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Abstract

Prophylactic vaccines capable of preventing human papillomavirus (HPV) infections are still
inaccessible to a vast majority of the global population due to their high cost and challenges
related to multiple administrations performed in a medical setting. In an effort to improve
distribution and administration, we have developed dissolvable microneedles loaded with a
thermally stable HPV vaccine candidate consisting of Qg virus-like particles (VLPs) displaying
a highly conserved epitope from the L2 protein of HPV (QS-HPV). Polymeric microneedle
delivery of QB-HPV produces similar amounts of anti-HPV16 L2 IgG antibodies compared

to traditional subcutaneous injection while delivering a much smaller amount of intradermal
dose. However, a dose sparing effect was found. Furthermore, immunization yielded neutralizing
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antibody responses in a HPV pseudovirus assay. The vaccine candidate was confirmed to be stable
at room temperature after storage for several months, potentially mitigating many of the challenges
associated with cold-chain distribution. The ease of self-administration and minimal invasiveness
of such microneedle patch vaccines may enable wide-scale distribution of the HPV vaccine and
lead to higher patient compliance. The QB VLP and its delivery technology is a plug-and-play
system that could serve as a universal platform with a broad range of applications. Q8 VLPs may
be stockpiled for conjugation to a wide range of epitopes, which are then packaged and delivered
directly to the patient via noninvasive microneedle patches. Such a system paves the way for rapid
distribution and self-administration of vaccines.
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1. INTRODUCTION

The human papillomavirus (HPV) is a prevalent sexually transmitted infection, accounting
for ~5% of all human cancers including most of the cervical malignancy, penile, vulvar,
anal, vaginal, and oropharyngeal carcinoma worldwide.12 Among them, cervical cancer is
the fourth-most frequent cancer among women, affecting over half a million women every
year with a high mortality rate of 50%.3 Over 90% of cervical cancer cases are caused by
HPV, and, unlike other malignancies, the disease usually claims the lives of comparatively
younger women aged 40-50 years.2# HPV is also responsible for head and neck cancers
and over 40% of the oropharyngeal cancers, claiming approximately another 120 000 lives
annually.2 Recently, prophylactic HPV vaccines were licensed; however, several challenges
still remain. The high cost of the vaccine is an impediment to distribution in the developing
world, and the patient’s hesitancy to undergo a multi-injection vaccine regimen continues
to limit uptake. Approved HPV vaccines require three doses within a period of 6 months
for adults (above 15 years) and two doses within a period of 6-12 months for children
between 9 and 14 years. Thus, the procedure demands multiple visits to health-care
centers, resulting in poor patient compliance and subsequent vaccine wastage.>® In the
United States, only about 50% of the eligible population completes the full vaccination
schedule. Further challenges arise with delivering such a vaccine to developing countries
where the lack of effective cold-chain transportation and storage, as well as a shortage
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of trained health-care professionals, places additional burdens on vaccine distribution.>7-
Despite the development of a safe and effective prophylactic HPV vaccine, it remains
unlikely to eradicate HPV without a more advanced delivery system to enable global mass
vaccination 811

One way to address these drawbacks would be the implementation of dissolvable
microneedle patches to deliver a prophylactic HPV vaccine candidate. Microneedles

enable self-administration, reduce needle-phobia, decrease the chances of infection from
the injection site, and reduce the demand for trained health-care professionals.12-14
Microneedles can be as effective as traditional injection since they inherently target densely
populated antigen presenting cells (APCs) in the skin.1>16 Microneedle technology is an
ideal approach for a rapid mass vaccination program.1’

In this work, we have developed an adaptable dissolving polymer microneedle-based
platform using a HPV vaccine formulation derived from virus-like particles (VLPs),18-22
specifically the capsid protein of the highly stable and immunogenic bacteriophage Q/3.23-26
Our prophylactic HPV vaccine candidate was synthesized by conjugating a conserved region
from the high-risk HPV16 L2 peptide2”-28 onto the surface of Q2°. While commercial
vaccines are now utilizing the major capsid protein L1 of HPV in their formulation, minor
capsid protein L2 has shown promising results to cross-neutralize diverse types of HPVs
due to its conserved sequence and holds potential for a next-generation universal HPV
vaccine.2” The L217_31 epitope is a good candidate because this epitope is transiently
exposed to the virus surface and the sequence is conserved among different HPV strains;
others have reported success in preclinical work.27:39-32 Herein, we report the creation of
HPV microneedle vaccination devices, their long-term stability, and the resulting protective
antibody formation following administration.

