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RNA VACCINES PART 2:
ADDRESSING ONGOING CHALLENGES

REGULATORY PERSPECTIVE

Nonclinical development of

RNA cancer vaccines: proof-of-
concept testing, safety study
design, and future prospects

Rondine Allen & Christopher Saeui

RNA-based vaccines are nascent technology currently in development for the treatment
of multiple types of cancer. Prior to administration in a clinical trial, nonclinical testing of
RNA-based vaccines is required to evaluate activity and characterize safety. This article will

discuss:
1. Example types of mRNA cancer vaccines;
2. Commonly used delivery methods for RNAs;
3. Nonclinical approaches for evaluating activity;
4. Considerations for evaluating safety; and
5. Future prospects for RNA cancer therapeutics.
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INTRODUCTION TO mRNA nature and diverse manifestations. Traditional
VACCINES cancer treatment modalities such as surgery,

chemotherapy, and radiation therapy have

Cancer remains one of the most difficult chal-  improved clinical outcomes over the past few
lenges in modern medicine due to its complex  decades, but they often come with significant
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side effects and limited efficacy, especially
for recurrent cancers and those that become
refractory to these types of treatments. In
recent years, immunotherapy has garnered
much attention for its potential to harness
the power of the immune system to fight
difficult-to-treat relapsed and refractory can-
cers. Within the realm of immunotherapies,
mRNA based vaccines have emerged as a new
modality to target and eliminate cancer cells.
By introducing synthetic mRNA encoding
cancer-specific antigens into the body, it is
hypothesized that the immune system can
be trained to recognize and mount an attack
against tumors. For personalized cancer treat-
ments, mRNA technology also has advan-
tages that make it suitable for tailoring treat-
ments to each patient’s specific tumor.

A major benefit of using an mRNA vac-
cine approach is the potential for expeditious
product development and manufacturing.
Unlike traditional vaccines, which often rely
on inactivated or weakened viruses or immu-
nogenic proteins and peptides, mRNA vac-
cines only require the genetic sequence of a
target antigen that can be synthesized into a
DNA template for production. This allows
developers to rapidly identify tumor targets
of interest and manufacture an mRNA vac-
cine in ways that are both customizable and
relatively scalable, potentially making it easi-
er to produce large quantities of product
Moreover, mRNA vaccines have particular
safety advantages. The technology does not
involve live or attenuated viruses, therefore
avoiding virus-related immunotoxicities or
the potential for insertional mutagenesis

. Further, mRNA vaccines do not alter a
person’s DNA, and synthetic mRNAs used
in these vaccines are labile [3] and typically
expected to degrade rapidly within the body,
thereby limiting their persistence in cells and
tissues.

MECHANISM OF ACTION

The mechanism of action for mRNA cancer
vaccines is based on the ability of mRNA to

instruct cells to produce specific cancer-re-
lated proteins (i.e., antigens). The process
for developing an mRNA cancer vaccine be-
gins by identifying tumor-specific antigens
(TSA, also known as neoantigens) or tu-
mor-associated antigens (TAAs), which are
molecules commonly overexpressed on the
surface of cancer cells. Synthetic mRNAs
are then designed to carry the instructions
for producing these antigens inside of cells.
Once an mRNA vaccine is administered, it
is endocytosed by immune cells such as an-
tigen-presenting cells (APCs) and dendritic
cells (DCs) , where the mRNA
can be translated and cancer antigens (i.e.,
peptides) are produced. These antigens are
subsequently presented on cellular surface
human leukocyte antigen (HLA) molecules,
effectively flagging them as foreign to the
immune system. Immune cells such as cy-
totoxic T cells then recognize cancer anti-
gens presented by DCs and APCs to become
activated and initiate an immune response
against cancer cells expressing the antigenic
peptide.

TYPES OF mRNA CANCER
VACCINES

mRNA vaccines for cancer generally fall into
two broad classes, based on approach — those
intended to target cancer TSAs and those in-
tended to elicit an immune response towards
TAAs. As we will discuss further, the type of
mRNA cancer vaccine impacts the strategies
needed for nonclinical development.

For personalized mRNA cancer vaccines
targeting TSAs, the development process
typically starts with the identification of the
neoantigen using genomic sequencing, pro-
teomics, and other bioinformatics based ap-
proaches for each patient [5]. Neoantigens are
unique antigens that arise from patient-spe-
cific genetic mutations. These mutations can
generate novel protein sequences that are ab-
sent in normal cells, making them highly spe-
cific to a patient’s tumor and attractive targets

for mRNA based cancer vaccines . Once
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a neoantigen is identified, the corresponding
mRNA sequence can be designed and syn-
thesized to produce the desired personalized
vaccine [8].

Likewise, mRNA vaccines intended to
target TAAs take a similar approach; howev-
er, the antigen being targeted is likely to be
commonly overexpressed on tumor cells ver-
sus healthy tissues [9]. This type of mRNA

vaccine is typically not patient-specific;

REGULATORY PERSPECTIVE

therefore, these types of vaccines are intended
to be administered to more than one subject
with the same type of cancer.

mRNA DELIVERY

Although this discussion is unable to cover
all possible modalities for mRNA delivery,
below are some examples of commonly used
methods to deliver RNAs for cancer vaccines.

—» FIGURE 1

General mechanism of action for RNA-based cancer vaccines.
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One of the common and popular types of de-
livery strategy for mRNA based therapeutics,
lipid nanoparticles (LNPs) are typically com-
posed of four components

An ionizable lipid;
A structural (phospho-) lipid;
Cholesterol;

A polyethylene glycol (PEG)-lipid.

LNPs serve as a protective envelope
around mRNAs during delivery in vivo.
The positively charged ionizable lipid elec-
trostatically interacts with the negatively
charged mRNA, encapsulating it (along with
the other lipids) for delivery. Once admin-
istered, LNPs deliver mRNAs to target cells
through endocytosis. Upon internalization,
mRNA-LNPs are shuttled into endosomes
where the acidic pH of the endosomal envi-
ronment causes the ionizable lipid to release
the mRNA while concomitantly causing the
lipids to disrupt the endosomal membrane,
facilitating the release of mRNAs into the cy-
toplasm of the cell

Polymeric delivery of mRNAs involves the
use of synthetic polymers to encapsulate and
deliver mRNA molecules into cells. Many
types of polymers can be used, such as poly-
ethyleneimine (PEI), poly(lactic-co-glycolic
acid) (PLGA), or completely novel molecular
entities specific to a product’s development
program . However, the general princi-
ples behind polymeric delivery and LNPs
are similar to those behind delivery using a
lipid-based vehicle, namely electrostatic in-
teraction between the polymer and mRNA
for efficient encapsulation, cellular uptake,
and release. Polymeric delivery, however, may

differ from LNPs by taking advantage of dif-

ferent mechanisms for release ranging from

pH-induced release to enzymatic degradation
of the polymer

mRNA delivery using a lipopolyplex is a
technique that utilizes aspects of both LNP
and polymer based approaches by using a
combination of lipids and polymers to form
a complex capable of delivering mRNA mol-
ecules into cells [14]. A polymer core that en-
capsulates mRNA is further encapsulated by
a shell consisting of a lipid bilayer. Combin-
ing lipids with polymers may impart advan-
tages such as improvements in product sta-
bility, longer circulation times, and improved
cellular uptake

Transfection of cells with nucleic acids using
electroporation is a technique that has been
employed for many years. Electric pulses gen-
erated by a device are used to facilitate entry
of mRNA molecules into cells by creating
temporary pores in cellular membranes

In this technique, naked mRNAs are typically
administered, and the electroporation device
is applied to the site of injection. Electropo-
ration offers advantages of being able to de-
liver mRNAs into difficult to transfect cells
and can be used to deliver mRNA to a broad
class of cell types. Parameters such as pulse
duration, voltage, number of pulses, and oth-
er technical factors with the electroporation
device may impact safety, therefore it is im-
portant to include use of the intended elec-
troporation device during nonclinical devel-
opment, as feasible

NONCLINICALTESTING

Nonclinical studies are important to evaluate
the safety and activity of mRNA vaccines pri-
or to initiation of a clinical trial. The non-
clinical program typically provides support
for the scientific rationale, gives insight into
the mechanism of action, evaluates biological
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activity, and characterizes the safety profile of
the mRNA cancer vaccine product

In vitro assessment of mRNA vaccines de-
pends on whether the product is intended
to target a TSA or TAA. For product devel-
opment of TAA-targeting mRNA vaccines,
commercially available tumor cell lines can
often be purchased that express the TAA, or
immortalized cell lines can be engineered
to express the antigen of interest. /n vitro
co-culture studies with T cells isolated from
peripheral blood mononuclear cells (PB-
MCs) and whole blood with a tumor cell
line expressing the TAA can be designed in
ways to demonstrate the potential activity
of the mRNA vaccine. HLA matched or
partially matched donor DCs can also be
used to investigate the mechanism of action
of TAA expressing mRNAs. In these types
of experiments, DCs are pulsed with the
mRNA encoding the TAA, and are then cul-
tured with naive T cells to induce immune
responses towards the cancer associated anti-
gen . Primed T cells can then be stud-
ied further iz vitro to characterize immune
cell response towards tumor cells expressing
the TAA. Assay readouts may include cyto-
kine production, cell proliferation, or cyto-
toxic activity.

