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Abstract

Existing vaccines against human papillomavirus (HPV) require continuous cold-chain storage.
Previously, we developed a bacteriophage virus-like particle (VVLP) based vaccine for Human
Papillomavirus (HPV) infection, which elicits broadly neutralizing antibodies against diverse HPV
types. Here, we formulated these VLPs into a thermostable dry powder using a multi-component
excipient system and by optimizing the spray drying parameters using a half-factorial design
approach. Dry powder VLPs were stable after spray drying and after long-term storage at elevated
temperatures. Immunization of mice with a single dose of reconstituted dry powder VVLPs that
were stored at 37°C for more than a year elicited high anti-L2 IgG antibody titers. Spray dried
thermostable, broadly protective L2 bacteriophage VLPs vaccine could be accessible to remote
regions of the world (where ~84% of cervical cancer patients reside) by eliminating the cold-chain
requirement during transportation and storage.
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INTRODUCTION

Most vaccines must be transported and stored within a narrow temperature range, meaning
that maintenance of the cold-chain is a critical factor in preserving vaccine potency. Cold-
chain requirements, mostly associated with liquid vaccine formulations, are costly and often
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SUPPORTING INFORMATION (SI)
Additional data for the optimization of the spray drying parameters using the DoE- Half-factorial design is provided in the form of
various factors and their interactions that contribute to the residual moisture content, particle size and the final powder yield.
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impractical in developing countries. Thus, techniques for enhancing vaccine stability over a
wide range of environmental temperatures could improve vaccine access to remote regions.

Biologically active macromolecules are more stable in the dry state due to reduced mobility
and least likelihood of hydrolysis, oxidation and deamidation; phenomena commonly
observed for biopharmaceuticals in the liquid state 1. Spray drying is a one-step, scalable
and continuous process that generates dry powders with precise particle size engineering.
Spray drying has recently been used to formulate stable dry powder vaccines suitable for
delivery via the gastrointestinal 2, intranasal 3, pulmonary % 5 and dermal © routes.
Furthermore, these dry powder vaccines can also be administered by the parenteral route
after reconstitution with water just prior to immunization 4.

Human papillomavirus (HPV) infection is responsible for almost all cervical cancers and a
significant percentage of other anogenital and oral carcinomas 7 8. Over 100 HPV types
have been identified, but HPV-associated cancers are linked with one of 14-20 “high-risk”
carcinogenic HPV types. Two HPV types (HPV16 and 18) are responsible for about 70% of
cervical cancer cases. Three HPV virus-like particle (VLP)-based prophylactic vaccines that
provide protection against subset of HPV types are currently available; Gardasil-4 is a
quadrivalent vaccine that protects against HPV types 16 and 18 (70% of cervical cancers). It
also protects against HPV types 6 & 11 (both associated with anogenital warts) while
Cervarix is a bivalent vaccine targeting HPV16 & 18. Gardasil-9 (a nonavalent vaccine) is a
recently approved second-generation vaccine that protects against the four HPV types, that
Gardasil-4 protects against, in addition to five other HPV types (HPV31, 33, 45, 52 and

58) 9. However, all three of these vaccines require refrigeration, and temperature and
geography can conspire to interfere with effective distribution of these vaccines to the
developing world where the vast majority of cervical cancer cases occur 10,

As an alternative, we have developed a bacteriophage MS2 VLP-based candidate vaccine
(MS2-16L.2 VLP) that targets a highly conserved, broadly neutralizing epitope from the
HPV minor capsid protein, L2. Using a well-established pre-clinical animal model, we
showed that the L2-VLP vaccine protects mice from genital infection by diverse HPV types.
Furthermore, a single dose of L2-VLPs elicits high-titer and long-lasting antibody
responses 11-13,