MATERIALS AND METHODS

2.1. VLP Production.

QB VLPs33-35 were expressed in Escherichia coli using the coat protein sequence from
bacteriophage Qp, purified (characterization details are shown in Figure S1), and conjugated
to HPV peptides to produce QB-HPV VLPs as previously described.?? In short, 28 mg

of QB particles was reacted with 1250-fold molar equivalents per particle of SM(PEG)g
(Thermo Fisher Scientific) in ~2 mL of phosphate-buffered saline (PBS) (Fisher Scientific)
at room temperature for 1.5 h (pH 7.4). The excess linker molecules were removed by
filtration through a 100 kDa centrifugal cutoff filter (Thermo Fisher Scientific) at 3000g for
15 min and washed twice with PBS. The concentrated solution was resuspended in ~2 mL of
PBS and mixed with the 1250-fold molar equivalents (per QS particle) of L2;7_31 peptides
(GenScript; Figure 1A) at room temperature for 2.5 h to complete the reaction. Q5-HPV
VLPs were purified by a 100 kDa centrifugal filter at 3000g for 15 min and washed twice
with PBS. The VLPs were further purified by dialyzing for 2 days against PBS at 4 °C and
then stored at 4 °C until their use in later process steps.
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2.2. Qp-Alexa VLP Bioconjugation.

Qp was labeled with AlexaFluor-488 dye by the reaction of 8 mg of QA-VLP with 1250-fold
molar equivalents of AlexaFluor-488 NHS-ester (Lumiprobe) per QS particle in 1 mL of
0.01 M potassium phosphate (Ko,HPO,4 and KH,POy4, pH 8.3) buffer solution for 4 h at

room temperature in a rotisserie shaker. The excess dye was removed using a 100 kDa
MWCO centrifugal filter (Thermo Fisher Scientific) by centrifugation at 3000g for 15 min
at 4 °C, followed by washing twice with PBS. The QB-Alexa VLPs were pelleted by
ultracentrifugation at 52 000 rpm (TLA 55, fixed angle rotor, Beckman Coulter) for 1 h at

4 °C and resuspended in PBS at pH 7.4. The purified Q-Alexa VLPs were collected after
dialyzing for 24 h against PBS at 4 °C and stored at 4 °C.

2.3. Characterization of VLPs.

The concentration of VLPs was measured using a Pierce BCA assay kit (Thermo Fisher
Scientific) as per the manufacturer’s protocols. VLPs were characterized by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), fast protein liquid chromatography
(FPLC), dynamic light scattering (DLS), and transmission electron microscopy (TEM).
SDS-PAGE was carried out using NUPAGE 12% Bis—Tris protein gels (Thermo Fisher
Scientific) for 37 min at 200 V. Images were acquired using the FluorChem R imaging
system (ProteinSimple) after staining the gel with Coomassie Brilliant Blue (Fisher
Scientific). FPLC was performed using 300 L of ~1 mg/mL VLP solution by an AKTA-
FPLC 900 system fitted with the Superose 6 Increase 10/300 GL columns (GE Healthcare);
PBS (pH 7.4) served as the mobile phase at a flow rate of 0.4 mL/min. DLS measurements
were done with 100 4L of 0.1 mg/mL VLP solution using a Malvern Instruments Zetasizer
Nano at 25 °C in plastic disposal cuvettes. The size was calculated from the weighted
average of the number distribution. TEM was performed on an FEI Tecnai Spirit G2 Bio
TWIN transmission electron microscope. The samples were prepared by mounting 0.2
mg/mL VLPs on the 400-mesh hexagonal copper grids and stained with 2% (w/v) uranyl
acetate.

2.4. Microneedle Preparation.

The poly(vinylpyrrolidone) (PVP) microneedles were prepared (shown in Figure S2) using
poly(dimethylsiloxane) (PDMS) molds (Micropoint Technologies) with an 8 mm x 8 mm
square patch containing 10 x 10 arrays of pyramidal needles with a height of 675 ym and a
base length of 200 ym. The VLPs were loaded onto it following the procedure as described
here. At first, a 10 2L of aliphatic release agent (1 part light mineral oil in 20 parts hexane
v/v) was added to the PDMS molds and the mixture was allowed to air-dry for 1 min to
allow the volatiles to evaporate. The VLPs were suspended in deionized water by buffer
exchange; prior to the microneedle preparation, the Q8 VLPs were mixed with PVP (40
kDa) (VWR), at a concentration defined in the text, to prepare an agueous solution with

a final PVP concentration of 500 mg/mL. Approximately, 75 wL of the PVP solution was
added to the molds, and the samples were placed in flat-bottom 50 mL falcon tubes. The
falcon tubes were centrifuged in a bucket wheel centrifuge (Eppendorf 5804) for 90 min at
40 °C. It was important to place the tubes only in the center holes of each bucket to avoid
off-axis acceleration, which would cause the PVP solution to spill out during centrifugation.