For mRNA vaccines intended to target a
TSA or neoantigens, in vitro work typical-
ly uses a different approach given that each
TSA will be patient specific. Consequently,
it is not possible to evaluate each neoanti-
gen in nonclinical studies because tumor cell
lines that express TSAs are not commercial-
ly available and issues with HLA matching
may make the practicality of performing such
studies very difhicult. Alternative approach-
es are often helpful to demonstrate in vitro
proof-of-concept (POC) for mRNA prod-
ucts intended to target cancer neoantigens;
however, similar to the approach for TAA
targeting mRNAs, studies may evaluate cyto-
kine secretion, proliferation, and cytotoxicity

REGULATORY PERSPECTIVE

following incubation of PBMCs transfected
with the TSA-targeting mRNA.

When possible, in vivo POC studies are
helpful to identify the biologically active dose
level range and optimal dosing regimen. For
example, studies may evaluate antitumor ef-
fects, survival, immune response, or cytokine
induction in murine cancer models
When selecting an animal species for evaluat-
ingaTSA or TAA mRNA vaccine, mRNA-in-
duced biological activity and antigen specific
immunological responses are important con-
siderations. Animal models with comparable
activation and response to humans may be
used to model immunogenicity following ad-
ministration of the product.

For evaluation of mRNAs targeting TAAs,
studies may evaluate anti-tumor efficacy fol-
lowing inoculation in a syngeneic animal
model with cancer cells expressing the anti-
gen, or studies can be designed employing
humanized mice Following vacci-
nation with the mRNA, tumor growth, im-
mune response, and cytokine production are
often assessed to characterize product activity.
These types of studies allow for the mecha-
nism of immune stimulation to be investi-
gated in animals that have an intact immune
system. For example, mRNA vaccination of
HLA matched humanized mice can result in
quantifiable antigen specific T cell response
and cytotoxic activity

Evaluating TSA-specific anti-tumor ac-
tivity is often not feasible iz vivo due to the
personalized nature of the product. Instead,
anti-tumor studies may utilize murine specif-
ic tumor models to investigate antigen spe-
cific T cell responses and anti-tumor activ-
ity of the mRNA vaccine platform. Studies
evaluating 7z vivo T cell response and antigen
presentation following vaccination can also
be informative for characterizing activity and
specificity.

An additional point to consider is that
mRNA vaccines are often co-administered
with checkpoint inhibitors to enhance im-
mune response against a cancer antigen. To
support the rationale for administration of a
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TAA- or TSA-targeting mRNA vaccine with
a checkpoint inhibitor, co-administration of
the mRNA vaccine and the checkpoint inhib-
itor in an animal model can be used to evalu-
ate the activity and contribution of effect for

both products.

The selected route of administration (ROA)
will influence the biodistribution, per-
sistence, duration of activity, and dose re-
sponse of the mRNA vaccine. The ROA is
typically based on what will enable delivery
of the therapeutic entity to the target cells
and generate the desired response, desired
safety profile, and ease of administration. In
many cases, targeted delivery of the mRNA
to immune cells is preferred. Thus, local
routes of administration including subcu-
taneous, intramuscular, intradermal, or in-
tra-tumoral injection are commonly used,
along with intravenous administration for
systemic delivery.

Studies to determine biodistribution (BD)
of the mRNA and the delivery components
following administration can be important
for understanding the distribution, accu-
mulation, and clearance in both target and
non-target tissues, which can also assist in
interpreting safety information. Although the
target site is primarily at the site of injection,
BD in a larger set of tissues can provide addi-
tional information on the 77 vivo distribution
of the product as a part of a comprehensive
development program. This may be of par-
ticular importance should safety issues be en-
countered in nonclinical studies.

mRNA vaccines comprised of novel lipid
components or polymers may benefit from
additional nonclinical assessments depend-
ing on the ROA. For example, intravenous
administration of an mRNA vaccine that
includes a novel lipid component in the
formulation may warrant additional charac-
terization, including assessments for in vivo
stability, tissue tropism(s), absorption, elim-
ination, and potential for generating specific

types of metabolites. Additional safety as-
sessments for mRNA-based vaccines are de-
scribed below. Considerations for additional
nonclinical pharmacology studies will de-
pend on the novelty of the delivery compo-
nents, expected level of exposure, and the
dosing regimen.

SAFETY TESTING

Toxicity studies conducted in healthy animals
are often used to assess the safety and toler-
ability of the mRNA vaccine. The results of
the POC studies can be used to help guide
the design of safety studies. Typically, defini-
tive safety studies are designed to mimic the
proposed clinical trial in terms of using the
proposed clinical route of administration,
dosing regimen, and identical clinical prod-
uct, as feasible. The half-life and durability of
the encoded antigen are also important con-
siderations when determining the appropri-
ate duration of the safety study.

Data quality, reliability, and integrity
should be ensured by conducting definitive
safety studies in compliance with good lab-
oratory practice (GLP). Principles of GLP
include adherence to a prospectively writ-
ten protocol, minimization of study bias,
and detailed recordkeeping. To adequately
characterize and identify safety concerns at
the proposed clinical dose levels, dose levels
bracketing the clinical dose level range are
typically administered when feasible. For
safety studies, similar evaluations for both
TAA and TSA targeting mRNA vaccines are
typically used, such as standard safety end-
points including clinical observations, clin-
ical pathology, histopathology, hematology,
and coagulation. Product specific endpoints
may include evaluation of antigen-specific or
non-specific immune response (i.e., cytokine,
chemokine response).

If the mRNA vaccine will be co-adminis-
tered with a checkpoint inhibitor or another
type of immunomodulatory agent, the need
for additional toxicity studies investigating
the combined products often depends on
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whether adequate safety data are available
for the inhibitor as a monotherapy or in
combination with relevant products, and the
potential for additive toxicity. If safety data
are limited for the checkpoint inhibitor or
immunomodulatory agent, additional stud-
ies may be helpful to support the use of the
product combination.

Safety considerations for mRNA vaccines
targeting TSA or TAA include the potential
for on-target/off-tumor and off-target tox-
icities. Computational analysis may be per-
formed to determine similarity of the antigen
translated from the mRNA sequence to the
human proteome in order to predict cross-re-
activity to healthy human tissues. In vitro
assays can also be helpful to confirm targets
identified from #7 silico analyses. Additional
testing to help characterize these risks may
include evaluating for antigen expression in
tumor tissue, transcriptome analysis, and epi-
tope modeling that can assist in evaluating
potential risks for on-target/off-tumor and
off-target risks.

Definitive in vivo safety studies are typi-
cally conducted in a pharmacologically re-
sponsive species. For data interpretability, it
is important to include an adequate number
of animals per treatment group, while taking
into consideration the ‘three R’s’ for reducing,
refining, and replacing the use of animals, to
the extent feasible. For example, inclusion
of equal numbers of each sex per treatment
group is often unnecessary unless sex-based
differences are anticipated.

Delivery components that comprise the
final drug product may pose unique safety
concerns. These may include slow clearance,
accumulation in tissues following multiple
administrations, slow metabolism of novel
delivery components that may result in tis-
sue injury, unknown clearance profile of the
metabolites, injection site reactions, and po-
tential for acute immune response such as
anaphylaxis. Studies to address these types of
concerns are typically considered on a case-
by-case basis and depend on the attributes of
the final product.

