http://www.ncbi.nlm.nih.gov/pubmed/33117367
http://doi.org/10.24875/AIDSRev.19000114
http://doi.org/10.1006/viro.2000.0435
http://doi.org/10.1006/viro.1998.9442
http://doi.org/10.1006/viro.1997.8912
http://doi.org/10.1016/j.vaccine.2013.09.003
http://doi.org/10.1128/JVI.78.15.8342-8348.2004
http://doi.org/10.1046/j.1440-1711.2002.01051.x
http://doi.org/10.1128/jvi.67.12.6929-6936.1993
http://www.ncbi.nlm.nih.gov/pubmed/8230414
http://doi.org/10.4161/hv.27316
http://www.ncbi.nlm.nih.gov/pubmed/24299977
http://doi.org/10.1089/aid.1994.10.19
http://doi.org/10.1529/biophysj.106.095208
http://doi.org/10.1097/QAD.0000000000000683
http://doi.org/10.1016/S0163-4453(97)92814-0
http://doi.org/10.1128/JVI.03178-12
http://doi.org/10.1016/j.vaccine.2009.05.064
http://doi.org/10.1155/2011/516219
http://doi.org/10.1038/mtm.2014.17
http://doi.org/10.1080/21645515.2017.1316911
http://www.ncbi.nlm.nih.gov/pubmed/28426273
http://doi.org/10.1038/79626
http://www.ncbi.nlm.nih.gov/pubmed/10973301
http://doi.org/10.1093/nar/30.2.e9
http://www.ncbi.nlm.nih.gov/pubmed/11788735
http://doi.org/10.1016/j.pep.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19686852
http://doi.org/10.3390/pharmaceutics13111967

Vaccines 2023, 11, 15 23 of 26

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

GE. The use of Capto™ Core 700 and Capto Q ImpRes in the purification of human papilloma virus like particles. J. Asia’s Pharm.
Biopharm. Ind. 2014, 1-4.

McLean, C.S.; Churcher, M.].; Meinke, J.; Smith, G.L.; Higgins, G.; Stanley, M.; Minson, A.C. Production and characterisation of
a monoclonal antibody to human papillomavirus type 16 using recombinant vaccinia virus. J. Clin. Pathol. 1990, 43, 488-492.
[CrossRef]

Merck Canada Inc. Product Monograph Gardasil®. Prod. Monogr. Monopril Prod. Monogr. 2015, 1-71.

Achour, A ; Persson, K.; Harris, R.A.; Sundbick, J.; Sentman, C.L.; Lindqvist, Y.; Schneides, G.; Karre, K. The crystal structure of
H-2D(d) MHC class I complexed with the HIV-1- derived peptide P18-110 at 2.4 A resolution: Implications for T cell and NK cell
recognition. Immunity 1998, 9, 199-208. [CrossRef]

Pang, W.; Tom, S.C.; Zheng, Y.T. Current peptide HIV type-1 fusion inhibitors. Antivir. Chem. Chemother. 2009, 20. [CrossRef]
Chen, X.S.; Garcea, R.L.; Goldberg, I.; Casini, G.; Harrison, S.C. Structure of Small Virus-like Particles Assembled from the L1
Protein of Human Papillomavirus 16. Mol. Cell 2000, 5, 557-567. [CrossRef] [PubMed]

Day, PM.; Weisberg, A.S.; Thompson, C.D.; Hughes, M.M.; Pang, Y.Y.; Lowy, D.R.; Schiller, ].T. Human Papillomavirus 16 Capsids
Mediate Nuclear Entry during Infection. J. Virol. 2019, 93, e00454-19. [CrossRef]

Zhou, J.; Doorbar, J.; Sun, X.Y.; Crawford, L.V.; McLean, C.S.; Frazer, I.H. Identification of the nuclear localization signal of human
papillomavirus type 16 L1 protein. Virology 1991, 185, 625-632. [CrossRef] [PubMed]

Vlps, A.; Middelberg, A.PJ.; Lua, L.H.L. Virus-like particle bioprocessing: Challenges and opportunities. Pharm. Bioprocess. 2013,
1, 407-409.

Bousarghin, L.; Touzé, A.; Combita-Rojas, A.L.; Coursaget, P. Positively charged sequences of human papillomavirus type 16
capsid proteins are sufficient to mediate gene transfer into target cells via the heparan sulfate receptor. J. Gen. Virol. 2003,
84, 157-164. [CrossRef]

Sasagawa, T.; Pushko, P; Steers, G.; Gschmeissner, S.E.; Nasser Hajibagheri, M.A.; Finch, J.; Crawford, L.; Tommasino, M.
Synthesis and assembly of virus-like particles of human papillomaviruses type 6and Type 16 in fission yeast Schizosaccharomyces
pombe. Virology 1995, 206, 126-135. [CrossRef]

