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Particle replication in non-wetting
templates (PRINT) is a novel
nanoparticle platform that provides com-
positional flexibility with the ability to
specify size and shape in formulating vac-
cines. The PRINT platform also offers
manufacturing and cost advantages
over traditional particle technologies.
Across multiple antigen and adjuvant
formulations, robust antibody and cel-
lular responses have been achieved using
PRINT particles in mouse models. Pre-
clinical studies applying PRINT tech-
nology in the disease areas of influenza,
malaria, and pneumonia are described in
this commentary. The proof of principle
studies pave the way toward significant
cost-effective solutions to global vaccine
supply needs.

Introduction

The mammalian immune system is
exquisitely designed to recognize and
respond to the plethora of sizes and shapes
of pathogens.! As illustrated in Figure 1,
the first generation of vaccines included
live, attenuated or killed whole organism
vaccines that were very effective in com-
bating common threats.” In parallel to
advances in molecular and cellular biol-
ogy, and to deal with adverse events asso-
ciated with those first generation vaccines,
the next generation focused on designing
vaccines composed of specific subunits of
pathogens. However, in many instances
in order to obtain adequate efficacy it has
been necessary to use adjuvants and multi-
ple doses to improve the immune response
and maintain long-lived immunity.?
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Now, further advances in our under-
standing of the immune system com-
bined with advances in nanotechnology,
make it possible to mimic size, shape,
and antigenic composition of pathogens
in vaccine particles to regain the advan-
tages of the early vaccines while retaining
the safety and manufacturing advantages
of well-defined formulations (Fig. 1).
While nanotechnology systems such as
dendrimer, micelle, polymeric nanopar-
ticles, liposomes, nanoemulsions, spray
drying, and virus-like particles' have been
used for some time, each of these have
limitations. The limitations include low
levels of entrapped antigen, the potential
for damage of three-dimensional antigen
structures, prolonged exposure to organic
solvents in processing, polydispersity,
manufacturing challenges, batch-to-batch
variability, and shape restrictions.? Particle
replication in non-wetting templates
(PRINT)’ is a novel nanoparticle fabri-
cation technology that has the potential
to overcome the limitations of the other
methods while maintaining precise con-
trol of particle composition, size, shape,
and surface properties, and as such it is
well-suited for creating the next genera-
tion of engineered synthetic vaccines.

PRINT (Particle Replication
in Non-Wetting Templates)
Platform

The PRINT process begins with a
particle matrix solution that is cast as
a film on a plastic sheet that serves to
deliver a uniform antigen-adjuvant mix-
ture to an elastomeric mold that contains

Volume 10 Issue 7

Do not distribute.

I0Science.

©2014 Landes B



1t Generation:
Whole Pathogens

o= ¢.

» o
o~

Sﬁ

PRINT Vaccines Offer the Potential for Rationally Designed Vaccines
Optimizing Efficacy, Safety and Cost for New and Existing Targets

2nd Generation:
Sub-Unit and Nucleic Acids

=~
Sub-Unit Protein

Sub-Unit
Polysaccharide Conjugates

Nucleic Acids:
Vector or Naked

Next Generation:
PRINT Vaccines

Protein-Adjuvant Co-delivery

\W

Virtual-conjugates

Synthetic Delivery System

Figure 1. Evolving generations of vaccines.

nanosized cavities corresponding to the
size and shape of the desired final par-
ticles. The nanosized cavities in the mold
are produced from a photolithographi-
cally etched master template. A sandwich
of the delivery sheet and the mold are
brought together which enables capillary
forces to fill the mold’s cavities with the
desired composition without coating the
space between the molds. Depending on
the particle composition, particles are
then solidified by a vitrification, crystalli-
zation or gelation process. To harvest the
particles, a filled mold is brought into a
contact with a high-energy adhesive film
that removes particles from the mold.
Particles are collected from the harvest-
ing film using a solvent that dissolves
the adhesive layer’ The PRINT process
is now automated in a high throughput,
low cost cGMP manufacturing process
that leverages roll-to-roll techniques used
for decades in the films and printing
industry.

Particle sizes from 55 to 10000 nm can
be produced independent of matrix com-
position to explore the optimal delivery
of antigens and immunostimulants. The
use of photolithography developed in the
electronics industry to create the molds
allows the generation of particles that have
unique and highly consistent size, shape,
and structure.