REGULATORY PERSPECTIVE

The product administered in nonclinical
studies is usually identical to the clinical
product in terms of the antigen encoded,
formulation, and manufacturing process at
the current stage of development. Admin-
istration of a surrogate product targeting a
species-specific antigen may be considered if
species specific differences exist that would
make administration of the clinical product
uninformative. In the case of neoantigen or
personalized cancer vaccines developed for
a patient’s specific mutation, it is often not
feasible to evaluate the neoantigen. Therefore,
nonclinical studies may evaluate known mu-
rine or species-specific TSAs, an analogous
product, or a representative human neoanti-
gen that incorporates regulatory, structural,
and signaling elements found in the clinical
product. If an analogous product is evaluated
in the nonclinical studies, it is important that
the clinical formulation and manufacturing
process is utilized to determine the signifi-
cance of any abnormal findings.

The clinical starting dose for mRNA vaccines
is usually based on the totality of nonclinical
data. Nonclinical pharmacology and safety
data should be used to inform dose selection
for the clinical starting dose. To translate data
from animal studies to humans, it is import-
ant to provide a scientific rationale for the
method of dose level extrapolation and pro-
vide data to support the dose level and dosing
regimen for the mRNA vaccine. In addition,
data can be leveraged from studies where the
vaccine was comparatively assessed in iz vitro
assays using human and animal cells. We also
defer readers to guidance for therapeutic can-
cer vaccines

PROSPECTS

While the field of mRNA-based therapeutics
has grown exponentially over the last decade,
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innovation in the RNA field continues, and
development of newer technologies within
this space may provide additional benefits.
Below, a few emerging RNA technologies that
are related to the previously discussed mRNA
approaches are highlighted. The nonclinical
development of products that employ these
types of technologies may benefit from dis-
cussions with regulatory authorities through-
out the product lifecycle due to the novelty
of these products and product-specific issues.

Self-amplifying mRNAs (saRNAs) are modi-
fied mRNAs that have the ability to replicate
within host cells, leading to the production
of higher quantities of mRNA and subse-
quently more translated protein

saRNAs are engineered by incorporating ge-
netic elements that encode for non-structural
proteins that form a replication complex to
produce more copies of mRNA. This idea
was derived from the viral genomes of alpha-
viruses or flaviviruses [27]. Amplification of
mRNA allows for enhanced antigen produc-
tion, thus potentially improving immune re-
sponses for vaccines. In addition, due to the
self-amplifying nature of the RNAs, lower
dose levels may be needed to achieve simi-
lar types of activity observed with traditional
mRNA vaccines, providing manufacturing
and safety advantages

Circular RNAs (circRNAs) are a class of
RNA molecules that are formed by covalent-
ly closing RNA molecules to form a circular
structure, as opposed to a linear molecule like
mRNA. circRNAs are generated through a
process called back-splicing, where a down-
stream splice site is joined to an upstream
splice site, resulting in a circularized molecule

. 'The potential advantage of this change
in topology is increased stability compared to
linear mRNAs, which is achieved by the re-
sistance of circRNAs to nuclease degradation

. Although circRNAs are currently
being investigated for additional biologi-
cal functions such as serving as microRNA
sponges, RNA-binding proteins, and tran-
scription and splicing regulators, circRNAs
might be used in the development of cancer
vaccines due to the advantage of a longer
RNA molecule half-life that may subsequent-
ly lead to enhanced immunogenicity against
cancer.

Smart RNAs are synthetic RNA molecules
with specific chemical or structural alter-
ations that confer desired properties. Such
properties can involve chemical modifications
such as nucleoside substitutions or backbone
modifications to enhance stability, specificity,
or resist degradation . Functional el-
ements that can be incorporated into smart
RNAs include ribozymes with enzymatic ac-
tivity, aptamers designed to bind to specific
targets, or elements encoding for small inter-

fering RNAs

RNA molecules can be used in applications

. These highly customizable

intended to modulate gene expression, such
as inhibiting the expression of disease-causing
genes, or stimulating the immune system to
elicit a desired immunogenic response. Smart
RNAs represent a customizable class of RNA
molecules, making them a versatile platform
for potential cancer vaccine development.

Trans-amplifying RNAs (taRNAs) are engi-
neered RNAs designed to amplify the expres-
sion of a target gene by serving as intermedi-
aries that enhance the production of specific
. taRNAs typically con-
tain sequences that bind to mRNA molecules
with high specificity. Once a taRNA binds to
its mRNA target, it recruits RNA polymerase

RNA transcripts

to synthesize more copies of the mRNA mol-
ecules, leading to amplified levels of the tar-
get mRNA molecule. A common challenge
with developing vaccines for neoantigens or
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Developing an effective
vaccine formulation using
self-amplifying RNA and a
nanoparticle emulsion

Charlotte Barker, Editor, Vaccine Insights, speaks to
Amit Khandhar, Director of Formulations, HDT Bio, about cre-
ating a formulation that aims to address key challenges of RNA
vaccines, including thermostability and reactogenicity.

Vaccine Insights 2023; 2(10), 395-398
DOI: 10.18609/vac.2023.52

Q What are the biggest challenges for RNA vaccine formulation and
how are you seeking to address those?

AK: There have been some reactogenicity issues with lipid nanoparticle (LN-
P)-formulated mRNA vaccines, so we are working on making RNA vaccines less re-
actogenic, while still preserving their effectiveness.

Our formulation uses self-amplifying RNA instead of mRNA. Self-amplifying (sa)RNA
adopts a virus’ ability to replicate without actually making a virus, swapping out the struc-
tural proteins of the virus for the gene of interest—often a vaccine antigen. Our delivery
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formulation, LION™ (a cationic oil-in-wa-
ter nanoparticle emulsion), optimizes sur-
face chemistry, improving effectiveness and
reducing reactogenicity.

By combining our saRNA and LION
technology, we have created a vaccine plat-
form, AMPLIFY, which we believe has im-
portant advantages over mRNA-LNP and
saRNA-LNP formulations.

LNPs distribute widely, specifically to the liver, which produces a large amount of sys-
temic interferons and other inflammation markers. High levels of systemic interferons also
contribute to the dose ceiling for mRNA. With AMPLIFY, replication occurs in the muscle
at the injection site, which is immunologically quiescent, so it can maintain high expression
levels. However, the platform still drives an effective immune response by “turning a desert
into an oasis” of immune cells as they are recruited to the site of injection.

When characterizing the immune response to AMPLIFY versus saRNA-LNP, an inter-
esting finding was that responses varied between species. We saw similar adaptive immuno-
genicity with both platforms in mice; however, when we started studying larger animals like
monkeys, we saw less reactogenicity and improved immunogenicity, raising the dose ceiling
of AMPLIFY compared with saRNA-LNP [1]. Because we can go to higher doses, we are
able to incorporate multiple saRNAs to make multivalent vaccines.

Another critical issue is that current mRNA vaccines require cryofreezing, which necessi-
tates an infrastructure not readily available at the global level. We have developed methods
for lyophilization—premixing our formulation with RNA and reconstituting it with water
for injection—which allows for storage at 2-8° C, or even room temperature.

Could you elaborate on the structure of LION?

With LNPs, the RNA is inside the nanoparticle and it is manufactured in line. The RNA
and the lipids are mixed and the lipids self-assemble around the RNA. With LION, the
formulation line is separate from the RNA, and you can mix it at any point before adminis-
tration. Because the RNA is on the surface of the particle, it can also be swapped out more
readily, for example, to adapt to a new virus variant.

Since the RNA is on the outside, it is important to optimize how we complex the LION
and RNA. The ratio of the formulation and the mixing kinetics are both important. De-
pending on the process used to mix it, the particles can be a different size. If we can develop
a greater understanding of how those different sizes of particles affect adaptive responses, we
can begin to tailor the complex to a desired immune response.

Q Where is RNA vaccine formulation heading in the next 5-10 years?

396
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what those pandemics will be, but if some
pathogens are known and the vaccine formu-
lations are stable we may be able to stockpile
vaccines. Therefore, thermostability will be-
come very important.

From a therapeutic angle, another area
with a lot of potential is expressing antiviral
antibodies. We can make a vaccine antigen,
but we would also like to directly produce
antibodies to the antigen, by encoding it in

the RNA. This would require passive immunoprophylaxis, meaning that it needs to avoid
triggering the immune system. If we can get the right amount of antibody in the blood, it
could afford immediate protection, working as a prophylactic or even therapeutic. This area
of research is very hot right now.

Safety is always an important area of discussion, and we are starting to learn more about
how LNPs trigger adaptive responses. A lot is already known, but we are unlocking more
information on the mechanisms behind the responses, such as the potential adjuvant effects
of the formulation itself. For instance, researchers recently screened a whole library of lipids
to see if they could further potentiate the immune response and allow lower doses

What is next for HDT Bio?