Biemelt, S.; Sonnewald, U.; Galmbacher, P.; Willmitzer, L.; Miiller, M. Production of Human Papillomavirus Type 16 Virus-Like
Particles in Transgenic Plants. J. Virol. 2003, 77, 9211-9220. [CrossRef]

Zahin, M.; Joh, J.; Khanal, S.; Husk, A.; Mason, H.; Warzecha, H.; Ghim, S.J.; Miller, D.M.; Matoba, N.; Jenson, A.B. Scalable
production of HPV16 L1 protein and VLPs from tobacco leaves. PLoS ONE 2016, 11, e0160995. [CrossRef]

Aires, K.A.; Cianciarullo, A.M.; Carneiro, S.M.; Villa, L.L.; Boccardo, E.; Pérez-Martinez, C.; Perez-Arellano, 1.; Oliveira, M.L.S.;
Ho, P.L. Production of human papillomavirus type 16 L1 virus-like particles by recombinant Lactobacillus casei cells. Appl. Environ.
Microbiol. 2006, 72, 745-752. [CrossRef]

Shank-Retzlaff, M.L.; Zhao, Q.; Anderson, C.; Hamm, M.; High, K.; Nguyen, M.; Wang, F.; Wang, N.; Wang, B.; Wang, Y.; et al.
Evaluation of the thermal stability of Gardasil®. Hum. Vaccin. 2006, 2, 147-154. [CrossRef] [PubMed]

Mukherjee, S.; Thorsteinsson, M.V.; Johnston, L.B.; DePhillips, P.A.; Zlotnick, A. A Quantitative Description of In Vitro Assembly
of Human Papillomavirus 16 Virus-Like Particles. J. Mol. Biol. 2008, 381, 229-237. [CrossRef] [PubMed]

McCarthy, M.P.,; White, W.I.; Palmer-Hill, F.; Koenig, S.; Suzich, J.A. Quantitative Disassembly and Reassembly of Human
Papillomavirus Type 11 Viruslike Particles In Vitro. . Virol. 1998, 72, 32—41. [CrossRef] [PubMed]

Kirnbauer, R.; Booy, F.; Cheng, N.; Lowy, D.R.; Schiller, ].T. Papillomavirus L1 major capsid protein self-assembles into virus-like
particles that are highly immunogenic. Proc. Natl. Acad. Sci. USA 1992, 88, 12180-12184. [CrossRef]

Patel, M.C.; Patkar, K.K,; Basu, A.; Mohandas, K.M.; Mukhopadhyaya, R. Production of immunogenic human papillomavirus-16
major capsid protein derived virus like particles. Indian J. Med. Res. 2009, 130, 213-218.

Shi, L.; Sanyal, G.; Ni, A; Luo, Z.; Doshna, S.; Wang, B.; Graham, T.L.; Wang, N.; Volkin, D.B. Stabilization of human papillo-
mavirus virus-like particles by non-ionic surfactants. J. Pharm. Sci. 2005, 94, 1538-1551. [CrossRef]

Carter, J.J.; Wipf, G.C.; Benki, S.F.; Christensen, N.D.; Galloway, D.A. Identification of a Human Papillomavirus Type 16-Specific
Epitope on the C-Terminal Arm of the Major Capsid Protein L1. . Virol. 2003, 77, 11625-11632. [CrossRef]

Von Brunn, A.; Brand, M.; Reichhuber, C.; Morys-wortmann, C.; Deinhardt, E; Schdelt, F. Principal neutralizing domain of HIV-I
is highly immunogenic when expressed on the surface of hepatitis B core particles. Vaccine 1993, 11, 817-824. [CrossRef]
Dennison, S.M.; Anasti, K.; Scearce, R-M.; Sutherland, L.; Parks, R.; Xia, S.-M.; Liao, H.-X.; Gorny, M.K.; Zolla-Pazner, S.;
Haynes, B.F; et al. Nonneutralizing HIV-1 gp41 Envelope Cluster II Human Monoclonal Antibodies Show Polyreactivity for
Binding to Phospholipids and Protein Autoantigens. . Virol. 2011, 85, 1340-1347. [CrossRef]

Trkola, A.; Kuster, H.; Rusert, P; Joos, B.; Fischer, M.; Leemann, C.; Manrique, A.; Huber, M.; Rehr, M.; Oxenius, A.; et al. Delay of
HIV-1 rebound after cessation of antiretroviral therapy through passive transfer of human neutralizing antibodies. Nat. Med.
2005, 11, 615-622. [CrossRef]

Shank-Retzlaff, M.; Wang, E; Morley, T.; Anderson, C.; Hamm, M.; Brown, M.; Rowland, K.; Pancari, G.; Zorman, J.; Lowe, R ; et al.
Correlation between mouse potency and in vitro relative potency for human papillomavirus Type 16 virus-like particles and
Gardasil vaccine samples. Hum. Vaccin. 2005, 1, 191-197. [CrossRef] [PubMed]