Biomacromolecules. Author manuscript; available in PMC 2023 January 10.
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The PDMS microneedle molds with centrifuged PVP were desiccated over CaCl, overnight
at room temperature. Afterward, a backing layer was added by filling the headspace of the
PDMS molds to the brim with ~10 to 20 £ of Anycubic 405 nm Translucent Green UV
Resin and were placed under a lab-made 15 mW/cm? 405 nm UV light source for 60 s to
cure the resin. The microneedle patches were then demolded from the PDMS molds using
tweezers and placed in a desiccator over calcium chloride for storage.

2.5. Microneedle Characterization.

2.6.

2.7.

The microneedles were sputter-coated with gold using a Pelco SC-7 Auto Sputter Coating
system. The samples were then imaged under an FEI Quanta 600 scanning electron
microscope (SEM). To characterize the purity and activity of VVLPs after loading into the
microneedles, a microneedle extract was prepared by dissolving the patches in PBS and
characterizing the released VLPs using the methods listed above. Polymer removal was done
using Amicon ultracentrifugal filter units (EMD Millipore), as required for characterization.

To determine the penetration efficiency of the microneedles, pigskin was purchased from a
local grocer and microneedles loaded with QB-Alexa were inserted into a spring applicator
and held against the skin for 2 min after spring-assisted application. The top view and cross
section of the skin were visualized under a fluorescence microscope (EVOS).

Immunization.

All animal work was performed according to the approved protocol by the Institutional
Animal Care and Use Committee (IACUC), University of California, San Diego (UCSD).
Female Balb/c mice (6—8 weeks) were purchased from Jackson Laboratory and immunized
twice (prime and boost) at an interval of 3 weeks. The following groups of mice

were immunized: (1) microneedles loaded with 100 pg of QB-HPV VLPs (n=8); (2)
microneedles loaded with 500 zg of QB-HPV VLPs (7= 8); (3) subcutaneous injection of
100 g of QB-HPV VLPs (n= 4); (4) subcutaneous injection of 1.5 g of QB-HPV VLPs (n
=5); and (5) empty microneedles (n7=4). In all of the cases, the microneedles were applied
on the back of the shaved mice using a spring applicator (Micropoint Technologies) and
taped overnight with a bandage. Blood was collected by retro-orbital bleeding on weeks 0,
2, 5, and 7 of the experiment, and the plasma was separated by centrifugation at 2000g for 5
min. The mice plasma was preserved at —80 °C for further experiments.

Determination of Antibody Titers.

IgG antibody titers were determined using enzyme-linked immunosorbent (ELISA) and
Pierce maleimide activated plates (Thermo Fisher Scientific). Plates were washed three
times with 200 gL of wash buffer (PBS with 0.1% (v/v) Tween 20) (Fisher Scientific).

The plates were coated with 100 gL of HPV peptide (10 zg/mL) per well prepared in a
binding buffer (0.1 M sodium phosphate, 0.15 M sodium chloride, 10 mM EDTA, pH 7.2)
(Fisher Scientific) and incubated overnight at 4 °C in a plate shaker. The plates were washed
three times using 200 4L of wash buffer for each wash. A freshly prepared cysteine (Fisher
Scientific) solution (10 4g/mL) in binding buffer was added to each well (200 yd_/well), and
the plates were incubated for 1 h at room temperature in a plate shaker (400 rpm). The wells
were again washed three times (200 wL/well) with a wash buffer. The 2-fold serially diluted

Biomacromolecules. Author manuscript; available in PMC 2023 January 10.
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mice plasma (diluted in binding buffer) was added to the wells (100 wL/well) and incubated
for 1 h at room temperature in a plate shaker (400 rpm). After three washes with a wash
buffer (200 zi_/well), the secondary antibody goat antimouse 1gG horseradish peroxidase
(HRP) conjugated (Thermo Fisher Scientific) was added (100 g/well) in 1:5000 dilution in
the wash buffer. The plates were incubated for 1 h at room temperature in a plate shaker (400
rpm) and washed three times with a wash buffer (200 zd_/well). A 1-step ultra TMB-ELISA
substrate solution (Thermo Fisher Scientific) was added (50 zA/well), and the color was
developed for 8 min in a dark room; 2 N H,SO,4 (50 zi_/well) solution was added to stop the
reaction. The absorbance was recorded in a Tecan microplate reader at 450 nm.