Previously, we have shown that L2-VLPs are compatible with spray drying 11. In this study,
we explored the effect of excipient ratio and spray drying parameters (inlet temperature, gas
flow, and liquid feed rate) in order to optimize the formulation of the L2-VLP vaccine. We
show that L2-VLPs dry powder vaccine has improved long-term thermostability at room
temperature (RT) and 37°C for one year. We also evaluated the immunogenicity of L2-VLPs
dry powder by the oral and parenteral route /7 vivo. Spray dried VLPs, that were stored for
more than a year (14 months) at various temperatures, were highly immunogenic in a mouse
model.
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MATERIALS AND METHODS

Materials

Methods

L-leucine and D-mannitol were bought from Sigma-Aldrich, St. Louis, MO; D-(+)-trehalose
dehydrate and dextran (MW 60,000-90,000) were from MP Biomedicals, Solon, OH;
Eudragit® L30 D55 polymer was bought from Evonik Industries, Parsipanny, NJ.

Production of VLPs—MS2-16L2 VVLPs were expressed and purified using previously
published protocols 12-14, VLPs were then dialyzed against a solution that was based on the
excipients used for spray drying the VLPs into a dry powder. The excipients (w/w) consisted
of: 76.842% mannitol (M); 5.263% trehalose (T); 2.105% dextran (D) and 15.789% L-
leucine; all these excipients are approved by Food Drug & Administration for
pharmaceutical applications °. The total solids concentration of this aqueous solution
(MTDL) was 3% (w/v).

Design of Experiments (DoE)

Excipient optimization—A combination of three sugars and amino acid was selected as
mentioned above to obtain a thermostable VLP vaccine formulation. A series of experiments
were designed to define the most suitable dry powder formulation with regards to four
response parameters: spray drying yield (response 1), moisture content (response 2), particle
size (response 3) and particle size distribution (response 4) as shown in Table 1. Five factors
(formulation and process variables) were chosen to design the experiments including
excipient ratio (factors 1 & 2); inlet temperature (factor 3); gas flow rate (factor 4); and
liquid feed rate (factor 5). Feed solutions of the four excipients: mannitol, L-leucine,
trehalose and dextran (MLTD) were prepared in different ratios varying each excipient at
two levels, high and low. Mannitol had two levels at 76.8 and 73.7%, leucine was varied at
15.8 and 10.5%, trehalose at 5.3 and 10.5% and lastly, dextran at 2.1 and 5.3%. A half-
factorial design was used to select the best combination of excipients for spray drying VLPs
(Table 1). The factorial design was constructed using the statistical software Design-
Expert® (v.8.0.1, Stat-Ease Inc., Minneapolis, MN, USA).

Spray drying optimization—The dry powders were generated by using a Buchi Mini
Spray Dryer B-290 with a standard two-fluid nozzle (0.7 mm diameter, Buchi Corporation,
Flawil, Switzerland). Compressed nitrogen was used as the drying and atomizing gas.
Amongst the spray drying parameters, inlet temperature, nitrogen gas flow rate and liquid
feed rate were varied at the high and low levels. The inlet temperature was set at 135/155 °C
resulting in an outlet temperature of 45/55 °C, respectively. The gas flow rate was varied at
450/750 L/h and the liquid feed rate at 2.4/3.6 ml/min. The aspirator rate and the
concentration of feed solution was kept constant at 35 m3/h (100%) and 3% wiv,
respectively, for all the runs. Subsequently, VVLPs were spray dried with the optimized
formulation (excipient ratio) and process variables (spray drying parameters). The VLPs
concentration in the liquid feed solution was optimized at 2.5% w/w. The spray dryer was
housed in a BioPROtect® 111 Jr. BSC (Baker Co., Sanford, ME) to provide protection to the
dry powder VVLPs (from contamination) and also prevent exposure to the operator.
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Yield, moisture content and particle size—Process yield is defined as the weight
fraction of the amount of dry powder recovered after spray drying, in comparison to the total
solid content of the liquid material sprayed. Moisture content in the spray dried powders
were analyzed after drying the powders at elevated temperatures. Briefly, 100 mg of freshly
formulated powders were dried in aluminum weighing pans with perforated lids (44mm
VWR International, Radnor, PA) in forced-air oven (VWR Scientific products, West Chester,
PA) at 110 °C for 24 hours at atmospheric pressure; the samples were weighed to the nearest
decimal (0.01 mg) after cooling. Additional drying steps of 1 h were performed to verify that
constant mass was achieved i.e., the difference between two readings were less than 0.1% of
the test sample. The particle size and its distribution were determined in duplicate by laser
diffraction using the Malvern Mastersizer 3000 (Malvern instruments, UK) and the Malvern
dry dispersion unit (Aero S cell). Data were expressed as volume median diameter and span
((Dgg-D10)/Dsg). Approximately 10 mg of the powder was loaded into the hopper at a liquid
feed rate of 60%, and a dispersive pressure of 2 bar. The dispersing unit was cleaned after
each analysis to avoid cross contamination between different formulations.