A key feature of the PRINT technology
is the ability to maintain uniform particle
size and shape while providing formulation
flexibility of particle compositions. Active
components can be varied widely as well
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and include oligonucleotides,”!* RNA,**
61314 and small

that can serve as antigens or

polysaccharides, proteins,
molecules'>"
immunomodulators. The particle matrix
can be composed entirely of active com-
ponents or selective inert materials such as
poly(lactic-co-glycolic) acid (PLGA),® or
polyethylene glycol (PEG) hydrogels” that
serve as bulking agents to reduce costs. As
will be shown in the examples below, it is
possible to formulate multiple materials
together within the same particle, includ-
ing poorly miscible compounds. For vac-
cine applications, special attention has been
paid to the development of the PRINT
process to ensure compatibility between
target antigens and matrix components,
thus preventing damage and denaturation
of three-dimensional antigen structures
critical for humoral immune response.
Particle surface chemistry and charge can
be manipulated without affecting particle
shape and size, using the PRINT technol-
ogy. Incorporation of cationic components
into PRINT particles allows the adsorption
of negatively charged nucleic acid, polysac-
charide, and protein antigens to the particle

surface.®'8

This strategy allows encapsula-
tion of antigens and adjuvants in the par-
ticle matrix as well as use of particle surface
to deliver complex mixes of antigens and
In addition,

positively charged nanoparticles are taken

immunodulators to cells.

up by cells more easily due to the negative
charge of the cells.’®

Careful consideration of particle size,
shape, surface charge, and antigenic com-
position allows for the development of
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particles that more closely resemble native
pathogenic viruses and bacteria in con-
trast to subunit vaccines. The ability to
produce vaccines that better mimic patho-
genic targets in a multifaceted way pro-
vides the opportunity to advance the field
of vaccinology beyond subunit-based and
live attenuated vaccines.

Examples of Vaccine
Development Using PRINT
Nanofabrication Platform

Development of a nanoparticle-
based influenza vaccine using PRINT
technology

While there are various effective vac-
cines for influenza, improvements are
needed in the protection of elderly and
newborn populations and in rapidly
responding to pandemic outbreaks.” In
considering how PRINT technology could
be used to address these needs, various for-
mulations of influenza virus hemaggluti-
nin (HA) antigen” were used to rapidly
screen a variety of particle sizes and shapes
to find a combination with the strongest
immune response (Fig. 2). HA prepara-
tions were added to cationic PEG particles
of different sizes and allowed to absorb
through electrostatic interactions. The
objective was to use electrostatic binding
of the antigen to the particles rather than
chemical conjugation to ensure integrity
of the antigens and avoid the inefficiency
of conjugation.

In preliminary mouse studies the HA
antigen adsorbed on asymmetric (oblong)
shaped 1 x 3 um, 1 x 1x 10 pm, and 2 x
2 x 6 pum PRINT particles showed greater
levels of IgG antibody than dose-matched
soluble antigen and symmetric particles
(Fig. 2). While there were many options
for the matrix materials, PLGA and cat-
ionic cholesterol derivatives were chosen
for later formulations in order to limit any
safety concerns and streamline the regula-
tory process in the later stages of vaccine
development. Further screening efforts
resulted in the selection of a lead particle
size of 80 x 80 x 320 nm that could be
filter-sterilized.®

Co-delivery of malaria CSP antigen
and TLR 7/8 adjuvant to achieve induc-
tion of T cell mediated immunity
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Development of a broadly protective
malaria vaccine remains a significant chal-
lenge. To explore the potential of PRINT
technology to contribute to the solution,
particles were designed to efficiently co-
deliver circumsporozoite surface protein
(CSP) with toll-like receptor 7/8 (TLR
7/8) ligand with the goal of maximizing
the T-cell mediated response.?’

Cylindrical 80 x 80 x 320 nm PLGA
particles were produced with a pro-
prietary TLR 7/8 ligand encapsulated
in the particles. Cholesteryl 33-N-
(dimethylaminoethyl) carbamate  hydro-
chloride (DC-Chol) was incorporated in
the particle matrix to give the particles a
net positive charge that would effectively
adsorb the negatively charged CSP on the
surface and not change the CSP antigenic
determinants. As shown in Figure 3A,
the resulting vaccine-enhanced anti-
body response is seen after one injection.
Moreover, stronger antigen-specific CD4*
and CD8* T-cell responses were seen in
antigen-adjuvant PRINT particle systems
as compared with soluble protein or solu-
ble protein mixed with adjuvant materials
(Fig. 3B).

Clinical trials with RTS,S vaccine have
demonstrated that increased protective
efficacy is associated with higher anti-CSP
antibody titers and increased CSP-specific
cellular immune responses.?® Our proof of
concept data suggest that co-delivery of
TLR 7/8 adjuvant with the CSP antigen
on the same particle may enhance both

antibody and cellular CD8* and CD4*
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surement on day 21 after injection.