For example, intranasal administra-
tion may give us some desired mucosal responses for certain pathogens.
Another area that we are working on is cancer vaccines. As deep sequencing and RNA
production increase in speed, we will be able to tailor vaccines to individuals.
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Achieving vaccine equity:
challenges & opportunities of
multi-modality manufacturing

Katarina Stenklo

Next-generation vaccine platforms comprise different modalities, including viral vectors
(e.g., AAV), pDNA), and mRNA. These vaccine platforms have become popular among the
biopharmaceutical industry but also entail several manufacturing challenges. This Expert
Insight outlines the manufacturing processes of these vaccine platforms, the difficulties
faced by manufacturers who choose to implement multiple modalities, factors to con-
sider when working with smaller batches, and the benefits of implementing digitization.
Streamlining the manufacturing process with cost in mind may increase the adoption of
these new vaccine technologies globally, including in developing countries.

Vaccine Insights 2023; 2(10), 381-393
DOI: 10.18609/vac/2023.051

INCREASING VACCINATION
MANUFACTURING WORLDWIDE

With the rising popularity of nucleic ac-
id-based vaccines, manufacturers have more
choices than ever before for their vaccine
platforms. Adoption of these new vaccine
technologies worldwide, particularly in de-
veloping countries, could be improved, with
several challenges posing barriers to imple-
mentation. In 2021, WHO set the target of

www.insights.bio

70% global COVID-19 vaccination cover-
age by mid-2022 [1]; however, this was not
achieved. The cost of producing mRNA or
viral vector-based vaccines is significant, es-
pecially for lower-income countries. To meet
the WHO rtarget, low-income countries
would need to increase their healthcare spend
by 56.6% on average, while high-income
countries only need to increase their health
spend by 0.8% on average [2]. Further chal-
lenges applicable to all vaccine manufacturers
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include optimization of manufacturing,
procurement, distribution, education, and
uptake.

Vaccines can be divided into classical
vaccine platforms and next-generation vac-
cine platforms. Next-generation vaccine
platforms include viral vectors (e.g., Ebola
vaccine), DNA vaccines, RNA vaccines
(e.g., mRNA COVID-19 vaccine), and an-
tigen-presenting cells. Classical vaccine plat-
forms include whole inactivated virus (e.g.,
polio vaccine), live-attenuated virus (e.g.,
measles, mumps, rubella vaccine), protein
subunit (e.g., flu vaccine), and virus-like
particle (e.g., human papillomavirus vac-
cine). Classical platforms are typically based
on weakened/inactive viruses or viral pro-
teins, while next-generation platforms are
mainly based on gene transfer.

MANUFACTURING mRNA

Compared with traditional vaccine plat-
forms, mRNA vaccines are faster and easier
to produce because they do not rely on the
production of cell-based components, which
typically require several optimization rounds.
mRNA vaccines can be produced in as little as
five weeks; in comparison, other viral vector
platforms can take up to three years. A ben-
efit of the increased speed of mRNA vaccine
development is the reduced costs in process
development, making the vaccine platform
more accessible. To increase the accessibility
of mRNA vaccines to low-income countries,
WHO created the mRNA vaccine technolo-
gy transfer hub in Cape Town, South Africa.
The hub aims to build capacity in low- and
middle-income countries, enabling them to
produce mRNA vaccines through a center of
excellence and training.

mRNA therapy can be manufactured to
cater to different population sizes, spanning
from an individual patient (personalized
therapy), small to medium populations (e.g.,
for infectious diseases and oncology), and
large populations (e.g., pandemic response).

Several considerations around the manufac-
turing process of mRNA vaccines are required
to cater to these different population groups,
including the dosage regimen and the flexi-
bility of manufacturing workflow required. A
summary of mRNA vaccine manufacturing
requirements for different population sizes is
shown in .

The mRNA therapy landscape is evolving
rapidly, with increased diversity in indica-
tions and therapy types (e.g., vaccine, gene
editing, protein, and antibody replacement)
for ex vivo and in vivo cell applications. The
majority of mRNA drugs are for vaccines for
non-oncological indications (approximately
42%), followed by vaccines for oncological
indications (16%) and protein replacement
therapies (9%). A flexible manufacturing set-
up will enable manufacturers to undertake
various mRNA therapies for different indi-
cations simultaneously and allow scaling up
when product demand increases.

In addition to manufacturing considerations
around population size, mRNA therapy type,
and disease indications, the specific manufac-
turing workflow should be acknowledged and
optimized for each therapy. shows
the general mRNA therapy manufacturing
workflow, with considerations during devel-
opment, and strategies for efficient therapy
development.

mRNA vaccine manufacturing require-
ments differ depending on the batch size.
Manufacturing large to mid-size batches
focuses on increased yield, quality, and ca-
pacity, while small-to-mid-scale batches (in-
cluding personalized therapies) aim to im-
plement focused, integrated, and automated
solutions. To scale up production from small
to larger batches, it is important to consider
minimizing COGs while the optimal batch
size is achieved. For personalized therapy, pa-
tient end-to-end tracking is required, which
can only be achieved through robust system
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integrations to patient services, manufactur-  strategy, and 7z vitro transcription efficiency.

ing, and QC.
The mRNA production process in small-

Smaller-scale production can be accommo-
dated by a flexible manufacturing platform
scale manufacturing is diverse and highly =~ with separate but connected unit opera-

dependent on the construct size, capping tions, which maximizes flexibility, or as fully

—» FIGURE 1

mRNA therapy manufacturing considerations based on population sizes.
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IVT: In vitro transcription (an enzymatic process used to synthesize mRNA products).
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—» FIGURE 3

pDNA is used as the starting point for many therapies or
directly as a DNA vaccine.
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integrated unit operations in a box or RNA
printer setting, where everything is connect-
ed in a fixed way. This simplifies the process
but there will be less flexibility for process
changes.

Intensifying a mRNA manufacturing facility
can allow for reductions in batch sizes and
process steps, allowing several shorter batches
at smaller scale to be carried out. There are a
number of opportunities to improve the effi-
ciency of an mRNA manufacturing facility.
The manufacturer could consider whether a
ballroom manufacturing system (deploying
equipment to meet the needs of a specific
process by connecting additional operations
units or running multiple processes in one
closed space) could be used, or whether dis-
crete closed-room segregation is required.
Furthermore, single-use products and closed
systems reduce contamination.

The FlexFactory™ biomanufacturing train
(Cytiva), is an integrated manufacturing plat-
form with flexible single-use equipment that
can be automated, including different lev-
els of industrial automation. The optimized
manufacturing system provides an end-to-
end solution to support smaller-scale mRNA
production while complying with GMP

Plasmid

Viral Cell
‘ vecI;er . The?a py
® % A

Protein DNA
vaccine

;- AN&)
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policies. For mid- to large-scale vaccine man-
ufacturing, Cytiva also supplies a KUBio™
manufacturing facility, designed to include
all the benefits of the FlexFactory. When pro-
duction plans call for a larger scale of manu-
facturing, the KUBio BSL-2 modular facility
offers a flexible, expandable solution in as lit-
tle as 18 months. Kubio provides the BSL1
environment for manufacture, as well as ac-
commodating the preparative processes and

suitable space for GMP filling.

MANUFACTURING pDNA

pDNA is used at the start of the manufactur-
ing process of several vaccines and therapies;
for example, it is used as a template for mRINA
manufacturing and to produce recombinant
protein. pPDNA can also be utilized directly as
DNA vaccines .

High-quality pDNA manufacturing is
needed to produce vaccines. Although GMP
certification is not required, there has been
a recent drive for manufacturing facilities to
comply with GMP principles to ensure that
the drug product intended for clinical trials
is free from trace amounts of DNA plasmids
and fragments. A pDNA GMP manufactur-
ing facility should aim to produce pDNA at
the appropriate quality for the specific therapy
and allow flexibility for scale and multi-prod-
uct manufacturing. The challenge in a pDNA
GMP manufacturing facility is that different
plasmids may require alterations in the devel-
opmental process (e.g., the purification strate-
gy) depending on the application. Additional
challenges include meeting the required yield
and purity goal of the pDNA as well as access
to increased manufacturing capacity. Further-
more, manufacturers may opt for integrated
solutions to allow more efficient manufactur-
ing, with increased control and oversight on
compliance.