VLPs loading and Integrity—VLP loading in the dry powder is defined as the percent
weight fraction of VLPs recovered after spray drying, in comparison to the VLPs in the
initial feed solution. The loading was quantitatively determined by SDS-PAGE analysis.
Briefly, ~8.0 mg of VLPs dry powder was mixed with 50 uL of phosphate buffer saline
(PBS) and vortex-mixed. One, 2, 5 and 10pL of this mixture was loaded into a SDS-PAGE
gel (NuPage 10% Bis-Tris; Invitrogen). In addition, 2uL of liquid VLPs suspension (not
spray dried) was loaded into the same gel as a positive control. VLPs were visualized by
Coomassie Blue staining. VVLP loading was determined with the help of densitometric
analysis using Image J (NIH USA, public domain). A volume of 10 uL of VLPs dry powder
dissolved in PBS was studied chromatographically on agarose gel and visualized with
Ethidium Bromide (EtBr) as well as Coomassie Blue staining to assess VLPs integrity. The
reconstituted VVLPs were also analyzed immediately after spray drying using transmission
electron microscopy (TEM). Briefly, 20 ng/ul of the VLP suspension were adsorbed on to
carbon-coated glow-discharged copper grids for 2 min and then stained with 2% uranyl
acetate. VLPs were visualized using a Hitachi H7500 TEM at a magnification of 70,000x.
Furthermore, the integrity of spray dried VVLPs was confirmed using dynamic light scattering
(DLS; Zetasizer Nano ZS, Malvern instruments, Worcestershire, UK) by analyzing
equivalent concentrations (5ug/ml) of liquid VLPs and reconstituted dry powder VLPs. Size
distribution data were expressed as percent number.

Stability Studies—The stability studies were conducted for twelve months (one year) at
elevated storage conditions after spray drying with optimized formulation and process
variables. MS2-16L.2 VVLPs dry powder were stored in glass vials with tightly sealed caps
(caps wrapped with parafilm) in desiccators at different temperature conditions: 4 °C, room
temperature (RT; 21-23 °C) and 37 °C. To assess the stability of VLPs powder, an aliquot
was withdrawn at regular time intervals and resuspended in PBS. These samples were
analyzed on agarose gel and TEM as described above.
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In vivo studies—Two animal models and two different routes of immunization were used
to evaluate the efficacy of spray dried VLPs. A rat model was used to evaluate the
immunogenicity and the efficacy of VLPs when administered by the oral route. In addition,
the VLPs dry powder was reconstituted and administered by the intramuscular route in mice.
All animal studies were done in accordance with the National Institutes of Health and the
University of New Mexico Institutional Animal Care and Use Committee (UNM IACUC)
guidelines and was approved by the UNM IACUC (protocol 12- 100827-HSC).