Kilpeldinen, A.; Maya-Hoyos, M.; Saubi, N.; Soto, C.Y.; Joseph Munne, J. Advances and challenges in recombinant Mycobacterium
bovis BCG-based HIV vaccine development: Lessons learned. Expert Rev. Vaccines 2018, 17, 1005-1020. [CrossRef] [PubMed]


http://doi.org/10.1136/jcp.43.6.488
http://doi.org/10.1016/S1074-7613(00)80602-0
http://doi.org/10.3851/IMP1369
http://doi.org/10.1016/S1097-2765(00)80449-9
http://www.ncbi.nlm.nih.gov/pubmed/10882140
http://doi.org/10.1128/JVI.00454-19
http://doi.org/10.1016/0042-6822(91)90533-H
http://www.ncbi.nlm.nih.gov/pubmed/1660197
http://doi.org/10.1099/vir.0.18789-0
http://doi.org/10.1016/S0042-6822(95)80027-1
http://doi.org/10.1128/JVI.77.17.9211-9220.2003
http://doi.org/10.1371/journal.pone.0160995
http://doi.org/10.1128/AEM.72.1.745-752.2006
http://doi.org/10.4161/hv.2.4.2989
http://www.ncbi.nlm.nih.gov/pubmed/17012891
http://doi.org/10.1016/j.jmb.2008.05.079
http://www.ncbi.nlm.nih.gov/pubmed/18585738
http://doi.org/10.1128/JVI.72.1.32-41.1998
http://www.ncbi.nlm.nih.gov/pubmed/9420197
http://doi.org/10.1073/pnas.89.24.12180
http://doi.org/10.1002/jps.20377
http://doi.org/10.1128/JVI.77.21.11625-11632.2003
http://doi.org/10.1016/0264-410X(93)90356-3
http://doi.org/10.1128/JVI.01680-10
http://doi.org/10.1038/nm1244
http://doi.org/10.4161/hv.1.5.2126
http://www.ncbi.nlm.nih.gov/pubmed/17012876
http://doi.org/10.1080/14760584.2018.1534588
http://www.ncbi.nlm.nih.gov/pubmed/30300040

Vaccines 2023, 11, 15 24 of 26

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Kilpeldinen, A.; Saubi, N.; Guitart, N.; Moyo, N.; Wee, E.G.; Ravi, K.; Hanke, T.; Joseph, J. Priming with recombinant BCG
expressing novel HIV-1 conserved mosaic immunogens and boosting with recombinant CHADOX]1 is safe, stable, and elicits
HIV-1specific T-cell responses in BALB/c¢ mice. Front. Immunol. 2019, 10, 923. [CrossRef] [PubMed]

Kilpeldinen, A.; Saubi, N.; Guitart, N.; Olvera, A.; Hanke, T.; Brander, C.; Joseph, J. Recombinant BCG expressing HTI prime and
recombinant ChAdOx1 boost is safe and elicits HIV-1-specific T-cell responses in BALB/c mice. Vaccines 2019, 7, 78. [CrossRef]
[PubMed]

Saubi, N.; Kilpeldinen, A.; Eto, Y.; Chen, C.W.; Olvera, A.; Hanke, T.; Brander, C.; Joseph-Munné, J. Priming with recombinant bcg
expressing hti enhances the magnitude and breadth of the t-cell immune responses elicited by mva.Hti in balb/c mice. Vaccines
2020, 8, 678. [CrossRef]

Bissett, S.L.; Godi, A.; Beddows, S. The DE and FG loops of the HPV major capsid protein contribute to the epitopes of
vaccine-induced cross-neutralising antibodies. Sci. Rep. 2016, 6, 39730. [CrossRef]

Sapp, M.; Volpers, C.; Muller, M.; Streeck, R.E. Organization of the major and minor capsid proteins in human papillomavirus
type 33 virus-like particles. . Gen. Virol. 1995, 76, 2407-2412. [CrossRef]

Volpers, C.; Schirmacher, P; Streeck, R.E.; Sapp, M. Assembly of the Major and the Minor Capsid Protein of Human Papillomavirus
Type 33 into Virus-like Particles and Tubular Structures in Insect Cells. Virology 1994, 200, 504-512. [CrossRef]

Sapp, M.; Fligge, C.; Petzak, I.; Harris, ].R.; Streeck, R.E. Papillomavirus Assembly Requires Trimerization of the Major Capsid
Protein by Disulfides between Two Highly Conserved Cysteines. J. Virol. 1998, 72, 6186—6189. [CrossRef]

Sadeyen, J.R.; Tourne, S.; Shkreli, M.; Sizaret, P.Y.; Coursaget, P. Insertion of a foreign sequence on capsid surface loops of
human papillomavirus type 16 virus-like particles reduces their capacity to induce neutralizing antibodies and delineates a
conformational neutralizing epitope. Virology 2003, 309, 32-40. [CrossRef]