To determine the 1gG subclasses of the anti-HPV16 L2 antibodies, the protocol was
followed as described above; however, instead of adding goat antimouse 1gG secondary
antibody HRP, goat antimouse antibodies specific for IgG2a (Invitrogen, Thermo Fisher
Scientific, diluted 1:3000), 1gG2b (Invitrogen, Thermo Fisher Scientific, diluted (1:3000)),
and 1gG1 (Invitrogen, Thermo Fisher Scientific, diluted 1:3000) were added to quantify
1gG2a, 1gG2b, and IgG1 antibodies, respectively.

To quantify antibodies against Q, an ELISA was performed on the VLPs in 96-well
MaxiSorp plates (Thermo Fisher Scientific). The plates were coated with 100 sl of 10
ta/mL @B VLPs per well in PBS (pH = 7.4) and incubated overnight at 4 °C in a shaker.
The wells were washed three times with 300 L of the wash buffer for each wash, and 200
L of the freshly prepared 2% (v/v) bovine serum albumin (BSA) (Sigma-Aldrich) solution
in PBS was added to each well. The plates were incubated for 1 h at room temperature in a
plate shaker (400 rpm). The wells were again washed three times using 300 wL of the wash
buffer for each wash. A 2-fold serial dilution of mice plasma (diluted in PBS + 1% (w/v)
BSA solution) was performed and added to the wells (100 zi/well). After 1 h incubation

at room temperature in a plate shaker (400 rpm), the plates were washed three times using
a wash buffer (300 w_/well) and the goat antimouse 1gG secondary antibody HRP (1:5000
dilution in wash buffer) was added to it (100 z_/well). Again, the plates were incubated for
1 h at room temperature in a plate shaker (400 rpm) and washed three times with a wash
buffer (300 wL/well). A 1-step ultra TMB-ELISA substrate solution (50 zA_/well) was added,
and the color was developed in a dark room for 3 min. The reaction was stopped by adding
a solution of 2 N H,SO, (50 gi/well). The absorbance was recorded in a Tecan microplate
reader at 450 nm. The antibody titers were defined as the reciprocal plasma dilution at
which the absorbance exceeded the background value by >0.2 for all of the ELISA tests as
described previously.29

The recognition of QB VLPs from MN extracts (Section 2.5) by anti-Qg antibodies was
determined by performing an ELISA test against Q8 VLPs in an identical way as described
above, where the 96-well MaxiSorp plates were coated by the microneedle extract in the
first step. Either immunized mice plasma or rabbit anti-Qg antibodies (custom-made, Pacific
Immunology) (1:2000 dilution in PBS + 1% (w/v) BSA solution) followed by the addition
of goat antimouse IgG horseradish peroxidase (HRP)-conjugated (Thermo Fisher Scientific)
secondary antibody (1:5000 dilution in the wash buffer) or goat antirabbit (Invitrogen) 1gG
secondary antibody HRP (1:5000 dilution in wash buffer) were used for detection.

Biomacromolecules. Author manuscript; available in PMC 2023 January 10.
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2.8. Pseudovirus Neutralization Assay.

HPV16 pseudovirus (PsHPV) containing the reporter plasmid pfwB (Addgene #37329)
encoding green fluorescent protein (GFP), production, and purification were done as
described in our previous study.2? L2-based neutralization assay?%-36 was carried out with
the produced PsHPV. Briefly, the extracellular matrix (ECM) was produced in 96-well plates
using MCF10A cells; PsHPV was added, followed by overnight incubation at 37 °C. Then,
ECM-PsHPV was removed, and the plasma obtained from the vaccinated mice was added
to the 2-fold serial dilution and the growth medium was taken as a control. After 6 h of
incubation at 37 °C, pgsa-745 cells were added and the plates were incubated for 48 h.
Finally, the infectivity of PsHPV was determined by flow cytometry (BD Accuri C6) by
measuring the expression levels of GFP in the infected cells. The neutralization titer was
defined as the reciprocal of the highest plasma dilution that inhibited 50% of the infection
relative to the control plasma.

2.9. Statistical Analysis.

Statistical analysis between groups was performed by unpaired two-tailed Student’s ftest
(Microsoft Excel) and plotted using Origin Pro software. p > 0.05 was taken as statistically
not significant (ns). The values and sample sizes are given in the Section 3 and in the figure
legends. The error bars were obtained from the standard deviations of the data sets.