Immunizations in rats—Prior to oral delivery the dry powder VLPs (containing 400 ug
of VLPs) were manually filled in hard gelatin capsules for rats (size 9, Torpac Inc. Fairfield,
NJ). After filling the capsules with VLPs powders (equivalent to 400 ug of VVLPs per
capsule), they were enteric coated by multiple dip coatings in Eudragit® L30 D55 polymer
(Evonik Industries, Parsipanny, NJ) to provide protection to the capsules/VVLPs from the
harsh gastric environment as performed before 16:17. 18 The capsules were allowed to air
dry overnight after the final coating. Groups of five 6-8 week-old Sprague Dawley rats were
immunized with VVLP powders in enteric-coated capsules by oral gavage using a dosing
syringe (Torpac Inc. Fairfield, NJ, USA) for rats following manufacturer’s instructions.
Another group of rats was dosed with VLPs dry powder in uncoated capsules (no enteric
coating). Groups of rats were administered three doses (one prime and two booster dose) at
three-week intervals. As controls, two groups of rats were immunized intramuscularly with
10 pg of MS2-16L2 VVLPs or just MS2 VLPs (on the same schedule). Two weeks after the
final immunization, blood was withdrawn from the saphenous vein and vaginal washes were
collected using 20 ul of phosphate buffered saline (PBS). Anti-L2 IgG antibody responses in
sera were determined by end-point dilution ELISA (except for orally immunized mice 1:40
sera dilution was used) as described previously 12-14: mouse anti-rat IgG antibody was used
as secondary antibody at 1:2000 (for sera from oral immunizations) and 1:5000 (for sera
from intramuscular immunizations). To assess the induction of IgA antibodies, vaginal
washes were diluted into 1:10 (in PBS with 0.5% non-fat milk) and used as primary
antibody. Goat anti-Rat IgA at 1:500 dilution was used as secondary antibody.

Immunizations in mice—The spray dried VLPs (stored for fourteen months at RT and
37 °C) were reconstituted in sterile PBS immediately prior to IM administration. Four-six
week-old Balb/c mice were immunized intramuscularly with a single dose of 5 g
reconstituted L2-VLPs or freshly made L2-VLPs. Sera was collected one, two, and three
months after vaccination and then tested for anti-L2 antibodies by ELISA as described
previously 12-14,

Design of Experiments- Half-factorial design

A two level, half-factorial design (2°-1) was developed for the optimization of excipients
ratio and spray drying parameters as shown in Table 1 using the Design-Expert® software.
This design allowed us to decipher the appropriate formulation and process variables
required to formulate a thermostable VLPs formulation in half the number of spray drying
runs (16) as compared to a full factorial design (32). The 251 half-factorial design is a
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resolution V design in which main effects (e.g. A, B, C) or second-order interaction effects
(e.g. AB, AD, BE) are not confounded with each other. However, in a resolution V design
the main effects are confounded with three factor or higher order interactions. Sixteen design
points and 3 midpoints were performed to check the reproducibility in terms of four
response variables i.e., yield (%), moisture content (%), particle size (um) and span (particle
size distribution). To reduce the total number of runs, the four excipients were combined in
two pairs based on their antagonistic effects, i.e., leucine vs. trehalose and mannitol vs.
dextran; their ratios were also varied in pairs for the half-factorial design. Leucine:trehalose
were varied at two different ratios 15.79:5.26 (3) and 10.53:10.53 (1). Similarly,
mannitol:dextran were varied at 76.84:2.11 (37) and 73.68:5.26 (14). The spray drying
process variables having the maximum effect on the response variables were identified as
inlet temperature, gas flow rate and liquid feed rate 19. The optimization criteria for response
variables were as follows: a) to maximize the yield (cost of the final product), b) to minimize
moisture content (superior long-term storage stability), c) to achieve least span (narrow
particle size distribution; uniform VVLPs loading) and d) to achieve larger particle size (high
VLP loading capacity).

Optimization of spray drying parameters

Among the four response variables, moisture content and yield were used to optimize the
formulation and process variables (excipient ratio, inlet temperature, gas flow rate and liquid
feed rate). Process variables were first optimized with respect to residual moisture content,
since this is an important factor for maintaining the long-term storage stability of VLPs dry
powder 20, The half-normal plot in Fig. 1a suggests that leucine:trehalose (A),
mannitol:dextran (B), inlet temperature (C) and gas flow (D) are main contributors to the
residual moisture content and contributed to 72% of all the overall effect (Supplemental
table, highlighted values in column 3). In addition, excipient ratio and spray drying
parameters were analyzed separately. As shown in Fig. 1b, residual moisture content in the
powders decreased when the gas flow was decreased and the inlet temperature was
increased. Furthermore, residual moisture content decreased when leucine:trehalose and
mannitol:dextran ratio was increased, as shown in Fig. 1c.

