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Abstract: Human papillomavirus (HPV) is a globally prevalent sexually-transmitted pathogen,
responsible for most cases of cervical cancer. HPV vaccination rates remain suboptimal, partly due to
the need for multiple doses, leading to a lack of compliance and incomplete protection. To address the
drawbacks of current HPV vaccines, we used a scalable manufacturing process to prepare implantable
polymer–protein blends for single-administration with sustained delivery. Peptide epitopes from
HPV16 capsid protein L2 were conjugated to the virus-like particles derived from bacteriophage Qβ,
to enhance their immunogenicity. The HPV-Qβ particles were then encapsulated into poly(lactic-co-
glycolic acid) (PLGA) implants, using a benchtop melt-processing system. The implants facilitated the
slow and sustained release of HPV-Qβ particles without the loss of nanoparticle integrity, during high
temperature melt processing. Mice vaccinated with the implants generated IgG titers comparable
to the traditional soluble injections and achieved protection in a pseudovirus neutralization assay.
HPV-Qβ implants offer a new vaccination platform; because the melt-processing is so versatile,
the technology offers the opportunity for massive upscale into any geometric form factor. Notably,
microneedle patches would allow for self-administration in the absence of a healthcare professional,
within the developing world. The Qβ technology is highly adaptable, allowing the production of
vaccine candidates and their delivery devices for multiple strains or types of viruses.

Keywords: HPV vaccine candidate; L2 protein; Qβ; virus-like particles (VLPs); PLGA implants;
vaccine delivery device; hot melt extrusion

1. Introduction

Human papillomavirus (HPV) is a globally-prevalent pathogen and the most common
sexually-transmitted infection in the USA [1]. There are many strains of HPV, including
low-risk types associated with warts, and high-risk types that give rise to various forms
of anal, penile, and oropharyngeal cancer, as well as almost all cases of cervical cancer [2].
Most HPV infections cause no symptoms and are cleared by the immune system, but
persistent infections might lead to the more serious health issues listed above [1]. Vaccines
can protect against the most dangerous strains of HPV, and three were approved [3]. The
latest (Gardasil 9) protects against nine HPV types and prevents 90% of HPV-associated
cancers every year [2,4–6].

Despite the protection offered by the HPV vaccine, only 53.7% of girls and 48.7% of
boys in the US were vaccinated against HPV in 2019 [7]. This compares poorly to 66% of
girls and 42% of boys who completed the vaccination program in 2011, suggesting that take-
up rates are declining [8]. The poor quality of public health services in many developing
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countries means the vaccination rates are even worse, even though HPV infections are
more prevalent [9]. Factors that contribute to the poor acceptance of the HPV vaccine
include costs, lack of knowledge about HPV transmission, parental distrust of vaccines,
and the prolonged vaccination schedule (which requires three injections to achieve full
protection). Based on 2011 data, only 70.7% of girls and 28.1% of boys who receive the
first dose go on to complete the course [8,10]. Another considerable logistical and fiscal
barrier is the cold chain requirement for HPV vaccines, making it untenable to distribute
life-saving vaccines in resource-poor areas of the world. Innovating vaccine platforms
and delivery devices to break cold chain limitations is therefore an excellent solution to
safeguard potent vaccination for both wealthy and lower-income countries.

The HPV capsid is composed of two proteins—the major capsid protein L1, which
forms the virus structure, and the minor capsid protein L2, which is required for genome
encapsidation and infection [11–13]. All three approved HPV vaccines comprise virus-like
particles (VLPs) that spontaneously self-assemble from protein L1, which is immunogenic
and can elicit high titers of HPV-specific antibodies. However, one limitation of L1 is
that the vaccines are type-specific unless they contain multiple VLPs representing each
target strain. Accordingly, Gardasil 9 achieves protection against nine types of HPV
because it contains nine different VLPs [14]. In contrast to L1, the immunogenicity of
protein L2 is low, probably because it is only transiently displayed on the virion surface
during infection [15]. However, some epitopes of L2 are highly conserved in diverse HPV
types, and HPV vaccines based on L2 epitopes can therefore elicit broadly-neutralizing
antibodies that protect against a wide range of HPV types [16,17]. L2 does not assemble
into VLPs, therefore vaccines based on this protein must incorporate it into a carrier.
Various nanoparticles were developed for this purpose because it is easy to control their
physicochemical properties (e.g., size, shape, and hardness) and they can be modified to
display multiple copies of the epitope, enhancing their immunogenicity [18–20].

Challenges remain to produce vaccine candidates that are stable without the cold
chain, to be distributed worldwide. Further, the ideal candidate would be delivered
using a vaccine delivery device, such as a microneedle, enabling self-administration in the
absence of a healthcare professional. Toward this goal, we set out to develop a process to
produce implants for sustained release of HPV vaccine candidates. Such delivery devices
hold the potential to overcome the need for repeat dosing. Biodegradable polymers are
ideal slow-release carriers for antigens, as sustained exposure to antigens over time leads
to an improved immunological response [21–24]. We recently described a melt-processing
method to encapsulate VLPs into biodegradable polymers and when implanted intact
VLPs were released slowly over time [25]. The advantage of melt-processing to develop
slow-release implants is its massive scalability, reproducibility, and solvent-free nature. One
reason that proteins can undergo the high temperatures necessary for melt-encapsulation, is
the reduced hydration state, which enhances thermal stability. Furthermore, VLPs are able
to undergo the rigors of melt-processing due to their exceptional stability, with negligible
degradation or aggregation at temperatures of ~100 ◦C. When the implants were loaded
with immunogenic VLPs and implanted subcutaneously, the resulting antibody titers were
similar to the traditional schedule with three doses, providing confidence that the implants
could be used as a single-dose vaccine platform.