Optimizing the pDNA manufacturing
process involves several parameters to meet
the desired purity and concentration:

» Process time

DOI: 10.18609/vac/2023.051



» Scalability
» Flexibility
» Increased process control
» Batch cost
» Footprint
» Environmental waste handling

Examining the workflow and optimizing
parameters for each pDNA is essential for
an efficient manufacturing process. Further
considerations to improve pDNA titer and
quality require optimization of upstream and
mid-stream processes, including:
» Fermentation protocol
» Cell concentration
» Efficient cell lysis to allow pDNA release
» Removal of potentially contaminating

material (e.g., host-cell protein, RNA, DNA,
and endotoxins)

INNOVATOR INSIGHT

A two-step pDNA downstream purification
can be implemented into the manufacturing
workflow to meet the purity and concentra-
tion needs of the manufacturer, as outlined
in Figure 4. Furthermore, with a flexible man-
ufacturing set up you can support different
process with different purification strategies.
Cytiva offers biomanufacturing solutions for
pDNA, including the FlexFactory and KuBio
manufacturing facilities.

MANUFACTURING VIRAL
VECTORS

Viral vectors include lentivirus, AAV, and
adenovirus. The manufacturing processes of
these viruses for clinical use are summarized
in Figure 5, where the process for lentivirus
and AAV differs from that of adenovirus
(and other viruses). Of note, the size of these
viruses is also distinct and affects the purifi-
cation strategy utilized, i.e., AAV is 25 nm,
lentivirus is 80-120 nm, and adenovirus is
70-90 nm.

AAV is widely used as a viral vector for gene
therapy and, depending on the target organ,
several AAV serotypes exist (Table 1). The se-
rotype chosen as a vaccine therapy determines

—» FIGURE 4

Proposed two- and three-step pDNA purification process.
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—» TABLE 1

Target organs determine the selection of serotype.

Optimal serotype

CNS AAV1, AAV2, AAV4, AAV5, AAVS, AAV9
Heart AAV1, AAVS, AAV9

Kidney AAV2

Liver AAV7, AAV8, AAV9

Lung AAV4, AAV5, AAV6, AAV9

Pancreas AAV8

Photoreceptor cells AAV2, AAV5, AAV8

RPE AAV1, AAV2, AAV4, AAV5, AAV8
Skeletal muscle AAV1, AAV6, AAV7, AAVS, AAV9

CNS: Central nervous system; RPE: Retinal pigment epithelium.

the developmental process required, including
the purification strategy.

In AAV manufacturing, several challenges
must be considered and overcome. A low pro-
portion of full capsids in the harvested materi-
al may ultimately reduce the yield/output. At
the harvest and filtration step, sufficient lysis
of cells is needed to release the virus from the
transfected host cells, and reducing the release
of host cell proteins and DNA may be a strat-
egy to optimize filtration capacity. At the pol-
ishing step, it is necessary for full and empty
capsids to be separated, which would need to

be optimized for each serotype. Manufacturers
may also consider the trade-off between viral
genome recovery and the level of full capsid
present. Lastly, analytics for each step must be
accurate, especially for optimizing the polish-
ing step.

ASEPTIC FILLING

Aseptic filling occurs at the end of the man-
ufacturing workflow. The goal at this stage is
to maximize the number of doses/vials from
each manufacturing batch and reduce loss

—» FIGURE 5

Viral vector production and clinical use.
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from the final product. Manufacturers may
require increased capacity if they implement a
multi-product manufacturing process. Cytiva
provides the SA25 Aseptic Filling Workeell, a
standardized, robotic filling solution integrat-
ed into a closed, gloveless isolator for mid-
dle-sized vaccine batch productions. The use
of robotic work cells in a closed environment
reduces the risk of contamination or exposure
to hazards and the facility enables storage of
products at 80 °C if required.

FUTURE-PROOFING VACCINE
INVESTMENTS

Investing in uncertainty can be challenging,
especially regarding vaccine manufacturing.
Setting up GMP manufacturing for vaccines
can be time-consuming, and it may be nec-
essary to start securing manufacturing facili-
ties before it is known what will be produced
in the facility. It is recommended to design
manufacturing to start with small batches, to
help with scaling up, as opposed to setting

INNOVATOR INSIGHT

up a larger but underutilized manufacturing
facility.

Manufacturers must communicate with
their scientists to ensure they are informed
and engaged on how manufacturing will be
done. It is also essential to know the quality
attributes of the products: the characteristics
of a product that are critical to its safety, ef-
ficacy, and performance. In some cases, new
QC tests may be required to ensure the vac-
cine meets the necessary quality standards.

Simplifying the manufacturing strategy
can help reduce the time and cost of produc-
tion. Biomanufacturing incorporates pro-
cesses, facilities, resources, and infrastructure

, all of which are connected.

STRATEGIES FOR
MULTI-MODALITY VACCINE
MANUFACTURERS

Although challenging, some manufacturers
may adopt a multi-modality approach and
utilize crossovers in the manufacturing line.

—» FIGURE 6
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Process equipment may be similar across the
modalities but with different development
workflows and processing environments.
There are regulatory concerns with certain
vaccines being produced alongside their vac-
cine product, due to concern that multi-mo-
dality ~manufacturing will  potentially
compromise the end product quality. Con-
sequently, it is necessary to gain regulatory
approval before implementing a multi-prod-
uct approach.

If regulatory bodies approve the
multi-modality manufacturing approach,
the first step to consider is which processes
and materials must be segregated and which
can be shared, bearing in mind the potential
contamination risks when manufacturing
processes are combined. mRNA is produced
by an enzymatic reaction that does not in-
volve any cell-based components and there-
fore may not require as rigorous testing for
contaminating host cell proteins as the oth-
er cell-based methods. However, mRNA is
susceptible to degradation by RNases, which
are present in human cells and tissues. A
consideration with pDNA is the endotox-
in level produced during manufacturing.
Moreover, viral vector production requires
a BSL2 rated manufacturing space due to
their infectious nature.

It may be possible to share buffer prepa-
rations that do not come into contact with
the product; however, this may depend on
the existing capabilities of the manufacturer.
The buffers can be either made in-house or
purchased externally. If the facility opts for
in-house buffer preparation, factors such as
labor, storage, buffer volumes, and QC and
release need to be considered. Alternatively,
purchasing ready-made buffers may enable
efficient management.

DIGITIZATION

Digitization of various aspects of the work-
flow is essential in intensified manufacturing.
Manual entries or transcription of paper-based
data need four-eye verification when being

made digital. Digitized manufacturing en-
ables increased speed and annual throughput,
drives down manufacturing costs, particular-
ly labor reduction, and increases the quality
of the product by decreasing errors during
manufacturing, including fewer deviations in
batch releases. Furthermore, the US FDA re-
quires electronic submissions.

Digitization and electronic support of
batch records and other documents will be-
come increasingly important contributors
to the future of mRNA manufacturing. As
the industry moves towards smaller mRNA
batches, we may see an increase in work-
load and paperwork for the QC department,
which may delay the delivery of the product.
By using digital solutions, the throughput
and quality of the manufacturing can be im-
proved, while reducing errors and deviations.
The manufacturing cost can also be lowered,
mainly by saving labor time.

Another benefit of digital solutions is the
ease of process transfer. Using the same digital
platform at different stages and sites of manu-
facturing can facilitate the electronic transfer
of thousands of documents involved in a tech
transfer. An electronic platform can enable
the development of standard operating pro-
cedures at the innovation center, which can
be further refined at the manufacturing site.
Digitization may also enable earlier training
and education of the workforce involved in
the manufacturing process.

QC PROCEDURES

QC methods should be specific to the prod-
uct and aligned with the manufacturing goals

, to avoid creating a bottleneck. QC
capacity should also be scaled according to
the manufacturer’s needs.

CONCLUSION

In summary, several challenges must be
overcome when implementing new vaccine
platforms and multi-modality manufac-
turing. The manufacturing process can be
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future-proofed by considering scalability atall  enable reproducibility and high-throughput
stages. Additionally, standardized and modu-  data recording. Lastly, QC processes and
lar equipment platforms can increase flexibili-  contamination control must be relevant and
ty and efficiency, as well as reduce complexity ~ scaled in proportion to the manufacturing
and cost. Digitization and automation can  processes.

—» FIGURE 7

QC procedures need to be specific to the manufacturer’s goals.
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Katarina Stenklo answers your questions on optimizing
the manufacturing of next-generation vaccine modalities.
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Why are mRNA vaccines faster to produce than traditional vaccine
methods?