Formulation and process variables were next analyzed with respect to the final product yield
after spray drying. Fig. 2a and the corresponding statistics (data not shown) suggests that the
interaction between leucine:trehalose ratio (A) and gas flow (AD) contributed approximately
50% to the overall effect on the product yield. Further analysis of Fig. 2a and its
corresponding statistics reveals that the interaction of mannitol:dextran ratio with inlet
temperature (BC) and liquid feed rate (BE), accounts for only 28% of the overall effect on
yield (Supplemental table, highlighted values in column 1). As shown in Fig. 2b, the
maximum yield is achieved when gas flow is decreased and leucine:trehalose ratio (A) is
increased. We also analyzed the three variables (mannitol:dextran ratio, inlet temperature
and liquid feed rate) simultaneously as shown in the cube plot in Fig. 2c, where each corner
is labelled with the high and low values set for each variable. Based on the combined
analysis of the three parameters, increased mannitol:dextran ratio, liquid feed rate and inlet
temperature all contributed towards a high product yield (marked by the bigger red dot).
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The particle size (volume median diameter) of the dry powder, obtained by laser diffraction,
was included as a parameter in the half-factorial design to achieve high VLPs loading since
any change in particle size will affect the loading efficiency 21. The particle size was
negatively affected by the gas flow which accounted for 94% of the overall effect (data and
statistics not shown), indicating that the particle size increased with a decrease in gas flow.
Therefore, as per the above analysis, the desirable parameters, i.e. low moisture content,
high powder yield and larger particle size all required low gas flow rate. Hence, we used the
low gas flow rate for spray drying VLPs. Although the span (particle size distribution) listed
in Table 1 was not used for optimization, particles prepared by the optimized spray drying
conditions showed a unimodal and narrow particle size distribution (Dyso- 4.60um, span-
1.68).

After the analysis of the half-factorial design, the optimized spray drying conditions for
encapsulating VLPs were as follows: inlet temperature (155 °C), gas flow rate (450 L/hr),
liquid feed rate (3.6 ml/min). Furthermore, the optimized formulation parameters for
leucine:trehalose and mannitol:dextran was 15.789:5.263 (3) and 76.842:2.105 (37),
respectively.

VLPs loading and integrity

VLPs (freshly prepared and immediately after spray drying) were co-electrophoresed in
SDS-polyacrylamide gels with known concentrations of hen egg lysozyme as standards.
Coomassie Blue-stained VVLP bands were scanned and quantitated by densitometric analysis,
using Image J software and a quantification method similar to the website http://
lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/.

The concentration of VLPs in the suspension (pre-spray drying) and in spray dried powders
were 2.5 mg/ml and 1.6 mg/ml, respectively (Fig 3). Therefore, the loading efficiency of
VLPs in spray dried powder was 64%. The integrity of the VLPs after spray drying was
assessed by agarose gel electrophoresis. As shown in Fig 4, the co-migration of encapsidated
RNA (stained with ethidium bromide, EtBr) and protein (stained with Coomassie Blue)
indicates the integrity of VLPs after spray drying. VLPs migrate through agarose gel due to
their overall electrophoretic charge and can be visualized using EtBr by virtue of the RNA
that is encapsidated by the particles and by Coomassie blue staining to detect protein. Thus,
this assay was used to determine whether particles are present and whether they contain
RNA. No additional protein bands were seen on the gel, indicating that the VLPs were not
degraded. Moreover, DLS data (Fig 5) further showed the integrity of VVLPs after spray
drying as is evident by the overlapping size distribution of both liquid and dry powder VLPs
(after reconstitution).