Here, we developed a single-dose HPV vaccine in which L2 peptide antigens from the
high-risk HPV16 strain were displayed on the surface of VLPs derived from bacteriophage
Qβ, a carrier used in several other vaccine candidates [26,27]. We chose a bioconjugate
chemistry protocol to achieve multivalent presentation of L2 antigens on the Qβ carrier.
A combination of size exclusion chromatography (SEC), transmission electron microscopy
(TEM), and dynamic light scattering (DLS), and gel electrophoresis was performed to
validate the structural integrity and epitope display of the HPV-Qβ. Immunogenicity was
validated in healthy mice and the antibody titers and subtypes were determined using the
ELISA-based protocols. The HPV-Qβ particles were then encapsulated in poly(lactic-co-
glycolic acid) (PLGA) implants, using a benchtop melt-processing system, and implanted



Vaccines 2021, 9, 66 3 of 15

into mice. We monitored the release rate of the VLPs in vitro and in vivo and confirmed
that the HPV-Qβ particles released remained intact. Finally, immunizations were carried
out by comparing the implant vs. soluble injections. Data showed that the antibody
titers generated by the single-dose HPV-Qβ/PLGA implant were equivalent to traditional
injection schedules and played a neutralizing role against the HPV pseudovirus.

2. Materials and Methods
2.1. Expression of Qβ

Bacteriophage Qβ VLPs were expressed and purified, as previously described [28].
Chemically competent BL21(DE3) Escherichia coli cells (New England Biolabs) transformed
with pET28CP containing the Qβ coat protein sequence were plated onto lysogeny broth (LB)
agar (Thermo Fisher Scientific) containing 50 µg/mL kanamycin (Gold Biotechnology). The
isolated colonies were picked into 100 mL of autoclaved LB medium plus kanamycin and
cultured for 12 h at 37 ◦C to saturation. We added 50 mL of the culture to 1 L MagicMedia
(Thermo Fisher Scientific, Carlsbad, CA, USA) and incubated at 37 ◦C for another 24 h,
shaking at 300 rpm. The cell pellets were collected by centrifugation at 1500× g and frozen
at −80 ◦C overnight. The pelleted cells were resuspended in 100 mL phosphate-buffered
saline (PBS) on ice and lysed using a probe sonicator for 10 min. The lysate was centrifuged
at 10,080× g, the supernatant was collected, and the Qβ particles were precipitated by
adding 10% w/v PEG8000 (Thermo Fisher Scientific) at 4 ◦C for 12 h on a rotisserie. The
precipitated fraction was pelleted by centrifugation at 10,080× g and dissolved in 40 mL PBS
before extraction with a 1:1 v/v butanol/chloroform. The aqueous fraction was collected by
centrifugation as above (at 10,080× g) and Qβ particles were purified on a 10–40% sucrose
velocity gradient by ultracentrifugation at 96,281× g for 4.5 h. The light-scattering Qβ layer
was collected and pelleted by ultracentrifugation at 160,326× g for 3 h. The purified Qβ

particles were dissolved in PBS as a stock solution for later experiments.

2.2. Synthesis of HPV-Qβ

HPV peptides were conjugated to Qβ via an SM(PEG)8 bifunctional linker containing
an NHS group and a maleimide group (Thermo Fisher Scientific). In brief, 20 mg of Qβ

was mixed with a 500-fold molar excess of SM(PEG)8 to Qβ in 0.5 mL PBS (pH 7.4), at room
temperature for 1 h. The unreacted SM(PEG)8 was removed using a 100 kDa cut-off centrifuge
filter at 3000× g for 15 min, and the recovered VLPs were washed with 0.5 mL PBS. The
washed VLPs were resuspended in 0.5 mL PBS and reacted with a 500-fold molar excess of
HPV L2 peptides at room temperature for 2 h. The unreacted peptides were removed by
centrifugal filtration as above; the recovered HPV-Qβ vaccine candidates were washed twice
in 0.5 mL deionized water, and then dialyzed against deionized water for 24 h.

2.3. Synthesis of Qβ-Cy5

Bacteriophage Qβ (20 mg) was labeled with Cy5 through conjugation via a 500-fold
molar excess of sulfo-Cy5 NHS ester (Lumiprobe) in 0.5 mL 0.1 M potassium phosphate
buffer (referred to as KP buffer; K2HPO4 and KH2PO4, pH 8.3), for 4 h at room temperature.
The unreacted components were removed by centrifugal filtration as above, and the Cy5-
Qβ particles were dialyzed against and then stored in deionized water.

2.4. Preparation of Qβ-Loaded PLGA Implants through Melt-Extrusion

The loaded PLGA implants were prepared using a new desktop melt-processing sys-
tem [29]. EXPANSORB PLGA (PCAS, 50:50, MW~20,000 Da) and FITC-PLGA (Akina) were
ground to a fine powder. The Qβ, HPV-Qβ, or Cy5-Qβ particles were lyophilized before melt
extrusion. The formulation of all implants was 80% PLGA, 10% VLP, and 10% PEG8000. The
powdered components were mixed in a 2-mL centrifuge tube by vortexing for 20 min, then
loaded into the melt-processing system (maximum load = 60 mg) and heated to 70 ◦C for 90 s.
The air pressure was gradually increased up to 10 psi to extrude the implant cylinders, which
were dried for 1 h and cut into 0.3–0.5 cm lengths, according to the weight.
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2.5. Implant Analysis by SEM-EDX

Cross-sections of the implants were coated with carbon and observed by scanning
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), using an
FEI Quanta 600 scanning electron microscope coupled to a Bruker XFlash 6/60 EDX
spectroscope. The EDX maps were prepared using the FEI AZtec software.