Yang, O.0.; Kalams, S.A.; Trocha, A.; Cao, H.; Luster, A.; Johnson, R.P.; Walker, B.D. Suppression of human immunodeficiency
virus type 1 replication by CD8+ cells: Evidence for HLA class I-restricted triggering of cytolytic and noncytolytic mechanisms.
J. Virol. 1997, 71, 3120-3128. [CrossRef] [PubMed]

Price, D.A; Sewell, AK.; Dong, T.; Tan, R.; Goulder, PJ.R.; Rowland-Jones, S.L.; Phillips, R.E. Antigen-specific release of
-chemokines by anti-HIV-1 cytotoxic T lymphocytes. Curr. Biol. 1998, 8, 355-358. [CrossRef] [PubMed]

Wagner, L.; Yang, O.0.; Garcia-Zepeda, E.A.; Ge, Y.; Kalams, S.A.; Walker, B.D.; Pasternack, M.S.; Luster, A.D. 3-Chemokines
are released from HIV-1-specific cytolytic T-cell granules complexed to proteoglycans. Nature 1998, 391, 908-911. [CrossRef]
[PubMed]

Goulder, PJ.R.; Watkins, D.I. Impact of MHC class I diversity on immune control of immunodeficiency virus replication. Nat. Rev.
Immunol. 2008, 8, 619—-630. [CrossRef] [PubMed]

Belyakov, I.M.; Moss, B.; Strober, W.; Berzofsky, J.A. Mucosal vaccination overcomes the barrier to recombinant vaccinia
immunization caused by preexisting poxvirus immunity. Proc. Natl. Acad. Sci. USA 1999, 96, 4512-4517. [CrossRef]

Belyakov, LM.; Wyatt, L.S.; Ahlers, ].D.; Earl, P.; Pendleton, C.D.; Kelsall, B.L.; Strober, W.; Moss, B.; Berzofsky, ].A. Induction of a
Mucosal Cytotoxic T-Lymphocyte Response by Intrarectal Immunization with a Replication-Deficient Recombinant Vaccinia
Virus Expressing Human Immunodeficiency Virus 89.6 Envelope Protein. J. Virol. 1998, 72, 8264-8272. [CrossRef]

Hanke, T.; Schneider, J.; Gilbert, S.C.; Hill, A.V.S.; McMichael, A. DNA multi-CTL epitope vaccines for HIV and Plasmodium
falciparum: Immunogenicity in mice. Vaccine 1998, 16, 426-435. [CrossRef]

Hanke, T.; Blanchard, T.J.; Schneider, J.; Hannan, C.M.; Becker, M.; Gilbert, S.C.; Hill, A.V.S.; Smith, G.L.; McMichael, A.
Enhancement of MHC class I-restricted peptide-specific T cell induction by a DNA prime/MVA boost vaccination regime. Vaccine
1998, 16, 439-445. [CrossRef]

Moore, M.W.; Carbone, ER.; Bevan, M.]. Introduction of soluble protein into the class I pathway of antigen processing and
presentation. Cell 1988, 54, 777-785. [CrossRef]

Schulz, M.; Zinkernagel, R.M.; Hengartner, H. Peptide-induced antiviral protection by cytotoxic T cells. Proc. Natl. Acad. Sci. USA
1991, 88, 991-993. [CrossRef] [PubMed]

Ahlers, ].D.; Takeshita, T.; Pendleton, C.D.; Berzofsky, ].A. Enhanced immunogenicity of HIV-1 vaccine construct by modification
of the native peptide sequence. Proc. Natl. Acad. Sci. USA 1997, 94, 10856-10861. [CrossRef] [PubMed]

Belyakov, I.M.; Derby, M.A.; Ahlers, ].D.; Kelsall, B.L.; Earl, P.; Moss, B.; Strober, W.; Berzofsky, J.A. Mucosal immunization
with HIV-1 peptide vaccine induces mucosal and systemic cytotoxic T lymphocytes and protective immunity in mice against
intrarectal recombinant HIV-vaccinia challenge. Proc. Natl. Acad. Sci. USA 1998, 95, 1709-1714. [CrossRef] [PubMed]

Ahlers, ].D.; Dunlop, N.; Pendleton, C.D.; Newman, M.; Nara, P.L.; Berzofsky, ].A. Candidate HIV type 1 multideterminant cluster
peptide-P18MN vaccine constructs elicit type 1 helper T cells, cytotoxic T cells, and neutralizing antibody, all using the same
adjuvant immunization. AIDS Res. Hum. Retrovir. 1996, 12, 259-272. [CrossRef] [PubMed]

Shirai, M.; Pendleton, C.D.; Ahlers, J.; Takeshita, T.; Newman, M.; Berzofsky, J.A. Helper-cytotoxic T lymphocyte (CTL)
determinant linkage required for priming of anti-HIV CD8+ CTL in vivo with peptide vaccine constructs. J. Immunol. 1994,
152,549-556. [PubMed]