Long-term stability

The stability of MS2-16L2 VVLP dry powder at three different temperature conditions (RT
and 37 °C) were studied for one year (twelve months). The integrity of VLPs was monitored
by agarose gel electrophoresis and TEM. As shown in Fig 6a, the spray dried VVLPs stored at
elevated temperatures for 2 months and 12 months (data not shown) exhibit the same EtBr
and Coomassie Blue staining patterns as freshly prepared VLPs, indicating that no
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degradation occurred during storage. Furthermore, as shown in Fig 6b, the morphology of
spray dried VLPs remained the same as seen under TEM (two months and 12 months of
storage of VVLPs dry powder at RT and 37 °C). Immunization studies

Oral immunization in rats

We were interested if oral immunization of spray dried VLPs will be as immunogenic as
VLPs administered by the IM route. Rats were immunized orally with VVLPs dry powder
encapsulated in enteric-coated capsules. Rats were chosen as the animal model for oral
immunization due to the availability of size 9 gelatin capsules for rats (Torpac Inc. Fairfield,
NJ). For the /n vivo studies, one group of rats (N=5) received enteric-coated capsules,
another received uncoated capsules containing VLPs dry powder. As a positive control, a
group of rats received intramuscular immunizations with VLPs. After three immunizations
(each administered at three week intervals), rats were bled and anti-L2 antibody responses in
sera were determined by peptide ELISA. As shown in Fig 7, oral immunization elicited
weak antibody responses in a subset of the immunized rats; titers were much lower
compared to rats immunized intramuscularly (Fig 7b). Rats immunized with enteric-coated
capsules had detectable anti-L2 antibody responses. However, only one rat in the group
immunized with uncoated capsules had detectable antibody levels above background (Fig
7a). No IgA antibody was detected in the vaginal washes from any of the immunized animal
groups, except in one rat that was immunized intramuscularly with the L2 VLPs (data not
shown).

IM immunization in mice

The immunogenicity of spray dried VVLPs (stored for fourteen months at RT or 37°C) were
evaluated by immunizing mice by the intramuscular route. Mice were given a single dose of
spray dried (and reconstituted) or freshly prepared L2-VLPs and antibody titers were
measured against the L2 peptide one, two, and three months post immunization. As shown

in Fig 8, a single dose of spray dried VLPs induced high-titer anti-L2 IgG responses that
were similar to mice immunized with freshly prepared (non-spray dried) L2-VLPs.
Antibody titers were stable for three months after immunization, although the titer levels in a
few mice immunized with spray dried L2-VLPs declined over this period.

DISCUSSION

Cervical cancer is the second most common and the fifth deadliest cancer in women, with
over 500,000 new cases and 275,000 deaths worldwide with majority of the cases occurring
in the developing world 10. Previously, we developed a broadly protective HPV vaccine in
which a highly conserved neutralizing epitope from the HPV L2 protein was displayed
multivalently on bacteriophage VLPs. The L2 bacteriophage VLPs induced a strong, long-
lasting immune responses as well as broad protection against diverse HPV types 12: 14, | 2-
VLP vaccines elicit robust anti-L2 IgG responses while providing broad protection from
genital and cutaneous HPV pseudovirus challenge in a mouse model of infection 11.13. 14,22,

In this study, we explored the effect of excipient ratios (formulation variables), inlet
temperature, gas flow rate and liquid feed rate (spray drying variables) on MS2-16L.2 VLP
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formulation. Liquid VVLPs were formulated into dry powders by spray drying to provide
long-term stability at elevated temperatures. The currently marketed vaccines against
cervical cancer, Gardasil® (quadrivalent and nonavalent) and Cervarix®, like other liquid
vaccines, require continuous cold-chain during storage and transportation. Spray drying has
previously been used to formulate dry powder vaccines including peptides 4 5 23, live
bacteria 24, viruses 2% and bacteriophages 26.