2.6. Characterization of Particles

The VLPs were characterized by fast protein liquid chromatography (FPLC), transmis-
sion electron microscopy (TEM), dynamic light scattering (DLS), and sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE). FPLC was performed using an AKTA-
FPLC 900 system fitted with Superose 6 Increase 10/300 GL columns (GE Healthcare),
using PBS (pH 7.4) as the mobile phase at a flow rate of 0.5 mL/min. TEM images were
acquired on an FEI Tecnai Spirit G2 Bio TWIN transmission electron microscope. Samples
were mounted on 400-mesh hexagonal copper grids and stained with 2% uranyl acetate.
DLS was carried out on a Malvern Instruments Zetasizer Nano at 25 ◦C, in plastic disposal
cuvettes. SDS-PAGE was performed on NuPAGE 12% Bis-Tris protein gels (Thermo Fisher
Scientific) at 150 mV for 75 min. The gels were stained with Coomassie Brilliant Blue and
images were acquired using the ProteinSimple FluorChem R imaging system.

2.7. Analysis of the Loaded PLGA Implants In Vitro

Qβ-loaded PLGA implants (~3 mg implant containing 300 µg VLPs) were placed in
a 1.5-mL centrifuge tube and immersed in 500 µL PBS at 37 ◦C. At each time-point, 200-µL
samples were removed and replaced with 200 µL fresh PBS. The quantity of released VLPs
was determined by measuring the total protein concentration using a Pierce BCA assay kit
(Thermo Fisher Scientific).

2.8. Analysis of Cy5-Qβ Loaded FITC-PLGA Implants In Vivo

All animal experiments were carried out in accordance with recommendations from
the UCSD’s Institutional Animal Care and Use Committee (ethical approval: UCSD IACUC
protocol S18021). Female BALB/c mice aged 8 weeks (Jackson Laboratory, Bar Harbor, ME,
USA) were anesthetized for the implantation process before shaving hair from the back and
wiping the skin with Alcohol Prep pads. The FITC-PLGA implants loaded with Cy5-Qβ

VLPs (~1 mg implant containing 100 µg VLPs) were introduced subcutaneously via an
18-gauge needle by pushing the implant out of the needle with a sterilized stainless-steel
wire (0.51 mm diameter). The needle was withdrawn and the skin wiped with Alcohol
Prep pads. Fluorescence images were acquired on an IVIS 200 imaging system at different
time-points and were analyzed using Living Image v3.0.

2.9. Immunization

For vaccines in solution, female BALB/c mice aged 8 weeks were vaccinated sub-
cutaneously by injection on days 0, 14, and 28, with blood collected 7 days after each
vaccination. For the PLGA implants, mice were vaccinated by subcutaneous implantation,
as described above, and blood was collected on days 7, 14, 21, 35, and 49. To compare
the different HPV-Qβ conjugates, n = 5 mice were immunized three times with 30 µg of
the specific HPV-Qβ conjugate (or the Qβ as a control). For the conjugates vs. mixture
vs. peptide experiment, n = 6 mice were vaccinated with 30 µg of the specific HPV-Qβ

conjugate, a mixture of 30 µg Qβ and 5 µg of the HPV peptide, or 5 µg of the HPV peptide
alone. For the evaluation of single-dose vaccination using the loaded PLGA implants, the
PLGA implants were subcutaneously introduced into n = 6 mice. The implants contained
100 µg HPV-Qβ, 500 µg HPV-Qβ, a mixture of 100 µg Qβ, and 20 µg HPV peptide, or 20 µg
HPV peptide alone. To make a direct comparison among the three different vaccination
techniques, three different groups of mice each comprising n = 6 mice were vaccinated
subcutaneously with a single dose of 100 µg of the HPV-Qβ conjugate, three doses of 30 µg
of the HPV-Qβ conjugate, and a single dose HPV-Qβ-loaded PLGA implants, loaded at
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100 µg. Sera were separated from the collected blood through centrifugation at 2000× g for
20 min and were stored at 4 ◦C (short term) or −80 ◦C (long term).

2.10. Serum Analysis and Determination of Antibody Titers

The abundance of antibodies against HPV peptides and Qβ particles in serum samples
was determined by the enzyme-linked immunosorbent assay (ELISA). For the detection
of α-HPV antibodies, 96-well Pierce maleimide-activated plates (Thermo Fisher Scientific)
were coated with 100 µL HPV peptides (10 µg/mL) per well in coating buffer (0.1 M sodium
phosphate, 0.15 M sodium chloride, 10 mM EDTA, pH 7.2). After overnight incubation
at 4 ◦C, the plates were washed three times with PBS containing 0.1% Tween-20 (PBST)
and then blocked with 150 µL cysteine (10 µg/mL) per well for 1 h, at room temperature.
After three washes in PBST, serial dilutions of serum in PBST containing 1% bovine serum
albumin (BSA; Roche Diagnostics, Mannheim, Germany) were added and incubated at
37 ◦C for 1 h. After three washes in PBST, we added 100 µL of an alkaline phosphatase-
labeled goat anti-mouse IgG secondary antibody (Thermo Fisher Scientific) diluted 1:2000
in PBST + 1% BSA for 30 min, at 37 ◦C. Finally, the plates were washed five times with
PBST and developed with 100 µL of the 1-step PNP substrate (Thermo Fisher Scientific)
for 30 min at 37 ◦C. The reaction was stopped by adding 100 µL of 1 M NaOH and the
absorbance was read at 405 nm on a Tecan microplate reader. For the detection of α-Qβ

antibodies, 96-well PolySorp plates (Thermo Fisher Scientific) were coated with 100 µL Qβ