Griffiths, J.C.; Harris, S.J.; Layton, G.T.; Berrie, E.L.; French, T.J.; Burns, N.R.; Adams, S.E.; Kingsman, A.]. Hybrid human
immunodeficiency virus Gag particles as an antigen carrier system: Induction of cytotoxic T-cell and humoral responses by a
Gag:V3 fusion. J. Virol. 1993, 67, 3191-3198. [CrossRef]


http://doi.org/10.3389/fimmu.2019.00923
http://www.ncbi.nlm.nih.gov/pubmed/31156614
http://doi.org/10.3390/vaccines7030078
http://www.ncbi.nlm.nih.gov/pubmed/31382453
http://doi.org/10.3390/vaccines8040678
http://doi.org/10.1038/srep39730
http://doi.org/10.1099/0022-1317-76-9-2407
http://doi.org/10.1006/viro.1994.1213
http://doi.org/10.1128/JVI.72.7.6186-6189.1998
http://doi.org/10.1016/S0042-6822(02)00134-4
http://doi.org/10.1128/jvi.71.4.3120-3128.1997
http://www.ncbi.nlm.nih.gov/pubmed/9060675
http://doi.org/10.1016/S0960-9822(98)70138-1
http://www.ncbi.nlm.nih.gov/pubmed/9512422
http://doi.org/10.1038/36129
http://www.ncbi.nlm.nih.gov/pubmed/9495345
http://doi.org/10.1038/nri2357
http://www.ncbi.nlm.nih.gov/pubmed/18617886
http://doi.org/10.1073/pnas.96.8.4512
http://doi.org/10.1128/JVI.72.10.8264-8272.1998
http://doi.org/10.1016/S0264-410X(97)00296-X
http://doi.org/10.1016/S0264-410X(97)00226-0
http://doi.org/10.1016/S0092-8674(88)91043-4
http://doi.org/10.1073/pnas.88.3.991
http://www.ncbi.nlm.nih.gov/pubmed/1992491
http://doi.org/10.1073/pnas.94.20.10856
http://www.ncbi.nlm.nih.gov/pubmed/9380724
http://doi.org/10.1073/pnas.95.4.1709
http://www.ncbi.nlm.nih.gov/pubmed/9465081
http://doi.org/10.1089/aid.1996.12.259
http://www.ncbi.nlm.nih.gov/pubmed/8906986
http://www.ncbi.nlm.nih.gov/pubmed/8283036
http://doi.org/10.1128/jvi.67.6.3191-3198.1993

Vaccines 2023, 11, 15 25 of 26

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Schirmbeck, R.; Bohm, W.; Melber, K.; Reimann, J. Processing of exogenous heat-aggregated (denatured) and particulate (native)
hepatitis B surface antigen for class I-restricted epitope presentation. J. Immunol. 1995, 155, 4676—4684.

Sedlik, C.; Saron, M.E,; Sarraseca, J.; Casal, I.; Leclerc, C. Recombinant parvovirus-like particles as an antigen carrier: A novel
nonreplicative exogenous antigen to elicit protective antiviral cytotoxic T cells. Proc. Natl. Acad. Sci. USA 1997, 94, 7503-7508.
[CrossRef]

Norbury, C.C.; Hewlett, L.J.; Prescott, A.R.; Shastri, N.; Watts, C. Class I MHC presentation of exogenous soluble antigen via
macropinocytosis in bone marrow macrophages. Immunity 1995, 3, 783-791. [CrossRef]

Lanzavecchia, A. Mechanisms of antigen uptake for presentation. Curr. Opin. Immunol. 1996, 8, 348-354. [CrossRef]

Takeshita, T.; Takahashi, H.; Kozlowski, S.; Ahlers, ].D.; Pendleton, C.D.; Moore, R.L.; Nakagawa, Y.; Yokomuro, K.; Fox, B.S.;
Margulies, D.H.; et al. Molecular analysis of the same HIV peptide functionally binding to both a class I and a class Il MHC
molecule. J. Immunol. 1995, 154, 1973-1986.

Hosken, B.N.A.; Shibuya, K.; Heath, A.W.; Murphy, KM.; Garra, A.O. An immunodominant class I-restricted cytotoxic T
lymphocyte determinant of human immunodeficiency virus type 1 induces CD4 class II-restricted help for itself. Development
1995, 182, 20-22.