3. RESULTS AND DISCUSSION

We optimized the Q-based HPV vaccine candidate in a previous study and followed

this design,29 with chemical conjugation of the L2;7_31 epitope via its C-terminus and a
CGGSGGGSG linker (Figure 1A). A two-step method using the SM(PEG)g cross-linker was
used: in the first step, QB was conjugated to SM(PEG)g by an NHS-ester reaction through
the addressable amine groups on the Qg surface, and in the second step, the HPV epitope
was linked to the SM(PEG)g through a maleimide reaction. The L2;7_31 peptide has two
internal cysteine residues; thus, we have designed a flexible and unstructured C-terminal
linker to ensure that the C-terminal cysteine is the most accessible for conjugation. There
is a possibility that Q8 could attach to the internal cysteine groups when added in excess;
however, the resulting immunology indicates successful epitope display. The resulting Q8-
HPV VLPs were characterized by SDS-PAGE, FPLC, TEM, and DLS. The presence of

an additional protein band with a molecular weight of ~17 kDa in SDS-PAGE analysis
(Figure 1B) indicates successful conjugation of the peptide (molecular weight: ~2.7 kDa)
to the QB coat protein (molecular weight: ~14 kDa). The analysis of the band intensity
reveals that ~33% of the coat proteins was modified to Q#-HPV. The FPLC chromatogram
(Figure 1C) indicates that VLPs were primarily monodisperse; however, a small population
of aggregated particles was detected. TEM micrographs are shown in Figure 1D, further
confirming the structural integrity of the Q8-HPV vaccine candidate. DLS results show
QB-HPV VLPs with an average diameter of 33 nm; the slight increase in the hydrodynamic
diameter compared to unmodified QB VLPs is consistent with epitope surface display.

All characterization methods indicate a successful synthesis of high-purity Q#-HPV VLPs
by chemical conjugation and are consistent with our previous reports. Furthermore, a
vaccine candidate was also prepared by genetic recombination, but this construct was not

Biomacromolecules. Author manuscript; available in PMC 2023 January 10.
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as effective as the conjugated version (lower efficacy was explained by the lower antigen
loading achieved by genetic vs chemical display) and significantly more difficult to purify
(Supporting Information Figures S3 and S4). Therefore, the methods described throughout
only use the chemically conjugated construct.

QpB-HPV VLPs in DI water were mixed into an aqueous PVP solution (500 mg/mL) and

cast into microneedle molds. Molds were centrifuged to ensure complete filling and dried
overnight to solidify the needles. A photocurable acrylate backing was then placed over the
needle array to improve handling of the patches, leading to patches that were robust and easy
to transport. A digital image of the 8 mm x 8 mm microneedle patch is shown in Figure

2A. Each patch contained 10 x 10 needles in an array; each needle had a height of 675

4m and a square base of 200 4m in width. The microneedles were characterized by SEM,
revealing a uniform array of pyramidal needles with sharp tips (tip width = 1-2 gm; Figure
2B). PVVP was used for its safe and nontoxic profile. A molecular weight of 6-16 kDa was
used for the preparation of microneedles in an effort to promote clearance of the dissolved
polymer; however, the patches prepared were brittle and prone to cracking/crumbling during
demolding and desiccation. PVP (40 kDa) was a suitable candidate in these studies that
optimized stability and dissolution. Higher-molecular-weight PVP has shown storage in RES
tissues, although PVP is considered neither an irritant nor a sensitizer.3” The LD50 value

for PVP (average 40 kDa) is reported to be higher than 100 g/kg body weight in the animal
study for oral administration.3”

To further assess the stability of VLPs inside the microneedle, we dissolved the microneedle
patches and characterized the extract. TEM images (Figure 2C) of the released QB5-HPV
show intact particles with no structural differences when compared to those of freshly
prepared QB-HPV VLPs. SDS-PAGE analysis further confirmed that the epitope was stably
conjugated to QB-HPV VLPs, as evidenced by the higher-molecular-weight band at ~17
kDa (Figure 2D). Band intensity analysis revealed an equivalent peptide loading (~33%)
before and after microneedle fabrication. It is possible that proteins can be degraded or
change conformation during microneedle fabrication; to ensure that carrier conformation
remained intact, an in vitro ELISA was performed against the carrier. Q3-HPV VLPs from
the microneedle extract were coated and recognized by anti-Q antibodies. No differences
were noted when comparing the extract vs freshly prepared QA-HPV VLPs (Figure 2E),
therefore indicating successful recognition of the carrier. Together, this data supports that
QpB-HPV retained its original conformation and properties during microneedle fabrication.