A half-factorial (25-1) DoE was used to achieve the best formulation and to optimize the
spray drying conditions with the least experimental runs in order to save time and in
reducing material costs 19 27: 28, The DoE helped us to better understand the interaction
between the spray drying processes and the formulation effects on dry powder
characteristics, such as product yield, particle size, moisture content etc. Although, a half-
factorial resolution V design has main effects and two-factor interactions unconfounded
from themselves and each other, such a design may be confounding with three-factor or
higher-order interactions. Spray drying usually involves exposure to process stress such as
heat, shear and desiccation that can damage the proteins/peptides and therefore often require
one or more excipients for stabilization 2°. We optimized the adjustable spray drying
parameters including the inlet temperature, liquid feed rate and the gas flow rate to achieve a
thermostable VLPs dry powder.

A multi-component excipient system was used for spray drying, with each excipient
providing certain properties towards achieving a stable dry powder. Incorporation of leucine
in our formulation helped in protection against moisture uptake. In addition, leucine prevents
the crystallization of mannitol possibly due to its ability to prevent moisture uptake by the
dry powders 30, Furthermore, mannitol is a non-hygroscopic and non-reducing sugar that is
effective in stabilizing spray dried proteins 31. Trehalose is also known to stabilize proteins
after spray drying, possibly due to its high glass transition temperature. However, trehalose
concentration was low in our dry powders since it is highly hygroscopic and could lead to
powder agglomeration during long-term storage. A small percentage of dextran was
included in our formulation as it imparts particle formation properties during spray drying.
Dextran further provides stabilizing properties to the incorporated VLPs by preventing
crystallization of the multi-component excipient system 1.

Long-term stability (twelve months) for spray dried VLPs was monitored at different
temperatures (RT and 37°C) with the ultimate goal of eliminating cold-chain storage
requirements for the VVLPs vaccines. Cold-chain handling during transportation and storage
of liquid vaccines is usually breached in remote regions of the world due to lack of well-
developed and continuous refrigeration system 32. The risk of vaccine damage due to
exposure to higher temperatures would lead to vaccine wastage, or more frightening causing
a disease against which a child was immunized33, The significance of vaccine
thermostability was first shown by the eradication of smallpox globally in the 1960’s
immediately after a “heat-stable” vaccine was available; this allowed the vaccine’s
widespread distribution without a cold-chain requirement to the remote regions of the
world 34. More recently, Meningococcal A conjugate vaccine (MenAfrivac®) was approved
in 2012 for its use in a controlled temperature chain (CTC) that allowed exposure to
temperatures up to 40°C for four days. This vaccine not only reduced meningitis cases in
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sub-Saharan Africa significantly, but achieving short-term thermostability also reduced the
cost of the vaccine by 50% 3°. VLPs dry powder vaccine with enhanced thermostability is
appropriate for deployment in resource-poor settings since majority of cervical cancers
occur in the developing world 36,

VLP-based vaccines have been previously administered by various routes in preclinical and
clinical studies, including sublingual 37: 38, oral 3940, skin 4142 vaginal 43 44, pulmonary 4°
and intranasal 3 46 routes. We initially administered VLPs dry powder in rats by the oral
route because of the many advantages offered by this route of immunization. The VLPs dry
powder were delivered in enteric coated capsules to prevent its degradation in the harsh
gastric environment and to retain its antigenicity. However, VLPs administered orally in
enteric coated capsules largely elicited low antibody titers. VLPs delivered in capsules
without enteric protection did not elicit an immune response in rats. The response elicited by
VLPs in enteric coated capsules were lower compared to the response generated with IM
administered VLPs. We speculate this variability due to non-uniform uptake of VLPs from
the small intestine once released from the capsules 4’. Future studies should incorporate
permeation enhancers such as surfactants or fatty acids, or a mucosal adjuvant, along with
enteric protection to the orally delivered VVLPs vaccines 48: 49,

We also administered VLPs dry powder, stored at elevated temperatures for over one year,
by the intramuscular route in mice. The sugar matrix of the dry powder protected the VLPs
from the deleterious effects during spray drying, long-term storage as well as powder
reconstitution. We have recently shown that spray dried VLPs dry powder are
immunogenic 1. However, in the current study we showed that spray dried VLPs are
immunogenic even after storing at 37 °C for fourteen months, thus demonstrating the
enhanced thermostability of dry-powder VLPs.