Mann, J.K,; Ndung'u, T. HIV-1 vaccine immunogen design strategies. Virol. J. 2015, 12, 6-8. [CrossRef] [PubMed]

Korber, B.; Fischer, W. T cell-based strategies for HIV-1 vaccines. Hum. Vaccines Immunother. 2020, 16, 713-722. [CrossRef]
[PubMed]

Koup, R.A.; Douek, D.C. Vaccine Design for CD8 T Lymphocyte Responses. Cold Spring Harb. Perspect. Med. 2011, 1, a007252.
[CrossRef] [PubMed]

McMichael, A. T cell responses and viral escape. Cell 1998, 93, 673-676. [CrossRef]

Mothe, B.; Llano, A.; Ibarrondo, J.; Daniels, M.; Miranda, C.; Zamarrefio, J.; Bach, V.; Zuniga, R ; Pérez-Alvarez, S.; Berger, C.T; et al.
Definition of the viral targets of protective HIV-1-specific T cell responses. J. Transl. Med. 2011, 9, 1-20. [CrossRef] [PubMed]
Thomson, S.A.; Khanna, R.; Gardner, ]J.; Burrows, S.R.; Coupar, B.; Moss, D.].; Suhrbier, A. Minimal epitopes expressed in
a recombinant polyepitope protein are processed and presented to CD8+ cytotoxic T cells: Implications for vaccine design.
Proc. Natl. Acad. Sci. USA 1995, 92, 5845-5849. [CrossRef]

Thomson, S.A.; Sherritt, M.A.; Medveczky, ].; Elliott, S.L.; Moss, D.J.; Fernando, G.J.; Brown, L.E.; Suhrbier, A. Delivery of multiple
CD8 cytotoxic T cell epitopes by DNA vaccination. J. Immunol. 1998, 160, 1717-1723.

Hanke, T.; Neumann, V.C; Blanchard, T.J.; Sweeney, P; Hill, A.V.S.; Smith, G.L.; McMichael, A. Effective induction of HIV-specific
CTL by multi-epitope using gene gun in a combined vaccination regime. Vaccine 1999, 17, 589-596. [CrossRef]

Sharan, R.; Kaushal, D. Vaccine strategies for the Mtb/HIV copandemic. Vaccines 2020, 5, 95. [CrossRef]

Im, E.-J.; Saubi, N.; Virgili, G.; Sander, C.; Teoh, D.; Gatell, ]. M.; McShane, H.; Joseph, ]J.; Hanke, T. Vaccine Platform for Prevention
of Tuberculosis and Mother-to-Child Transmission of Human Immunodeficiency Virus Type 1 through Breastfeeding. J. Virol.
2007, 81, 9408-9418. [CrossRef] [PubMed]

Chege, G.K,; Shephard, E.G.; Meyers, A.; van Harmelen, J.; Williamson, C.; Lynch, A.; Gray, C.M.; Rybicki, E.P; Williamson, A.L.
HIV-1 subtype C Pr55gag virus-like particle vaccine efficiently boosts baboons primed with a matched DNA vaccine. J. Gen. Virol.
2008, 89, 2214-2227. [CrossRef] [PubMed]

Buonaguro, L.; Devito, C.; Tornesello, M.L.; Schroder, U.; Wahren, B.; Hinkula, J.; Buonaguro, EM. DNA-VLP prime-boost
intra-nasal immunization induces cellular and humoral anti-HIV-1 systemic and mucosal immunity with cross-clade neutralizing
activity. Vaccine 2007, 25, 5968-5977. [CrossRef] [PubMed]

Hovav, A.-H.; Cayabyab, M.].; Panas, M.W.; Santra, S.; Greenland, J.; Geiben, R.; Haynes, B.F.; Jacobs, W.R.; Letvin, N.L. Rapid
Memory CD8 + T-Lymphocyte Induction through Priming with Recombinant Mycobacterium smegmatis. J. Virol. 2007, 81, 74-83.
[CrossRef]

Muster, T.; Steindl, F.; Purtscher, M.; Trkola, A ; Klima, A.; Himmler, G.; Riiker, F; Katinger, H. A conserved neutralizing epitope
on gp41 of human immunodeficiency virus type 1. J. Virol. 1993, 67, 6642-6647. [CrossRef]

Conley, A.].; Kessler, J.A.; Boots, L.].; Tung, J.S.; Arnold, B.A.; Keller, PM.; Shaw, A.R.; Emini, E.A. Neutralization of divergent
human immunodeficiency virus type 1 variants and primary isolates by IAM-41-2F5, an anti-gp41 human monoclonal antibody.
Proc. Natl. Acad. Sci. USA 1994, 91, 3348-3352. [CrossRef]

Montero, M.; van Houten, N.E.; Wang, X.; Scott, ].K. The Membrane-Proximal External Region of the Human Immunodeficiency
Virus Type 1 Envelope: Dominant Site of Antibody Neutralization and Target for Vaccine Design. Microbiol. Mol. Biol. Rev. 2008,
72,54-84. [CrossRef]

Stenler, S.; Lundin, K.E.; Hansen, L.; Petkov, S.; Mozafari, N.; Isaguliants, M.; Blomberg, P.; Smith, C.L.E.; Goldenberg, D.M.;
Chang, C.H.; et al. Immunization with HIV-1 envelope T20-encoding DNA vaccines elicits cross-clade neutralizing antibody
responses. Hum. Vaccines Immunother. 2017, 13, 2849-2858. [CrossRef]