(10 µg/mL in PBS) and incubated at 4 ◦C overnight. After three washes in PBST, the plates
were blocked with 150 µL PBST + 2% BSA at 37 ◦C for 1 h. The subsequent steps were as
described for the detection of HPV peptides.

The IgG subtype was also determined by ELISA. The procedure was similar to that
described above for Qβ and HPV peptides, but the secondary antibody was replaced with
goat anti-mouse antibodies specific for IgG2a, IgG2b, and IgG1 (diluted 1:2000), as part
of the IgG subtype antibody kit (Sigma-Aldrich, St. Louis, MO, USA). After three washes
in PBST, we added an alkaline phosphatase-labeled rabbit anti-goat antibody (Sigma-
Aldrich) diluted 1:3000, then washed five times in PBST. Finally, the plates were developed
by adding the 1-step PNP substrate, as described above. For all ELISAs, the antibody
titers were defined as the reciprocal serum dilution at which the absorbance exceeded the
background value by >0.2.

2.11. Pseudovirus Production and Purification

HPV16 pseudovirus encapsidating the reporter plasmid pfwB (Addgene #37329)
encoding green fluorescent protein (GFP) was produced in 293 TT cells, as previously
described [30]. In brief, 293 TT cells were transfected with a mixture of two plasmids—pfwB
and p16Llw (Addgene #37320) containing the sequence of each HPV shell. After 48 h, the
cells were lysed and mature pseudovirus was purified on an Optiprep gradient (27:33:39)
through ultracentrifugation at 125,755× g for 6 h. Gradient fractions corresponding to
the L1 band were collected and characterized by SDS-PAGE, agarose gel electrophoresis,
and flow cytometry, as recommended [30]. HPV16 pseudovirus stocks were titrated in
pgsa-745 cells to yield 50–60% GFP-positive cells (percentage of infectivity) for the L2-based
neutralization assay.

2.12. L2-Based Neutralization Assay

MCF10A cells were cultured in 96-well plates to produce the extracellular matrix (ECM),
followed by the addition of the HPV pseudovirus (PsHPV), as previously described [26]. The
ECM-PsHPV were incubated overnight, then removed and replaced with two-fold serial-
dilutions of serum collected from immunized mice or the growth medium, as a control. The
plates were incubated for 6 h before adding pgsa-745 cells. After 48 h, HPV16 pseudovirus
infectivity and neutralization were assessed by flow cytometry (Accuri) based on the expres-
sion levels of GFP in infected cells. The reciprocal of the highest serum dilution that inhibited
50% of the infection relative to the control serum was considered the neutralization titer.
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2.13. Statistical Analysis

Comparisons of the differences between two different groups were performed using
unpaired two-tailed student’s t-test (GraphPad Prism software); * p < 0.05; ** p < 0.01;
*** p < 0.005; ns, not significant p > 0.05. Values were expressed as means ± standard
deviations. Sample sizes are stated in the figure legends.

3. Results and Discussion

The HPV16 epitope L217–31 is ideal for the development of an effective HPV vaccine
because it is highly conserved among diverse HPV isolates [15–17]. Different linkers and
epitope orientations can have a significant effect on the immunogenicity of peptides [31,32],
thus, we designed four peptides containing the L217–31 epitope, featuring alternative linkers
(GPSL or GGSGGGSG) and orientations (epitope exposed at the N-terminus or C-terminus),
as shown in Table S1. The peptides were conjugated to the surface of the VLPs derived from
bacteriophage Qβ in a two-step procedure, where a bifunctional PEG was first conjugated
via the NHS-chemistry to surface amines of Qβ. Next, terminal cysteines from the HPV
epitopes were conjugated via a maleimide linker to the PEG-Qβ conjugate (Figure 1A).
SDS-PAGE analysis of the products confirmed the presence of unmodified Qβ coat protein
with a molecular weight of 14.2 kDa and an additional band at ~17 kDa, corresponding to
the coat protein conjugated to the HPV peptide (Figure 1B). Unmodified and conjugated
VLPs retained the dimeric assemblies under the electrophoresis conditions, as expected
due to the relative strength of the dimeric interaction. The relative intensity of the bands
indicated that ~30% of the Qβ coat proteins were conjugated to HPV peptides (GPSL-
N-expo 32.2%, GPSL-C-expo 31.1%, GGSG-N-expo 33.8%, GGSG-C-expo 31.8%). FPLC
analysis revealed a single peak, indicating that the VLPs were monodisperse and did not
form aggregates (Figure 1C and Figure S1). DLS revealed that the diameter of the VLPs
was 28 ± 3 nm, which was consistent with the TEM images (Figure 1D,E and Figure S1).
These results indicated that the conjugation of HPV peptides did not alter the overall size
or shape of the VLP as anticipated, given the low molecular weight of the peptides.