To deliver therapeutics, microneedles must penetrate at least ~0.25 mm into the skin

to overcome the barrier of the stratum corneum.14 We tested the penetration of the
prepared microneedles ex vivo using porcine skin. For this purpose, AlexaFluor-488 was
conjugated to QB VLPs using an NHS-ester reaction. The fluorescently labeled VLPs were
characterized by SDS-PAGE, FPLC, TEM, and DLS measurements. The SDS gel (Figure
3A) showed a green fluorescent band at the same position of the Qg capsid protein in the
Coomassie Brilliant Blue channel, confirming a successful conjugation of AlexaFluor-488;
an increase in molecular weight is not detectable due to the low molecular weight of the
AlexaFluor-488 label (molecular weight: ~ 0.6 kDa). FPLC (Figure 3B) showed a single
peak and elution profile consistent with intact Q, with AlexaFluor-488 coeluting with the

Biomacromolecules. Author manuscript; available in PMC 2023 January 10.
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QA VLPs. TEM analysis verified intact icosahedral VLPs (Figure 3C). A small increase

in the hydrodynamic volume was determined by DLS, with the hydrodynamic diameter of
AlexaFluor-488-labeled Qg found to be 38 nm (Figure 3D). This result is likely due to a
small proportion of low-level assemblies that cannot be resolved by DLS. These Q-Alexa
VLPs were then loaded into a microneedle patch as described above and applied to porcine
skin with a commercial spring applicator. The microneedle dissolved in the skin within

2 min, and ~1 to 2 mm sections were hand-cut with a razor blade and analyzed using
fluorescence microscopy. The top-view and cross-sectional images in Figure 3E,F confirmed
the presence of the QB-Alexa, indicating that the microneedle penetrated the pigskin, with
the cargo diffusing to a depth of ~0.75 mm into the skin. These results validate that our
microneedles can both dissolve rapidly and deliver their payload deeper than 0.25 mm to
pass the skin barrier.

The in vivo efficacy of the QB-HPV VLP-loaded microneedle patches was evaluated and
compared with traditional hypodermic subcutaneous (SC) injection. The following groups
were tested: 100 and 500 g QB-HPV VLP loaded into microneedle patches vs 1.5 and

100 g QB-HPV VLP delivered via SC injection. Each group was given two doses (prime
and boost) in an interval of 3 weeks. Based on our volumetric estimate (ratio of needle
volume to patch volume), we obtain that only 1.5% of VVLP could be delivered at most in
vivo since most of the vaccine formulations would occupy the backing. Hence, 100 /g of
QpB-HPV VLP-loaded microneedle patches would deliver only 1.5 pg of VLP to the mouse
and could be compared with 1.5 1g of dose hypodermic injection group. Future designs,
such as a specially designed pressing tool,38 could address this issue to avoid the majority
of the active ingredient being lost as waste material. Injection-molded microneedles could
be another alternative to concentrate all VLPs in the tip. Lastly, to assess any immunogenic
effects of the polymer material, blank microneedle patches were administered. Microneedles
were applied using a spring applicator and remained applied on the skin overnight to allow
for the complete dissolution of the microneedles (Figure S5A). The patches took longer to
dissolve when applied to mice (overnight); however, we would anticipate a rapid dissolution
if translated to the clinic since pig and human skin share similar hydration levels.39-41

SEM imaging of the microneedle patches post application confirmed that the microneedle
tips were completely dissolved (Figure S5B). Immunological assays followed a prime-boost
immunization schedule with two doses 3 weeks apart. Plasma was collected pre- and
postimmunization, every 2 weeks post vaccination and continued up to day 50 (Figure

4A). Plasma was analyzed by ELISA against the L217_31 epitope to quantify the anti-HPV16
L2 IgG titer. Data shows that the blank microneedles did not show any antibody response
(Figure 4B,C), as expected. The antibody titers sustained their high values from day 18 up to
the end of the experiment (day 50) (Figure 4B). As discussed above, 100 1g of VLP-loaded
microneedle patch would deliver at most 1.5 pg dose intradermally. Comparing this 1.5 (g
intradermal dose with the 1.5 xg dose administered via subcutaneous injection, we find that
the final antibody titer at day 50 was about 6-fold higher for the intradermal dose (Figure
4B,C), showing the vastly improved efficacy of intradermal administration. However, when
500 1g of VLP-loaded microneedle patch delivering 7.5 (g dose intradermally (as per
volumetric estimate) was administered, the final antibody titer at day 50 increased by