Figure 2. Antigen adsorbed on PRINT particles. Recombinant H3 HA was adsorbed on 1 x 1 wm and
1% 3 wm cylinders (where first number is a diameter and second number is length in micrometers)
and 1Xx1x10 wm, 2 X2 X 2 um, 2 X 2 X 6 wm rods (where first, second, and third number corre-
spond to height, width, and length, in micrometers). Particles along with a 2 .g dose of soluble H3
HA protein were injected intramuscularly into BALB/c mice followed by IgG antibody level mea-

T-cell responses. Even though the cellu-
lar and antibody responses with soluble
antigen/adjuvant combinations eventu-
ally reached the same levels achieved with
PRINT formulations after multiple doses
(data not shown), the enhanced response
seen after a single injection with PRINT-
may be an advantage, offering the poten-
tial for earlier protection, cost savings, and
better patient compliance.

Development of novel pneumococcal
vaccine using PRINT technology

Licensed pneumococcal conjugate vac-
cines containing pneumococcal polysac-
charide-protein carrier conjugates are very
efficient in protecting infants from inva-
sive pneumococcal disease.’ Challenges

in the production of traditional conju-
gate vaccines have hampered strain cov-
erage, higher manufacturing costs and
to unmet world-wide demand. Specific
issues include polysaccharide activation
complexities, downstream manufactur-
ing inefficiencies, and complicated quality
control which result low-yield and variable
process.”>? PRINT particle-based design
strategies bring together the polysaccha-
ride and carrier protein in close proxim-
ity without traditional conjugation. This
strategy offers the potential for significant
manufacturing and cost advantages over
traditional conjugate vaccines, opening up
novel product opportunities for a variety
of bacterial diseases.
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Figure 3. CSP antigen and TLR 7/8 adjuvant co-delivery using PRINT particles. 80 x 80 x 320 nm PLGA-DC Chol particles with a proprietary TLR 7/8
ligand encapsulated in the particle matrix and CSP protein adsorbed on the surface of the particle were injected intramuscularly into BALB/c mice. CSP,
matched dose of soluble protein control; CSP+TLR7/8, matched dose of soluble protein control mixed with TLR7/8 ligand; PRINT CSP TLR7/8, PRINT par-
ticle designed for co-delivery of CSP and TLR7/8 ligand. (A) Anti-CSP IgG serum antibody levels were evaluated 21 d after a single injection. (B) Cellular
responses were evaluated 7 d post-immunization for IFN-v, IL-2, and TNFa by re-stimulating splenocytes with CSP antigen. Average % of cytokine-
producing CD4+ and CD8+ cells is shown. Response for PRINT particle containing CSP alone without adjuvant was at baseline and is not shown.
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Figure 4. Anti-polysaccharide ELISA immune responses to pneumococcal polysaccharide type 14
(PnPs14). (A) PnPs14 was encapsulated in 0.2 X 0.2 wm, 1 X 1 wm cylinders (where first number is
a diameter and second number is length in micrometers) and 1 x 3 wm disks (where first num-

ber is height and second number is a diameter,

ovalbumin (OVA) protein matrix. (B) BALB/c mice were injected intramuscularly on days 1, 29, and
57. Anti-PnPs14 IgG levels were measured on day 71. Blank Protein particles, OVA protein particles
without PnPs14; Sol. Protein+PS14, soluble mix of OVA protein and PnPs14; Prevnar 13°, commer-

cial pneumococcal 13-valent conjugate vaccine;

encapsulated in OVA protein matrix, as described in (A).

in micrometers) consisting of crosslinked chicken

PRINT Protein/PS14 Particles, particles with PnPs14

A key advantage of PRINT technol-
ogy is its flexibility to design and pack-
age various pathogen associated molecular
features and determinants of immunoge-
nicity in nanoparticles of different size,
shape, composition and surface organiza-
tion. Recent studies have demonstrated
that size, shape, and geometry of nanopar-
ticles can possess remarkably different
binding tendencies and facilitate receptor
mediated biodistribution,
and cellular uptake by antigen presenting

recognition,

cells influencing the outcome of the bio-
logical response.??’