CONCLUSIONS

We optimized the VLP dry powder formulations and spray drying parameters such that the
vaccine withstood elevated temperatures during storage without losing its antigenicity. The
optimized formulation consisted of three sugars (mannitol, trehalose and dextran) and an
amino acid, leucine. Long-term stability testing at elevated temperatures can provide useful
insights on the required storage conditions for these dry powder VVLPs. This could have an
enormous impact on the cost, efficiency and success of global immunization programs
especially in the regions of the world where it is required the most. Consequently, this is a
potentially significant achievement that could result in major economic benefits and allow
broader vaccine coverage against HPV in order to be extended in low-resource countries.
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Optimization of spray drying parameters and multi-component excipients with respect to

residual moisture content. a) half-normal plot of the spray dried powders; b) response
surface plot in powders as a function of N, gas flow and inlet temperature; c) response

surface plot as a function of excipients ratio (A- leucine:trehalose and B- mannitol:dextran).
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Figure 2.
Optimization of spray drying parameters and multi-component excipients with respect to

product yield. a) half-normal plot of the spray dried powders; b) response surface plot in
powders as a function of N, gas flow and leucine:trehalose ratio; c) cube plot showing the
simultaneous optimization of mannitol:dextran ratio, liquid feed rate and inlet temperature
towards achieving the highest product yield (shown by the large red dot).
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Figure 3.
Quantitation of VLPs loading in spray dried powder. Spray dried VLPs (Lane 7-10

containing 1, 2, 5 and 10 pl representing varying concentrations) and liquid VLPs (Lane 6- 2
ul) were co-electrophoresed in SDS-polyacrylamide gels with a range of hen egg lysozyme
samples of defined concentrations (Lane 1-5). Gels were stained with Coomassie blue.
VLPs protein bands were scanned and quantitated by densitometric analysis in comparison
with known concentrations of egg lysozyme protein bands, using ImageJ software.
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Ethidium bromide- 'Coomassie blue-
stained agarose gel stained agarose gel

Figure 4.
Integrity of VVLPs after spray drying. Reconstituted VVLPs from dry powder were analyzed on

agarose gel stained with ethidium bromide (left panel) and Coomassie blue (right panel)
showing the VVLP proteins at the same position as of encapsidated RNAs.
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Integrity of VVLPs after spray drying. DLS data showing similar size distribution for liquid

and dry powder VLPs

Mol Pharm. Author manuscript; available in PMC 2017 May 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Saboo et al.

Page 20

a)

£
T
S
E
~
b

Ethidium bromide- Coomassie blue-
stained agarose gel stained agarose gel

Figure 6.
Stability of spray dried VLPs. Reconstituted VLPs from dry powder were analyzed a)

Agarose gel stained with ethidium bromide (left panel) or Coomassie blue (right panel) at
two months after storage and b) transmission electron microscopy images at two and twelve
months after storage
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Figure 7.
Immunogenicity of L2-VLPs in rats. Rats were immunized thrice orally with 400 ug of

VLPs in a) coated or uncoated capsules or b) immunized intramuscularly with 10 ug of
VLPs. Two weeks after the last immunization, sera were collected. In a), 1:40 serum dilution
was used in an ELISA and b) antibodies titers were determined by end-point dilution
ELISA.
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Figure 8.
Immunogenicity of stored spray dried L2-VLPs. VLPs were prepared by spray drying and

stored at 37°C or RT (21-23 °C) for 14 months. After this period, VLPs were reconstituted
in PBS and used to immunize mice. Mice were given a single dose of 5 pg VLPs. A control
group was immunized with freshly made L2-VLPs. Sera was collected 1, 2, and 3 months
after immunization and anti-L2 IgG titers were determined by end-point dilution ELISA.
Each dot refers to an individual immunized mice, lines denote geometric mean IgG titers.
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