only about 24% compared to 100 pg of VVLP-loaded microneedle patch, thus indicating
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a saturation effect on the efficacy for intradermal administration (Figure 4B,C). In fact,
such a saturation effect on the final antibody titer production was seen for the delivery by
subcutaneous injection also. For zero dose delivery, the antibody titer level remains close to
zero always and the final titer level at day 50 increases to about 2 x 10% after administering
a 1.5 g dose by subcutaneous injection. However, when a 100 pg dose was administered
by subcutaneous injection, the final titer level at day 50 increased to only about 1.4 x 10°
(Figure 4B), thus indicating a saturation effect on the production of antibody titer with
higher dose. In the supplementary calculation (see Supporting Information Figure S6 and the
Analysis of Dose Sparing Effect section), we provide an approximate formula connecting
the final antibody titer production with the microneedle dose by fitting and comparing our
data from Figure 4B and give a justification of our volumetric calculation determining the
delivery of intradermal dose in our case.

The anti-Q IgG titer was also obtained for each group, as shown in Figure S7, and not
surprisingly, all animals developed a carrier-specific immune response. The distribution of
different antibody subtypes was evaluated, and all groups were found to have 19G2a/lgG1 <
1 (Figure 4D), indicating a Th2 bias or predominant humoral response as expected from a
prophylactic vaccine.

Finally, we determined the efficacy of vaccine candidates to neutralize HPV, using an

in vitro HPV pseudovirus neutralization assay.3¢ The details of the HPV pseudovirus
preparation were described previously.2%:36 In brief, an HPV pseudovirus containing green
fluorescent protein (GFP) was produced, and the plasma from immunized mice was

used to evaluate neutralization using pgsa-745 cells and flow cytometry, monitoring the
GFP channel. The plasma from each group was incubated with HPV pseudovirus in the
extracellular matrix that was produced by MCF10A cells. The supernatant was then removed
and cultured with pgsa-745 cells. A dilution series of plasma was tested, and the inhibition
of infection was quantified by measuring GFP expression (compared to control cells
containing HPV pseudovirus only). Reduction of the GFP signal represents a decrease of
infected cells, which indicates neutralization capacity of the plasma. The blank microneedle
group served as negative control, whereas the mice plasma from the subcutaneously injected
group served as the positive control. The PSHPV concentration was adjusted to keep the
infection rate of control cells at 50-60% infectivity. The neutralization assay indicates that
plasma generated via microneedle administration matched the efficacy of plasma from SC
administration of the QB4-HPV VLP vaccine candidate (Figure 4E). The unpaired two-tailed
Student’s ttest revealed that the differences were not statistically significant between
different vaccine groups (p > 0.05). The dotted line indicates the neutralization titer for

each case, where 50% of the cells were infected. In sum, microneedle patches produced
antibodies of equivalent neutralization quality, as did those that were generated by traditional
subcutaneous injection and at higher titers when compared for available dose.

Lastly, we assessed the shelf-stability of the microneedle HPV vaccine candidate. We sought
to determine the shelf-life of unrefrigerated patches. To determine the long-term stability of
QB-HPV VLPs and the purity of the antigen, microneedles were loaded with VLPs and kept
for ~5 months in a desiccator at room temperature. SEM micrographs of a microneedle
patch (Figure 5A) demonstrate that the microneedles retain the same tip sharpness as
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freshly produced patches. Microneedle patches were dissolved in buffer, and extracts were
characterized by TEM, SDS-PAGE, SEM, and ELISA. Results of SDS-PAGE, TEM, and
ELISA were consistent with those of freshly produced patches and confirm the structural
integrity of QB-HPV VLPs (Figure 5B-D). ELISA analysis was completed by coating the
place with a microneedle extract diluted 100-fold and evaluated for binding by immunized
mice plasma (1:32 000 dilution), where mice had been injected with a single 100 /g dose
of vaccine as a control. In summary, these analyses confirm that Q5-HPV VLPs are stable
at room temperature for at least ~5 months, potentially indicating that our delivery device is
free from the requirements of cold-chain transportation and storage.

4. CONCLUSIONS

We have demonstrated effective vaccine delivery using shelf-stable, dissolvable microneedle
patches containing a QB-HPV VLP vaccine formulation. The microneedle-based vaccine
showed comparable efficiency to traditional injection-based formulations, and we have
demonstrated our method’s advantages over current delivery methods. Our results
demonstrate that the microneedle delivery system elicits a significantly higher immune
response against the HPV16 L2 peptide antigen when controlling for administered dose.

A dose sparing effect was observed when antibody titers of effectively equivalent doses
(normalized based on the volumetric calculation) administered via microneedle patch vs
subcutaneous injections were compared. In future studies, the dose sparing effect could be
studied in more detail with more data points.