We found that all four conjugated VLPs (but not the unmodified Qβ particles) elicited
the production of anti-HPV IgG in mice, but that the higher titers were achieved when
the epitope was exposed at the C-terminus (Figure 1F). All four conjugated VLPs and
unmodified Qβ particles generated similar IgG titers against the Qβ carrier, as would be
expected for a VLP (Figure 1G). There was no significant difference in titer when comparing
the two constructs with the HPV peptide exposed at the C-terminus but at different linkers,
even when using different dilution factors for the second boost (Figure 1H and Figure S2).
Ultimately, we selected the construct with the C-terminal epitope and the GGSGGGSG
linker for the subsequent experiments and refer to this construct hereafter as HPV-Qβ. The
conjugation of HPV16 epitope L217–31 to Qβ was necessary to enhance its immunogenicity,
because the injection of a mixture of unmodified Qβ and the free HPV peptide elicited
antibodies against Qβ but not against HPV, and no antibodies against HPV were generated
by the injection of the free HPV peptide alone (Figure S3).

HPV-Qβ was encapsulated into the PLGA implants through melt-extrusion, as pre-
viously reported [25]. Parameters that were previously optimized included temperature,
such that the temperature was well above the Tg of PLGA, to allow for flow at a reason-
ably low pressure and residence time in the extruder, to ensure complete melting of the
polymer. This method can be easily adapted to other vaccine candidates but requires
optimization for each candidate to determine temperature stability, candidate release rate,
etc. To optimize the control of the implant parameters, we used a benchtop melt-processing
system (Figure 2A) [29]. Taking advantage of the stable extrusion pressure and adjustable
nozzle size, the PLGA implants were produced with an accurate diameter of less than
0.8 mm, so that they fit inside 18–gauge needles, for convenient administration. The loaded
PLGA implants were extruded as implant cylinders, 5–6 mm in length, which were cut into
segments of 0.3–1 mm for implantation (Figure 2B). SEM imaging of implant cross-sections
revealed a uniform cylinder of ~0.5 mm diameter (Figure 2C). Homogeneous dispersion of
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HPV-Qβ particles was verified by the EDX analysis, specifically the sulfur K-series emis-
sion signal map (Figure 2D). Our prior experience indicates that homogeneous dispersion
within the implant improves the linearity of release and negates the aggregation of VLPs
from the released fraction.

Figure 1. The synthesis, characterization, and immunogenicity of the HPV-Qβ conjugates. (A) Schematic representation of
the synthesis of four HPV-Qβ conjugates differing in the linker structure and epitope orientation. (B) SDS-PAGE analysis of
the Qβ and HPV-Qβ particles: (1) Qβ, (2) GPSL-N-expo-HPV-Qβ, (3) GPSL-C-expo-HPV-Qβ, (4) GGSG-N-expo-HPV-Qβ,
and (5) GGSG-C-expo-HPV-Qβ. (C) FPLC chromatogram of GGSG-C-expo-HPV-Qβ. (D) TEM image of GGSG-C-expo-
HPV-Qβ (scale bar = 100 nm). (E) DLS analysis of GGSG-C-expo-HPV-Qβ. (F) Serum IgG titers against the HPV peptide
following immunization with the four HPV-Qβ conjugates or Qβ. (G) Serum IgG titers against Qβ following immunization
with the four HPV-Qβ conjugates or Qβ. (H) ELISA signals at 405 nm for mice vaccinated with different antigens at different
dilutions after the second boost. Mice were subcutaneously injected with 30 µg of each agent on day 0 (prime), 14 (first
boost), and 28 (second boost). Blood was collected 7 days after each injection (Data are means ± S.D. for n = 5 mice per
group). Asterisks show significance as determined by unpaired two-tailed student’s t-test: ns, not significant p > 0.05;
* p < 0.05; *** p < 0.005.
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Figure 2. The preparation and characterization of melt-extruded PLGA implants. (A) Equipment
for the melt processing of polymer materials. (B) PLGA implants produced by melt extrusion. The
long implant bar produced directly from the device is shown at the top, with the short sections
ready for implantation shown underneath. The photograph shows a metric ruler. The white bars
are plain PLGA + Qβ-HPV, and the green ones are FITC-PLGA + Cy5-Qβ. (C) SEM image showing
a cross-section of the PLGA implant loaded with Qβ-HPV. (D) The EDX spectrum sulfur K-series
emission signal (SK series) map of the PLGA implant loaded with Qβ-HPV.

The loaded PLGA implants were shown to slowly release the VLPs into PBS, with con-
tinuous release occurring over a period of up to 35 days at 37 ◦C (Figure 3A). Released frac-
tions indicated that the HPV peptides remained conjugated following the melt-extrusion
process, as confirmed by the presence of ~17 kDa bands when the samples taken on days
15 and 30 were analyzed by SDS-PAGE (Figure 3B). TEM and DLS confirmed the presence
of intact HPV-Qβ particles with a diameter of ~30 nm (Figure 3C,D). FPLC analysis of
the released HPV-Qβ particles showed that the melt-extrusion process did not promote
aggregation either during encapsulation or upon release (Figure 3E).