To investigate the role of particle size
and shape on immunogenicity, PRINT
particle designs of different size and shape
were evaluated in generating anti-poly-
saccharide immune response to pneumo-
coccal polysaccharide type 14 (PnPsl4)
antigen. In particular, PRINT particles of
2 different sizes (200 x 200 nm cylinders,
1 x 1 pm cylinders) and shape (1 x 3 pm
disc) encapsulating PnPsl4 antigen were
investigated in mice (Fig. 4). Assembly of
various PRINT particles involved simple

www.landesbioscience.com

encapsulation of PnPs14 in a chicken oval-
bumin (OVA) protein matrix which was
crosslinked with glutaraldehyde and served
the dual role as a carrier protein and par-
ticle delivery matrix. Mice were inoculated
with 3 dose-matched PRINT formulations
with equivalent PnPs14 antigen loading per
particle mass and polysaccharide specific
immunogenicity was compared with that
of licensed pneumococcal vaccine. Serum
analysis after 3 vaccine doses demonstrated
that smaller 200 x 200 nm particles which
consist of more particles per dose on a total
mass basis showed superior in vivo perfor-
mance in inducing PnPsl4-specific IgG
response over bigger size (I x 1 pm cylin-
ders) and shape (1 x 3 pm disc) particles
with equivalent PnPs14 antigen loading
per total particle mass . Furthermore, 200
x 200 nm sized PRINT particles elicited
PnPs14-specific antibody response compa-
rable to a licensed pneumococcal vaccine
(Fig. 4). The enhanced immunogenicity
that has been observed also included robust
antibody responses following a single
immunization (unpublished results).

Human Vaccines & Immunotherapeutics

The data shown above reinforce the
importance of particle design on modu-
lation of immunogenicity. Continued
optimization of particle designs should
enable dose-sparing, expanded serotypes
coverage, and utilization of pneumococ-
cal protein antigens leading to improved
humoral and cellular responses.

Discussion and Future Prospects

Synthetic nanoparticle-based vaccines
are likely to play a key role in achieving
protection and therapy against pandem-
ics, emerging pathogens, chronic infec-
tions, and cancer (Fig. 1).! Examples
shown above demonstrate that PRINT-
based vaccines are capable of induc-
ing robust antibody immunity against
proteins (Fig. 2) and polysaccharides
(Fig. 4) as well as T-cell mediated immu-
nity involving antigen-specific CD4*
and CD8* T-cells (Fig. 3). By leveraging
fabrication methodologies, the PRINT
vaccine platform provides flexibility and
scalability to independently control shape,
size, composition, surface chemistry and
charge, porosity, and modulus for devel-
opment of successful vaccine delivery
agents. Continued efforts to refine parti-
cle parameters listed above should lead to
superior performing PRINT vaccine for-
mulations. In addition to compositional
flexibility the PRINT technology offers
several manufacturing advantages includ-
ing precise engineering of sterile-filterable,
monodisperse, and scalable vaccine for-
mulations under ¢cGMP conditions in a
cost efficient manner.

The PRINT process has clear advan-
tages in not altering the functionality
of proteins, even when particles are for-
mulated from pure protein.®®!"1314 This
allowed functionalization of PRINT
particles with specific antibodies for tar-
geted delivery.”® Overall compatibility of
PRINT process with immunoglobulins'*
suggests that PRINT particles can be used
to deliver pathogen-specific antibodies for
passive immunity applications or enhance
delivery of the current antibody therapies
used for immunosuppression.

PRINT vaccines generally have not
required aluminum salts for enhanced
immune response while inducing both
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and cell-mediated
(Figs. 2—4). Formulation of vaccines with

humoral response
alum adjuvants can be a major limitation
for vaccines where balanced antibody and
cell-mediated immune response is desir-
able, as alum biases the response toward
B-cell antibody response.”” In addition,
extracellular proteins are taken up by den-
dritic cells (DC) and processed through
MHC class II pathway, while uptake of
PRINT nanoparticles by DC engages
both MHC class I as well as MHC class 11
pathways"?® which, importantly, leads to
activation of both antigen-specific CD4*
and CD8* T-cells. As such, PRINT-based
vaccines provide a way to elicit a multi-
pronged immune response against chal-
lenging pathogens.

Another emerging use of PRINT tech-
nology with potential to contribute to
vaccine delivery is microneedle patches.
Microneedle patches are arrays of microm-
eter-sized projections for minimally-inva-
sive drug delivery into the skin. PRINT
process can easily be adapted to create
an array of discrete microneedles of the
desired chemical composition attached to
a flexible, water-soluble substrate.’® This
application of PRINT can be particularly
useful for skin delivery of vaccines.”

In summary, the field of nanotech-
nology is becoming mature enough to
contribute powerfully to vaccinology.
Technology platforms, such as PRINT,
provide vaccine developers with new strat-
egies and tools for the prevention and
treatment of human disease.
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