KS: mMRNA is produced through an enzymatic reaction, which eliminates the
need for cell lines, stable clones, and other related steps, which are the starting
point for other vaccines. Therefore, mRNA can be modified more quickly, reducing the
manufacturing time. For viral vectors, monoclonal antibodies, or other products, the cell cul-
ture stage may take several months before enough product is obtained, followed by down-
stream processing. For mRNA vaccines, the equivalent of the upstream process takes only

hours rather than weeks.

What challenges do you envisage for multi-modality manufacturers
in the future?

KS: The possibility of manufacturing multiple modalities in the same manufac-
turing line may be appealing, but the manufacturer must consider the changeover
process. The manufacturer must ensure that the manufacturing line is clean and free of
cross-contamination, and maintain an adequate throughput without long interruptions (e.g.,
for cleaning). An idle manufacturing line during the changeover process can be costly and

inefficient.

What should manufacturers consider if they want to move to
smaller volumes?

KS: Manufacturers who want to move to smaller volumes should take into ac-
count several factors. Large-scale equipment is typically qualified for GMP manufacturing
whereas some equipment initially designed for lab and development work may not be suitable
for GMP purposes. Therefore, manufacturers should ensure that their equipment meets the
quality and safety standards for the intended use. Another factor is compliance with GMP
requirements regardless of the volume size. Manufacturers should apply the same GMP prin-

ciples and practices even when working with smaller volumes.

How can digitization support manufacturing?

KS: Digitization can support manufacturing in various ways, especially in the
context of faster and smaller batch production. Data management involves handling
large amounts of data generated by the manufacturing process. Additionally, recording manual
steps, such as logging consumables, is required for batch release. If the goal is to accelerate the
delivery of products to patients, the batch records should not take weeks to review. Digitization

can facilitate this process and will be more cost-effective in the long run.

Vaccine Insights
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Which parts of the process do manufacturers most frequently
outsource and why?

KS: One part of the process that manufacturers often outsource is the fill and
finish because it requires specialized expertise and equipment. However, insourcing
could be carried out in smaller batches by utilizing specialized equipment, such as those pro-
vided by Cytiva. Another part that may be outsourced is the new technology of lipid nanopar-
ticle formation, as the process is not widely known. In this case, manufacturers may start with

outsourcing but may later plan to insource it later to gain more flexibility.

How long are viral vectors stable with the transgene, and what is
the recommended period of storage and usage?

KS: The stability of viral vectors with the transgene may vary depending on sev-
eral factors, such as the type of vector and the cell line used. Therefore, it is advisable
to follow the protocols and recommendations provided by the supplier of the vectors or the
backbones. However, it may also be necessary to be validated by the manufacturer to ensure the

optimal period of storage and usage for each vector.

What are the mRNA purification options? Can mRNA be purified
using non-solvent systems to avoid the need for costly facility
upgrades?

KS: There are different options for mRNA purification, and some do not require
solvents. For instance, some methods use an oligo (dT) ligand paired with affinity purifica-
tion, which is solvent-free. Other methods use traditional resins or other systems. However,
solvents may still be needed for the LNP formation step. The amount of solvents used in man-

ufacturing can be reduced but not eliminated.
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RNA VACCINES PART 2:
ADDRESSING ONGOING CHALLENGES

INTERVIEW

Optimizing in vitro transcription
reactions: from fundamental
research to mRNA vaccine
manufacturing

Charlotte Barker, Editor, Vaccine Insights, speaks to Craig
Martin, Professor of Chemistry, University of Massachusetts
Ambherst, about leveraging decades of basic research on RNA
~ polymerases to develop a more cost-effective flow reactor

"\ process for RNA manufacture that aims to eliminate dou-

A" ble-stranded RNA.

Vaccine Insights 2023; 2(10), 399-404
DOI: 10.18609/vac.2023.53

Q What have been the overarching themes of your work?

CR: Over the past 35 years, our laboratory has dedicated extensive research to
the T7 bacteriophage RNA polymerase as a simplified model system for bacterial
and eukaryotic RNA polymerases. Our primary objective has been to gain a comprehen-
sive understanding of its structure, its ability to recognize DNA sequences during promoter
binding, the complex processes that occur after promoter binding, promoter escape, and the
subsequent production of short RNAs. Our work has also involved the study of elongation
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complex stability, where we pause the polymerase midway along the DNA strand to assess its
stability.

Additionally, a significant portion of our research involved the examination and understand-
ing of elongation and initiation complexes, and the transition between these two states. We
have also delved a bit into the mechanisms of termination, where specific DNA sequences trig-
ger the polymerase to disengage—a topic we are now revisiting due to its practical implications.

My goal has always been to understand the fundamental mechanisms involved, so we fo-
cused on a simpler RNA polymerase model with fewer complications, T7. Notably, this aligns
neatly with the requirements for manufacturing processes. Highly complex eukaryotic RNA
polymerases excel in complex regulatory aspects of biological systems but are ill-suited for
industrial-scale operations. The attributes that drew my interest toward T7 as a model system
also make it an appealing tool for large-scale manufacturing. With that in mind, we broadened
our research focus around 7 years ago to include manufacturing RNA and scaling up reactions.

How has your work evolved from fundamental research to more
applied work on improving synthesis?

Over the past three decades, only a few research
groups have been focused on investigating T7 RNA polymerase. 10 years or more ago, the
others retired or moved to other systems, leaving only me.

About 8 years ago I was developing a new research direction that used T7 RNA polymerase
as a tool for exploring RNA folding, and although this avenue didn’t yield significant results,
it marked the beginning of my role as an end-user of the enzyme. At that stage, I shifted my
focus towards producing higher-quality RNA, not for therapeutic purposes but for fundamen-
tal research.

We started to encounter multiple long-standing problems in manufacturing RNA, so we
embarked on a mission to comprehend and resolve these challenges. Ultimately, we realized
that the solutions had broader implications. In 2019, I secured funding from the NIH with
the specific aim of developing more efficient methods for producing RNA using T7 RNA
polymerase for potential RNA therapeutics.

Also in 2019, we published a significant paper that elucidated the mechanism behind dou-
ble-stranded RNA formation [1]. It is important to acknowledge that two research groups in
the mid-1990s had previously described this, but the implications of their work were largely
overlooked. While we weren’t the first to identify the issue, we were able to provide new in-
sights into the process, thanks to the availability of newly accessible and advanced tools. This
breakthrough led me to decide to dedicate my research to enhancing RNA manufacturing.

A few months later, the COVID-19 pandemic began, and the two mRNA vaccines that
were developed both used T7 RNA polymerase.

What factors lead to unwanted side products like double-stranded
RNA in high-yield in vitro transcription reactions?

This process typically works well,
but there is a lower probability event where the polymerase can instead bind to the RNA

Vaccine Insights DOI: 10.18609/vac.2023.53
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product. In this scenario, the enzyme essentially replicates the same process it performs on
DNA but with RNA, resulting in the generation of double-stranded RNA.

The issue arises when we consider that this secondary reaction, like any binding reaction,
depends on concentration. As we scale up the production of RNA, which is a key goal in
manufacturing, we inadvertently drive this secondary reaction. In a typical batch reaction that
many researchers use, it is possible to produce around 100 RNAs for each DNA template. To-
wards the end of the reaction, the concentration of RNA significantly outweighs that of DNA,
leading to a proportional increase in double-stranded RNA. It becomes a competition between
rebinding the promotor DNA or the RNA, and as the RNA concentration increases, it skews
the balance. As enzymologists, we typically focus on examining initial reaction rates rather than
pushing reactions to their extremes. Consequently, we didn't frequently observe this secondary
reaction at the lab scale.

How do you seek to understand and address these issues?

A major challenge was to immobilize the DNA and polymerase molecules in a way that still
allowed them to interact effectively. I had confidence in our ability to achieve this based on
an experiment we conducted in the early 2000s, which showed that the polymerase can still
produce full-length transcripts when tethered to the DNA

Now, we have adopted more modern immobilization techniques that have proven highly
effective. In a recent development, we successfully synthesized an 8,000-base RNA using an
immobilized enzyme—DNA complex.

In a batch reaction, a fixed amount of enzyme and DNA is used, operating for a specific
duration, typically generating approximately 100 copies of RNA per DNA template. After this,
the enzyme and DNA are discarded. Our aim is to produce substantial quantities of RNA us-
ing the RNA-DNA catalyst within the reactor. Although cost-saving wasn't our primary goal,
it has emerged as a valuable benefit of our approach.