The in vivo subcutaneous environment is more complex than PBS and might influence
the release of the cargo from the PLGA implants. We sought to evaluate the release kinetics
of the implanted Qβ using fluorescence molecular tomography in vivo. Unmodified Qβ

was used for this set of studies, rather than HPV-Qβ due to the competing chemical reactions
for surface conjugation of fluorophores (i.e., HPV-Qβ exhausted the most reactive amines for
conjugation). To track the release of the particles in vivo, Qβ was labeled with Cy5 and the
incorporation of the fluorophore was confirmed by FPLC and SDS-PAGE (Figure S4). FPLC
analysis revealed a peak in the 647 nm channel (Cy5 absorbance), at a retention volume of
~11 mL, corresponding to the Qβ particles (Figure S4A). SDS-PAGE analysis showed a band
corresponding to the anticipated molecular weight of Cy5-Qβ, with overlapping signals in
the blue fluorescence and Coomassie Brilliant Blue channels (Figure S4B).
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Figure 3. Slow release of Qβ-HPV from the PLGA implant. (A) The release curve of the PLGA implants loaded with
Qβ-HPV or Qβ, with the particles released into PBS at 37 ◦C (data are means ± standard deviations, n = 3). (B) SDS-PAGE
analysis of (1) unmodified Qβ standard and Qβ-HPV released from the implant between (2) 0–15 days and (3) 16–30 days.
(C) TEM image of the released Qβ-HPV particles on day 30. (D) FPLC analysis of the released Qβ-HPV particles on day 30.
(E) DLS analysis of the released Qβ-HPV particles on day 30.

To track the in vivo fate of the encapsulated VLPs and the polymeric implant, an FITC-
PLGA matrix loaded with Cy5-Qβ particles was implanted subcutaneously into mice and
fluorescence images were captured at different time-points (Figure 4A). This allowed for
separate imaging of polymer degradation and cargo release. The profiles of the Cy5 and
GFP channels are shown in Figure 4B,C, respectively. A slight increase in fluorescence
intensity was observed in both channels, immediately after implantation. The fluorescence
intensity in both channels then declined continually from day 3 to day 32, indicating the
degradation of the PLGA and the slow release of the VLPs. The degradation of PLGA was
closely correlated to the decline of the VLP signal. This experiment confirmed that the PLGA
implants produced by melt-extrusion retained their ability to release cargo slowly over time
in vivo and that degradation kinetics of the polymer play the main role in cargo release.

To assess the efficacy of the vaccine candidate delivered using the vaccine delivery
device, we subcutaneously vaccinated the mice with PLGA implants loaded with HPV-Qβ

at two different doses (100 µg and 500 µg). As controls, we vaccinated mice with PLGA
implants loaded with a mixture of the HPV peptide and unmodified Qβ, or with the HPV
peptide alone. Finally, we also subcutaneously immunized mice with three doses of free
HPV-Qβ (30 µg per dose), as a conventional vaccination control. The immunization and
bleeding schedule is summarized in Figure 5A.

We compared the anti-HPV IgG titers in serum samples taken from mice in each of
the experimental and control groups (Figure 5B). The PLGA implants loaded with HPV-
Qβ elicited an intense immune response, with the high HPV-specific IgG titers starting
from day 14 and lasting to day 49. There was no significant difference in the IgG titers
between the groups receiving 100 µg and 500 µg HPV-Qβ in the implant, indicating that
100 µg HPV-Qβ is an adequate quantity of the antigen for immunization. The high titers
elicited by the single-dose HPV vaccine implant were maintained over 49 days and were
similar to the titers elicited by the prime, first boost, and second boost schedule, with free
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VLPs. The PLGA implants loaded with the HPV peptide or a mixture of the HPV peptide
and unmodified Qβ particles did not elicit a significant immune response against HPV,
demonstrating that the PLGA matrix had no impact on the immunogenicity of the antigens
but only ensured their slow release (Figure 5B). The anti-Qβ IgG titer was consistent with
that against the HPV peptide. High IgG titers against Qβ were detected from day 14 to
day 49 in mice vaccinated with PLGA implants containing HPV-Qβ or the mixture of
unmodified Qβ and the HPV peptide (Figure S5A).

Figure 4. Release of Cy5-Qβ particles from PLGA implants in vivo. (A) Fluorescence images of mice containing FITC-PLGA
implants loaded with Cy5-Qβ, showing the Cy5 channel (top) and GFP channel (bottom) at different time-points. Blue
square shows implant location. Scale bar shows fluorescence intensity for all images in each channel. (B) Quantitative
release profile (Cy5 channel) for the FITC-PLGA implants loaded with Cy5-Qβ (Data are means ± s.d. for n = 4 mice
per group). (C) Quantitative release profile (GFP channel) for the FITC-PLGA implants loaded with Cy5-Qβ (Data are
means ± s.d. for n = 4 mice per group).