Lai, R.PJ.; Hock, M.; Radzimanowski, ].; Tonks, P.; Hulsik, D.L.; Effantin, G.; Seilly, D.].; Dreja, H.; Kliche, A.; Wagner, R.; et al. A
fusion intermediate gp41 immunogen elicits neutralizing antibodies to HIV-1. J. Biol. Chem. 2014, 289, 29912-29926. [CrossRef]
Hanson, M.C.; Abraham, W.; Crespo, M.P.; Chen, S.H.; Liu, H.; Szeto, G.L.; Kim, M.; Reinherz, E.L.; Irvine, D.J. Liposomal vaccines
incorporating molecular adjuvants and intrastructural T-cell help promote the immunogenicity of HIV membrane-proximal
external region peptides. Vaccine 2015, 33, 861-868. [CrossRef]


http://doi.org/10.1073/pnas.94.14.7503
http://doi.org/10.1016/1074-7613(95)90067-5
http://doi.org/10.1016/S0952-7915(96)80124-5
http://doi.org/10.1186/s12985-014-0221-0
http://www.ncbi.nlm.nih.gov/pubmed/25616599
http://doi.org/10.1080/21645515.2019.1666957
http://www.ncbi.nlm.nih.gov/pubmed/31584318
http://doi.org/10.1101/cshperspect.a007252
http://www.ncbi.nlm.nih.gov/pubmed/22229122
http://doi.org/10.1016/S0092-8674(00)81428-2
http://doi.org/10.1186/1479-5876-9-208
http://www.ncbi.nlm.nih.gov/pubmed/22152067
http://doi.org/10.1073/pnas.92.13.5845
http://doi.org/10.1016/S0264-410X(98)00238-2
http://doi.org/10.1038/s41541-020-00245-9
http://doi.org/10.1128/JVI.00707-07
http://www.ncbi.nlm.nih.gov/pubmed/17596303
http://doi.org/10.1099/vir.0.83501-0
http://www.ncbi.nlm.nih.gov/pubmed/18753231
http://doi.org/10.1016/j.vaccine.2007.05.052
http://www.ncbi.nlm.nih.gov/pubmed/17629365
http://doi.org/10.1128/JVI.01269-06
http://doi.org/10.1128/jvi.67.11.6642-6647.1993
http://doi.org/10.1073/pnas.91.8.3348
http://doi.org/10.1128/MMBR.00020-07
http://doi.org/10.1080/21645515.2017.1338546
http://doi.org/10.1074/jbc.M114.569566
http://doi.org/10.1016/j.vaccine.2014.12.045

Vaccines 2023, 11, 15 26 of 26

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

Bianchi, E.; Joyce, ].G.; Miller, M.D.; Finnefrock, A.C.; Liang, X.; Finotto, M.; Ingallinella, P.; McKenna, P; Citron, M.; Ottinger, E.; et al.
Vaccination with peptide mimetics of the gp41 prehairpin fusion intermediate yields neutralizing antisera against HIV-1 isolates.
Proc. Natl. Acad. Sci. USA 2010, 107, 10655-10660. [CrossRef] [PubMed]

Liang, X.; Munshi, S.; Shendure, J.; Mark, G.; Davies, M.E.; Freed, D.C.; Montefiori, D.C.; Shiver, ].W. Epitope insertion
into variable loops of HIV-1 gp120 as a potential means to improve immunogenicity of viral envelope protein. Vaccine 1999,
17,2862-2872. [CrossRef] [PubMed]

Wang, Z.; Liu, Z.; Cheng, X.; Chen, Y.H. The recombinant immunogen with high-density epitopes of ELDKWA and ELDEWA
induced antibodies recognizing both epitopes on HIV-1 gp41. Microbiol. Immunol. 2005, 49, 703-709. [CrossRef] [PubMed]

Ho, J.; MacDonald, K.S.; Barber, B.H. Construction of recombinant targeting immunogens incorporating an HIV-1 neutralizing
epitope into sites of differing conformational constraint. Vaccine 2002, 20, 1169-1180. [CrossRef]

Coéffier, E.; Clément, ].M.; Cussac, V.; Khodaei-Boorane, N.; Jehanno, M.; Rojas, M.; Dridi, A.; Latour, M.; El Habib, R,;
Barré-Sinoussi, F.; et al. Antigenicity and immunogenicity of the HIV-1 gp41 epitope ELDKWA inserted into permissive sites of
the MalE protein. Vaccine 2000, 19, 684—693. [CrossRef]

Eckhart, L.; Raffelsberger, W.; Ferko, B.; Klima, A.; Purtscher, M.; Katinger, H.; Riiker, F. Inmunogenic presentation of a conserved
gp41 epitope of human immunodeficiency virus type 1 an recombinant surface antigen of hepatitis B virus. J. Gen. Virol. 1996,
77,2001-2008. [CrossRef]