The multiple purification steps of the batch process are necessary to remove the polymerase,
DNA, and double-stranded RNA but our goal is to eliminate all of these purification steps. If
the enzyme and DNA remain in the reactor, there is no need for their removal from the end
product. Similarly, if the process doesn’t make double-stranded RNA, we don't have to remove
it. I believe the cost-saving will come from removing or avoiding these purification steps.

At a recent manufacturers’ meeting I attended, methods for double-stranded RNA removal
were still a major point of debate; however, my ambition is that this discussion becomes obso-
lete because there is no detectable double-stranded RNA in the first place.

Given the reduction in capital costs, could this technology be used
in lower- and middle-income countries (LMIC)?

Wellcome Leap’s RNA Readiness and Response program aims to develop a
streamlined RNA manufacturing process that is not only simple but also has a compact foot-
print for easy transport.
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The vision is that in the event of a disease outbreak in a LMIC, we can load a few of these
mobile labs onto a freighter, send them to the affected area, and set up on-site RNA manufac-
turing. The Gates Foundation shares a similar mission, and there may be other organizations
with similar goals. This is a monumental venture and if we can democratize these therapies, the
impact would be tremendous.

Cost reduction is undoubtedly an important factor, and we aim to keep the process straight-
forward. This not only ensures that it doesn’t require an army of experts to operate but also that
it is entirely safe and compliant with the necessary standards. I am optimistic that my approach
will not only find substantial commercial success in the Western world, but also make a mean-
ingful impact in LMIC.

What technologies are making your work possible?

Our current success can be greatly attributed to a collaborative
partnership with Sarah Perry, Associate Professor of Chemical Engineering at the University
of Massachusetts Amherst. Sarah is a fluidics expert and provides invaluable guidance on all
aspects of microfluidics in our research. Additionally, some of my students are working within
her group, which has proven to be absolutely essential to our progress.

Other researchers have been involved in scaling out microfluidic processes, and we are not
pioneers in this regard. Microfluidics has been an established field for some time, and the con-
cept of fluidics manufacturing is not entirely novel either. Chemical engineers often favor flow
processes, particularly for applications such as petroleum cracking. Flow reactions are more
reliably scaled out, with each reactor behaving similarly.

In the context of lipid nanoparticle formulation, this approach is often implemented on a
microfluidic scale. A group at the University of Pennsylvania has made 256 parallel reactors on
a small chip that can process 7 L of material per hour. We are performing all of our processes
on a similar chip, so as we continue to scale out, our reactor’s physical footprint will remain
reasonably small.

How are you finding the transition from academia to startup?

So far it
has been both an exciting and stressful journey!

The manufacturing world has presented an entirely different set of challenges to the academ-
ic world. In academia, there is a risk of being ‘scooped’ but my previous work primarily focused
on an RNA polymerase that few cared about, so competition was not a significant issue.

In manufacturing and industry, you can't disclose anything until it is properly protected as
intellectual property. Failing to patent something can hinder your ability to achieve your goals.
Living in a world where I can’t openly discuss my work is somewhat counterintuitive for some-
one with an academic background. Sharing our research and findings with others is essentially
the product of academia.

Vaccine Insights DOI: 10.18609/vac.2023.53
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As someone who has been involved in both, what are your thoughts
on the relationship between fundamental and applied research?

C R: All applied research has its foundations in fundamental research. The funding
of fundamental basic research by governments is indispensable for the progress of applied
research and this critical relationship can sometimes be overlooked. I want to emphasize that
everything I am currently working on is rooted in the fundamental research that my lab has
been conducting for over 35 years. Without this foundation, our current work simply wouldn’t
be possible.

There are many such examples. CRISPR originated from the study of an obscure system that
initially had no apparent applications and would never have been discovered by those conduct-
ing applied research. It serves as a powerful reminder that governments must continue to invest
in research. Industry recognizes this fact and has often advocated for government funding of
fundamental research, understanding that their future products and innovations are ultimately
reliant on such breakthroughs.
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Physical methods to overcome
tissue barriers in vaccine
delivery

Taksim Ahmed, Dylan Freitas, Xisha Huang, Qing Rui Simon Qu,
Giovanni Traverso & Ameya R Kirtane

Vaccination represents one of the oldest and most effective public health interventions.
Vaccines are routinely administered via systemic injections. Due to the invasive nature of
this technique, it introduces several challenges. Vaccine administration without the use of
needles would be beneficial. However, vaccine uptake is significantly limited by the pres-
ence of tissue barriers. Here, we review physical methods that disrupt these tissue barriers
and enable efficient vaccine delivery. Four methods, namely microneedles, needle-free jet
injectors, electroporation, and ultrasound. We focus on how these methods compare to
needle-based vaccination in preclinical and clinical studies, and discuss their use in mucosal
vaccination. In sum, these methods offer an attractive alternative to conventional vaccine
delivery strategies; however, much work needs to be done to further improve their efficacy.

Vaccine Insights 2023; 2(10), 363-380
DOI: 10.18609/vac/2023.050

INTRODUCTION individual [1]. Interestingly, if the dried scab

was rubbed onto the skin, it was not as effec-

The earliest form of vaccine was administered  tive [2]. This practice is said to have existed

BIOINSIGHTS

by a process called variolation [1]. A lance
was introduced into a smallpox pustule of
an infected individual and then driven into
the skin of an uninfected individual. Alter-
nately, smallpox scabs were isolated, dried,
and blown into the nose of an uninfected

www.insights.bio

in India and China as long as 1000 BC [3].
Early records from Boston, dating back to
the 1700s, indicate that the mortality rate of
smallpox was approximately 14% in unvacci-
nated individuals. In contrast, the mortality
rate in vaccinated (variolated) individuals was
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only approximately 2% [4]. These anecdotes
highlight two points that have been studied
extensively in modern vaccinology—first, the
viability of the organism dictates immune
protection, and second, the mode of admin-
istration of the vaccine plays a key role in de-
termining efficacy.

Modern vaccines are commonly adminis-
tered by injection as this may be convenient
for administration across age groups, and be-
cause injections allow for maximum bioavail-
ability (defined here as the fraction of the dose
of the vaccine entering the body). However,
systemic injections have limitations. Indi-
viduals suffering from needle phobia may be
hesitant to receive injections and may avoid
getting vaccinated . Needle-stick injuries,
especially in young and trainee healthcare
providers, are a low-probability but high-risk
event [7]. Needle-based vaccination produc-
es significant biological sharp wastes. Some
vaccines (e.g., DNA and RNA vaccines) must
be introduced intracellularly [8], which is not
achieved by injection into the muscle. Final-
ly, systemic vaccination produces only weak
mucosal immunity. In contrast, vaccination
at mucosal sites can produce an immune re-
sponse at the site of vaccination and other
mucosal sites . Hence, there is a critical
need to design non-invasive methods to ad-
minister vaccines. Adopting these non-inva-
sive methods for mucosal vaccination would
be particularly impactful.

Needle-based administration is effective
as it overcomes the transport barriers posed
by the body’s surfaces . Multiple cell
layers in the epidermis separate the first line of
immune cells from the external environment

. Mucosal sites, such as the nasal muco-
sa and the gastrointestinal tract, are lined by
a layer of mucus. Mucus is a hydrogel-like
structure containing high molecular weight
proteins (e.g., immunoglobulin A [IgA]) and
Togeth-

er, the epidermis and mucus are formidable

proteoglycans (e.g., mucin)

barriers to the diffusional entry of vaccines,
which often take the form of macromolecules
or microscopic organisms.

Biological transport barriers can be over-
come by several methods, broadly classified
into chemical (e.g., cell-penetrating
peptides, permeation enhancers) and physical
methods. This article will focus on the latter
strategy. We identified four physical methods
for vaccination: microneedles, jet injectors,
electroporation, and ultrasound. For each
method, we aimed to understand how their
delivery efficiency compares to needle-based
administration in the preclinical setting, if
mucosal delivery with these modalities is
possible, and how these methods have per-
formed in clinical practice (search performed
in PubMed database on June 15, 2023; no
limits were placed on the dates of the publica-
tion). For conciseness, we limited our discus-
sion of preclinical studies to animal species
that are developmentally closest to humans
and studies that directly compare the physical
modality to needle-based administration.