The IgG subtype ratio following vaccination indicates the mechanism of the immune
response. Mice vaccinated with the single-dose HPV-Qβ vaccine based on the PLGA
implant, showed a similar HPV-specific IgG subtype ratio to mice in the conventional
vaccination control group (Figure 5C). In both cases, IgG2a was the predominant subtype
(~50%), followed by IgG1 (~40%) and IgG2b (~7%). Interestingly, the Qβ-specific IgG
subtype ratio was distinct, with IgG2a accounting for up to 70% and IgG1 only 15% of the
total IgG titer in both single-dose vaccine group and the conventional vaccination control
group (Figure S5B). This indicates that the cleavage of the bond between the HPV epitope
and Qβ carrier is a specific step during immune response, with the separate components
then following different immune response pathways.
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Figure 5. Single-dose vaccination using PLGA implants loaded with HPV-Qβ. (A) Vaccination and bleeding schedule for
mice with subcutaneous PLGA implants or equivalent HPV-Qβ injections. (B) Serum titers of HPV-specific IgG for mice
vaccinated with three subcutaneous injections of 30 µg HPV-Qβ or a single-dose PLGA implant loaded with 100 µg HPV-Qβ,
500 µg HPV-Qβ, a mixture of 100 µg Qβ and 20 µg HPV peptide, or 20 µg HPV peptide alone (Data are means ± s.d. for
n = 6 mice per group). Statistical significance was determined by unpaired two-tailed student’s t-test: ns, not significant
with p > 0.05. (C) HPV-specific IgG subtype ratio for mice vaccinated with a single-dose PLGA implant containing 100 µg
HPV-Qβ, or three subcutaneous doses of 35 µg HPV-Qβ. Blood was collected on day 35 (Data are means ± s.d. for n = 6
mice per group). (D) Serum (day 35) from three mice immunized with various vaccine formulations tested in duplicate
for neutralization against HPV16 pseudovirus at ID60 (pseudovirus infectious dose that infects 60–70% of control cells).
Infected cells (expressing GFP) were identified by flow cytometry (data are means ± standard errors based on the relative
percentage of infected cells in wells exposed to serum compared to non-exposed controls).

Additionally, we aimed to evaluate to compare a single-dose soluble injection versus
a single-dose biodegradable implant, in an effort to evaluate the necessity for a prime-
boost regime with this vaccine candidate. Three groups were studied—(1) a single dose of
biodegradable 100 µg HPV-Qβ loaded PLGA implant, (2) a single dose of subcutaneous
injection of 100 µg of HPV-Qβ solution, and (3) three subcutaneous injections of 30 µg HPV-
Qβ solution. The vaccination and bleeding schedule are shown in Figure S6A. Data indicate
comparable levels of HPV-specific IgG antibody titers independent of the schedule (prime
boost vs. single administration) or delivery strategy (injection vs. implant), throughout
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the entire time of observation for up to 90 days (Figure S6B,C). This indicates that this
particular HPV-Qβ vaccine candidate might be effective after single dosing.

We find that in the case of slow release from the implant, the IgG antibody titer
was slightly lower after 14 days and reached the same level as obtained by the other
methods after 28 days. In all cases, the antibodies remained similar even after three months.
Since the lifetime of HPV antibodies in mouse is found to be much longer (>90 days)
than the release time of the vaccine cargo from the implant (about 20–25 days), a simple
model of exponential loss of antibody in the mouse and an approximately linear release of
vaccine cargo from the implant supports our observations (see Appendix S1). The model
demonstrates that decay kinetics would dominate the concentration of antibodies in blood
in the long run and would be essentially same for all methods of administration for this
vaccine. Hence, we conclude that the mice vaccinated with the slow-release implants obtain,
after a reasonable time, IgG titers comparable to that obtained by the traditional one single
full dose or three-dose strategy. While this result might be disappointing, we would like to
point out that subcutaneous injections are very expensive and require trained healthcare
professionals, thus limiting its availability in developing and poor countries. Furthermore,
we speculate that at a lower dose, the implant group might show some advantages of the
single dose injection; and this will be tested in future work. If this holds true; this would
reduce production costs, which would also be of benefit. Nevertheless, the implications of
melt manufacturing of implantable devices has the potential to be immense. Microneedle
patches can be manufactured through injection molding, which has the advantage of
massive scalability. These devices show similar efficacy when self-administered, and given
the known stability of Qβ, might eliminate cold-chain requirements. We anticipate that
this technique would be of great value for vaccines that require a prime-boost dosing
regimen. Additionally, several recent studies also point out the benefits of sustained
release of antigen over bolus injection in terms of better antigen recognition features and
enhancement of germinal center responses. [33,34].

In order to demonstrate the efficacy of the single-dose HPV-Qβ vaccine, serum anti-
bodies from the vaccinated mice were tested for their ability to prevent the infection of
pgsa-745 cells by HPV pseudovirus in an in vitro neutralization assay (Figure S7), as previ-
ously reported for other vaccine candidates [26]. Data indicate that antibodies raised were
indeed neutralizing. The relative number of infected GFP-positive cells was significantly
lower when the serum from animals immunized with HPV-Qβ (100 or 500 µg) was added
during the assay, compared to serum from animals vaccinated with a mixture of unmodi-
fied Qβ and the HPV peptide, or the HPV peptide alone (Figure 5D). The neutralization
titers for each treatment were 1:750 for HPV-Qβ (100 µg), 1:250 for HPV-Qβ (500 µg), and
effectively zero neutralizing activity for the free peptide, with or without unmodified Qβ.