Phogat, S.; Svehla, K.; Tang, M.; Spadaccini, A.; Muller, J.; Mascola, J.; Berkower, I.; Wyatt, R. Analysis of the Human Immunodefi-
ciency Virus Type 1 gp41 Membrane Proximal External Region Arrayed on Hepatitis B Surface Antigen Particles. Virology 2008,
373, 72-84. [CrossRef]

Schlienger, K.; Mancini, M.; Riviere, Y.; Dormont, D.; Tiollais, P.; Michel, M.L. Human immunodeficiency virus type 1 major
neutralizing determinant exposed on hepatitis B surface antigen particles is highly immunogenic in primates. J. Virol. 1992,
66,2570-2576. [CrossRef]

McCoy, L.E. The expanding array of HIV broadly neutralizing antibodies. Retrovirology 2018, 15, 70. [CrossRef]

Azoitei, M.L.; Correia, B.E.; Ban, Y.E.A.; Carrico, C.; Kalyuzhniy, O.; Chen, L.; Schroeter, A.; Huang, P.S.; McLellan, J.S,;
Kwong, PD,; et al. Computation-guided backbone grafting of a discontinuous motif onto a protein scaffold. Science 2011,
334, 373-376. [CrossRef]

Lim, K; Ho, J.X,; Keeling, K.; Gilliland, G.L.; Ji, X.; Riiker, E; Carter, D.C. Three-Dimensional structure of schistosoma japonicum
glutathione s-transferase fused with a six-amino acid conserved neutralizing epitope of gp41 from hiv. Protein Sci. 1994,
3,2233-2244. [CrossRef] [PubMed]

Dervillez, X.; Hiither, A.; Schuhmacher, J.; Griesinger, C.; Cohen, J.H.; Von Laer, D.; Dietrich, U. Stable expression of soluble
therapeutic peptides in eukaryotic cells by multimerisation: Application to the HIV-1 fusion inhibitory peptide C46. ChemMedChem
2006, 1, 330-339. [CrossRef] [PubMed]

Burton, D.R.; Mascola, ].R. Antibody responses to envelope glycoproteins in HIV-1 infection. Nat. Immunol. 2015, 16, 571-576.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1073/pnas.1004261107
http://www.ncbi.nlm.nih.gov/pubmed/20483992
http://doi.org/10.1016/S0264-410X(99)00125-5
http://www.ncbi.nlm.nih.gov/pubmed/10438057
http://doi.org/10.1111/j.1348-0421.2005.tb03657.x
http://www.ncbi.nlm.nih.gov/pubmed/16113499
http://doi.org/10.1016/S0264-410X(01)00441-8
http://doi.org/10.1016/S0264-410X(00)00267-X
http://doi.org/10.1099/0022-1317-77-9-2001
http://doi.org/10.1016/j.virol.2007.11.005
http://doi.org/10.1128/jvi.66.4.2570-2576.1992
http://doi.org/10.1186/s12977-018-0453-y
http://doi.org/10.1126/science.1209368
http://doi.org/10.1002/pro.5560031209
http://www.ncbi.nlm.nih.gov/pubmed/7538846
http://doi.org/10.1002/cmdc.200500062
http://www.ncbi.nlm.nih.gov/pubmed/16892368
http://doi.org/10.1038/ni.3158
http://www.ncbi.nlm.nih.gov/pubmed/25988889

	Introduction 
	Materials and Methods 
	Construction of the BCG.HIVA2auxo.int Vaccine Strain 
	Bacterial Cultures and Transformation 
	Cell Lines and Cell Culture 
	Production of L1:P18I10 and L1:T20 Proteins Using the 293F Expression System 
	Immunofluorescence Staining 
	Purification of HPV:HIV (L1:P18I10 and L1:T20) VLPs 
	Non-Reducing SDS-PAGE 
	Molecular Mass Analysis 
	Negative Staining and Transmission Electron Microscopy 
	Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis and Western Blotting Analysis 
	Immunization of Mice, Collection of Sera and Isolation of Splenocytes 
	Enzyme-Linked Immunosorbent Assay 
	IFN- ELISpot Assay 
	Statistical Analysis 
	Ethics Statements 

	Results 
	Design of L1:P18I10 and L1:T20 Immunogens and Evaluation of HPV:HIV Protein Expression by Using 293F Expression System 
	Purification of L1:P18I10 and L1:T20 VLPs by Using Chromatographic Methods 
	In Vitro Stability and Self-Assembly of L1:P18I10 and L1:T20 VLPs 
	Morphological Characterization of L1:P18I10 and L1:T20 VLPs 
	Presentation and Reactivity of the HPV-16 and HIV-1 Epitopes 
	Immunogenicity of L1:P18I10 and L1:T20 VLPs after BALB/c Mice Immunization 

	Discussion 
	References