Previous work has indicated that the self-administration of microneedles has equivalent
efficacy as when administered by a health-care professional, opening the door for
self-administration to accelerate mass vaccination programs.1’ These microneedles and

the encapsulated QB-HPV VLP vaccine are stable for at least 5 months at room
temperature, eliminating the need for cold-chain distribution. The use of such shelf-stable,
self-administered microneedles would decrease the cost of mass vaccination programs
drastically, enabling widespread HPV vaccination in both developing and developed
countries. Finally, the techniques and formulations of our vaccine candidate and delivery
device could be readily adapted to other clinical settings and other infectious diseases. Due
to the flexibility and versatility of the Qg VLP platform, creating a new self-administrable
shelf-stable vaccine may be as easy as selecting a new suitable peptide and conjugating it to
aVLP.
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Preparation and characterization of VLPs. (A) Chemical conjugation scheme of Q8 VLP
with the HPV epitope L2;7_31. Characterization of QB-HPV VLP after conjugation: (B)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel for both QS
VLP and QB-HPV VLP, (C) fast protein liquid chromatography (FPLC), (D) transmission
electron microscopic (TEM) images of UAc (2% w/v)-stained QB-HPV VLPs, and (E) DLS,
where QB-HPV VLPs show 33 nm and PDI = 0.266.
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Figure 2.

Characterization of microneedles and microneedle extract: (A) representative digital image
of the microneedle patch (8 mm x 8 mm). (B) SEM images of the microneedles; the inset
shows a microneedle tip. (C) TEM images of the microneedle extract show uniform and
intact QB-HPV VLPs. (D) SDS-PAGE gel, where the microneedle extract with QB8-HPV
VLPs (lane 2) was run and compared with the unmodified QB VLP (lane 1). (E) Absorbance
at 450 nm after ELISA against Qg comparing QS-HPV from the microneedle extracts vs
freshly prepared (solution).
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Cross-sectional Image

Pigskin penetration assay and characterization of Qg labeled with AlexaFluor-488 (A)
SDS-PAGE gel of QB-Alexa (lane 1) vs QB VLPs (lane 2). The gels were imaged under UV
light (right panel) and bright light after Coomassie staining (left panel). (B) FPLC of Q4
Alexa. (C) TEM images of QB-Alexa (stained with 2% (w/v) UAc). (d) DLS of QB-Alexa,
demonstrating a diameter of 38 nm, PDI: 0.025. (E, F) The top-view and cross-sectional
images taken after a 2 min insertion of the Qf-Alexa VLP-loaded microneedle patch into

pigskin; images were taken using a fluorescence microscope.
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Figure 4.
Immunization by microneedle patches. Groups of mice were immunized with QB8-HPV with

varying doses and delivery methods; 100 g by microneedle, 500 (g by microneedle, 100
14g by subcutaneous injection, and 1.5 £g by subcutaneous injection. (A) Immunization and
bleeding schedule. Mice were immunized twice, 3 weeks apart, and blood was collected
every 2 weeks after each dose, until day 50. (B) Time course of antibody titer against
HPV16 L2 peptide for different groups. (C) Absorbance values at 450 nm in ELISA test
for different dilutions after 2 weeks of the second dose for 7= 3 mice from each group.
(D) Antibody subtyping between microneedle delivery and subcutaneous injection. (E)
Pseudovirus neutralization data. The percentage of the infected cells was given relative

to the control cells, which were not exposed to plasma. The crossing point of the dotted
line (50% infectivity compared to the control) with the neutralization curve corresponded
to the neutralization titer. The neutralization titer was above 1000 for all formulations.
The unpaired two-tailed Student’s ¢test between different groups with the HPV vaccine
formulations (100 g microneedle, 500 (g microneedle, 100 wg subcutaneous) has shown
p>0.05 (ns) between each other, indicating they are statistically not different. Each of the
vaccine group has shown p < 0.05 with the blank microneedle.
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Figureb.
Characterization of QB-HPV VLPs after a long-term storage (5 months) at room

temperature: (A) SEM images of the microneedle patch; the inset gives a closer look to
the tip. (B) SDS-PAGE of the microneedle extract carrying QS-HPV VLPs and compared
with QB VLPs as control. (C) TEM images of QB-HPV VLPs. (D) Absorbance at 450 nm
after running an ELISA test of the obtained microneedle extract against immunized mice
plasma to compare the efficiency of the antigen to recognize cognate antibody; pure Qg
VLP solution was used as a control.
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