4. Conclusions

Subunit vaccine candidates were successfully formulated using conserved L2 peptide
epitopes and the bacteriophage Qβ display nanotechnology. The HPV-Qβ were more
immunogenic if the HPV peptides were exposed at the C-terminus rather than the N-
terminus, and the best-performing VLP elicited a strong immune response in mice. The
HPV-Qβ conjugate was encapsulated into PLGA implants through melt-extrusion, which
can be controlled precisely using a new benchtop melt-processing system that recapitulates
large-scale polymer manufacturing platforms. The immunogenicity of HPV-Qβ conjugate
was retained during this process. The PLGA implants released the VLP cargo slowly, both
in vitro and in vivo. Most importantly, the titer of IgG against the HPV peptide was similar
in mice receiving a single-dose vaccination of HPV-Qβ via the PLGA implant and in those
receiving traditional soluble vaccinations of HPV-Qβ. Furthermore, serum antibodies
from mice vaccinated with the implant were able to block the infection of cells by HPV
pseudovirus in an in vitro neutralization assay. Our results therefore demonstrate the
feasibility and efficacy of a single-dose HPV vaccine based on a biodegradable polymer
implant. This is of high importance for future development of self-administered vaccine
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devices made by polymer melt processing. It is also important to note that the high
temperature stability of the HPV-Qβ vaccine candidate serves two functions—(1) it allows
for traditional polymer manufacturing methods to scale-up fabrication of the implant, and
(2) the vaccine and its implant would eliminate the need for the cold chain, thus enabling
global distribution. The design concepts are highly adaptable and would be applicable to
any infectious disease. The concepts described are especially appealing because they are
scalable and fit within the traditional workflow of pharmaceutical production. Bacterial
fermentation is a common method to generate therapeutic proteins and VLPs provide an
especially high yielding platform with minimal optimization (Qβ evolved to be expressed
in bacteria). Likewise, the device platform is common in the pharmaceutical industry,
where hot melt extrusion is a common method to make pills and devices. The vaccine
administration described herein mimics that of the clinically approved device, Nexplanon.
Finally, since the VLP serves as a carrier, new epitopes can be quickly adapted to new
diseases or strains.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-393
X/9/1/66/s1. Figure S1: Characterization of Qβ and HPV-Qβ conjugates by TEM, FPLC, and DLS.
(A) Qβ, (B) GPSL-N-expo-HPV-Qβ, (C) GPSL-C-expo-HPV-Qβ, and (D) GGSG-N-expo-HPV-Qβ.
Figure S2: ELISA signals at 405 nm for mice vaccinated with various antigens at different dilutions
after (A) prime vaccination and (B) the first boost (Data are means ± s.d. for n = 5 mice per group).
Asterisks show significance, as determined by unpaired two-tailed student’s t-test: ns, not significant
p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.005. Figure S3: Vaccination with HPV-Qβ solutions. The
serum IgG antibody titer against (A) the HPV peptide and (B) Qβ for mice vaccinated with 30 µg
HPV-Qβ, a mixture of 5 µg HPV and 30 µg Qβ, or 5 µg HPV peptide alone. Mice were subcutaneously
injected with the agents on days 0 (prime), 14 (first boost), and 21 (second boost). Blood was collected
7 days after each injection (n = 6 for each group). Figure S4: The characterization of Cy5-Qβ. (A)
FPLC chromatogram of Cy5-Qβ. (B) SDS-PAGE analysis of Cy5-Qβ (lane 1) and unmodified Qβ

(lane 2). The Coomassie Brilliant Blue channel is shown on the left, and the blue fluorescence channel
on the right; M = size markers. Figure S5: Immunization of mice with Qβ particles. (A) The serum
titer of Qβ-specific IgG in mice vaccinated with three subcutaneous injections of 30 µg HPV-Qβ or
a single dose of 100 µg HPV-Qβ, 500 µg HPV-Qβ, a mixture of 100 µg Qβ and 20 µg HPV peptide,
or 20 µg HPV peptide alone, in each case loaded on a subcutaneous PLGA implant. (B) Qβ-specific
IgG subtype ratio in mice vaccinated with a single-dose PLGA implant containing 100 µg HPV-Qβ, or
three doses of 35 µg HPV-Qβ (Data are means ± s.d. for n = 6 mice per group). Statistical significance
was determined by unpaired two-tailed student’s t-test; ns, not significant with p > 0.05. Figure S6:
Immunization with HPV-Qβ at different doses and schedules. Mice were immunized with (i) single
dose PLGA implant loaded with 100 µg HPV-Qβ (ii) single subcutaneous injection of 100 µg HPV-Qβ

solution, and (iii) three subcutaneous injections of 30 µg HPV-Qβ solution. Six mice were studied
per group. (A) Schedule for vaccination (black arrow) and bleeding (red arrow) for all three vaccine
formulations. Blood collection was done every two weeks. (B) Serum titers of HPV-specific IgG for
vaccinated mice on day 14 (black), day 28 (red), day 42 (blue), day 56 (cyan), and day 90 (orange). The
scattered points represent individual mouse and the horizontal lines represent the mean for each group.
(C) Kinetic profile of HPV-specific IgG antibody titer for mice groups vaccinated with different vaccine
formulation—100 µg of HPV-Qβ loaded implant (black), single subcutaneous injection of 100 µg
HPV-Qβ solution (blue), and three subcutaneous injections of 30 µg HPV-Qβ solution (red). Error
bars represent uncertainties (±1σ) for each mice group.Figure S7. Production and characterization of
HPV16 pseudovirus (PsHPV). (A) Pseudovirus purification after ultracentrifugation. The red arrow
indicates the band corresponding to the intact pseudovirus particles. (B) Different fractions (1–18) of
pseudovirus particles prepared by ultracentrifugation and separated by 2% agarose gel electrophoresis.
The presence of bands indicates pseudovirus DNA. (C) SDS-PAGE analysis (14–20% gels) of the same
fractions tested in B, showing resolved bands representing L1 (50–55 kDa) and histone (15 kDa).
Fractions 9–18 were considered pseudovirus positive and were used for the neutralization assay.
MW = molecular weight. (D) Pooled fractions (9–18) titrated and analyzed by flow cytometry. The
presence of GFP-positive cells indicates an infection.
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