PHYSICAL METHODS FOR
DELIVERING VACCINES

Microneedles are a minimally invasive method
used for the delivery of a range of cargoes. Mi-
cron-sized needles made from polymers, met-
als, and/or silicon are used to pierce through
the cell layers and introduce the cargo into the
tissue . The length of the microneedles
can be manipulated to prevent contact with
the nerve cells and avoid activation of pain re-
ceptors

Vaccines can be loaded into the micronee-
dles using different strategies . In ma-
trix-type systems, vaccines are loaded into the
body of a dissolving microneedle
Alternatively, the vaccine can be coated on
the surface of microneedles. Finally, hollow
microneedles attached to an actuation system
(e.g., syringe) can also be used. These mi-
croneedles are akin to a conventional needle,
but introduce the vaccine at a shallower depth
into the skin. We note that tattoo needles have
also been used for vaccine delivery. Tattoo

DOI: 10.18609/vac/2023.050
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Transport barriers to vaccine delivery.
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(A) Barriers at the skin and mucosal tissues. (B) In the skin, the vaccine must penetrate across the stratum corneum in the epidermis and multiple
cell layers before reaching the dendritic cells in the dermis. (C) In mucosal tissues, mucus forms a hydrogel-like structure that impedes the
transport of the vaccine to the underlying immune cells. Created with [88].

needles employ high-frequency oscillation to
penetrate the skin multiple times and deposit
vaccine into it [18]. As tattoo needles are some-
what similar to microneedles but less studied,
we will not discuss them in much detail in
this article. Microneedles have been widely ex-
plored in preclinical models for the delivery of
nearly all types of vaccines, including subunit
[19], protein [20], mRNA [21], DNA [22], and
attenuated organism vaccines [23].

Comparison to needle-based
administration in preclinical studies

Microneedle array patches were used for the
delivery of hepatitis B surface antigen-based

Vaccine Insights - ISSN: 2752-5422

vaccine in rhesus macaques [24]. Micronee-
dle-based administration of the adjuvant-free
vaccine led to protective antibody responses
throughout the study in three of the four an-
imals. In contrast, intramuscular injection
produced protective antibody responses in
only one of the four animals. The enhanced
immunogenicity of microneedles was at-
tributed to the unique depth at which they
introduce the antigen. Microneedles deliver
the antigen in the epidermis—a rich reservoir
of immune cells, especially Langerhans cells
[25,26]. In comparison to the epidermis, the
muscle has a lower density of immune cells.
Indeed, several reports have shown that mi-
croneedle-based vaccines produce an immune
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Microneedles for vaccine delivery.
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Schematic representation of mechanism of vaccine delivery by different types of microneedle system. Created with [88].

response equivalent to injections even at sig-
nificantly lower doses [25,27]. This effect is
known as dose-sparing. The low immune re-
sponse in the injection group was rescued by
the inclusion of an alum-based adjuvant. No-
tably, the antibody titers in the alum-based
vaccine group were greater than those seen in
the microneedle group. Adjuvants promote
immune cell entry at the site of administra-
tion, thereby improving antigen uptake into
immune cells, even in the muscle.

Microneedles have also been used for the
administration of inactivated and attenuated
virus-based vaccines targeting polio and mea-
sles [28,29]. Microneedles produced compa-
rable antibody titers and protection to sub-
cutaneous/intramuscular vaccination (i.e., no
dose-sparing effect was observed).

Taken together, microneedle-based vac-
cines are efficacious in large mammals. How-
ever, we hypothesize that the dose-sparing
effect may be contextual, in that dose-spar-
ing may be more evident with weakly immu-
nogenic vaccine platforms such as subunit
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vaccines. Additionally, microneedles may
offer a means to circumvent the use of ad-
juvants, simplifying the vaccine formulation
and perhaps reducing toxicity [30].

Mucosal application

Microneedles have been used for vaccinating
at the buccal and sublingual mucosa. The
first report describing buccal microneedles
used a combination of a protein and DNA
vaccine encoding HIV antigens [31]. In rab-
bits, buccal microneedles produced similar
immunoglobulin G (IgG) responses to the
intramuscular injection. However, salivary
IgA responses were greater with the buccal
microneedles. Likewise, recent work in mice
showed that administration of spike protein
using a sublingual microneedle patch yielded
comparable IgG responses but more potent
pulmonary IgA responses than intramuscular
vaccination [32]. Higher mucosal immune re-
sponses with buccal microneedles were likely
related to the route of administration and not

Dissolving microneedle




the use of microneedles. However, this data
suggests that microneedle-based adminis-
tration of vaccines in the oral cavity is pos-
sible. Our work has revealed that micronee-
dle-based buccal administration was preferred
to syringe-needle-based intramuscular injec-
tions [33]. Key for the successful use of buccal
microneedles may be applicators that enable
reproducible administration. Furthermore,
rapid dissolution of the microneedles in the
buccal tissue may be advantageous as this will
minimize patient discomfort. In summary,
microneedle-based buccal vaccination may
prove to be a patient-friendly means of ad-
ministering a vaccine that elicits a mucosal
immune response.

We have recently developed a mm-scale
injector that allows for the delivery of mRNA
nanoparticles via the oral route and into the
gastric mucosa . Using this system, we
showed mRNA-mediated production of a
model protein in the stomach of pigs. With
further optimization and validation, this sys-
tem could be used for the delivery of mRNA

vaccines.

Microneedles have been the most wide-
ly studied physical method for vaccine ad-
ministration in the clinic. Different types
of microneedles, including dissolving mi-
croneedles, coated microneedles, and hollow
microneedles have been evaluated for their
patient acceptability, antigen delivery, and
immunogenicity.

The Prausnitz group has employed dis-
solving microneedles attached to a poly-
mer-based backing membrane A
flu vaccine was loaded into the body of mi-
croneedles and applied to the skin with a
thumb push. After a 20-minute application,
only approximately 10-20% of the dose was
recovered on the patch, indicating excellent
transfer into the skin. Patient acceptability
of the microneedle patch was greater than
intramuscular injections. In some cases, pa-
tient experience improved during subsequent

EXPERT INSIGHT

vaccinations, suggesting that familiarity with
the microneedles was an important factor.
Serum-based antibody response was com-
parable between the intramuscular injec-
tion and microneedle groups. Further, there
was no difference in the immune response
and antigen delivery between self-adminis-
tered and healthcare worker-administered
microneedles.

Microneedle-mediated dose sparing has
been observed in the clinic with different vac-
cines administered via dissolving micronee-
dles , surface-coated microneedles ,
and hollow microneedles . For
example, an inactivated virus vaccine con-
taining the Japanese encephalitis virus was
loaded into the tip of dissolving micronee-
dles . Microneedle patches were loaded
with only 10% of the dose used for subcu-
taneous vaccination and of that, 60% of the
dose was delivered into the skin. Despite the
low vaccine dose, antibody responses in the
microneedle-treated group were comparable
to those observed in the subcutaneous vac-
cine group.

As discussed before, dose-sparing arises
because microneedles introduce the vaccine
in the epidermis, allowing greater access to
immune cells. This was excellently show-
cased using the MicronJet600™ device.
The MicronJet600 is a 600 um hollow mi-
croneedle device that is attached on top of
a syringe and ensures targeted delivery into
the skin (not to be confused with ‘micro-
jets’, which are discussed in a later section).
MicronJet600-based inactivated virus vac-
cines and virosomes (viral proteins en-
capsulated in lipid vesicles) produced
higher antibody responses than the intra-
muscular vaccine. Interestingly, intradermal
injection using the Mantoux technique also
produced stronger antibody titers than intra-
muscular vaccination—supporting the im-
portance of the depth of administration. The
authors argue that intradermal injections
using the Mantoux technique may be less
reproducible as compared to the micronee-
dle-based administration.

Vaccine Insights - ISSN: 2752-5422
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Despite the significant success of micronee-
dle-based vaccination in clinical studies, some
limitations remain. Routinely, the transfer of
vaccine into the tissue is less than 100%. This
suggests that there is a loss of vaccine compo-
nents due to retention in the microneedles.
This may present a significant barrier for ex-
pensive modalities such as mRNA vaccines.
Further, this suggests that dosing may not
be as consistent as injections. Second, some
microneedle-based vaccinations may need
complex setups and prolonged application
times. This may be unsuitable for mass vac-
cination campaigns, especially in low socio-
demographic index countries. Prolonged ap-
plication may not be appropriate for young
children who may lack the patience to keep
the microneedles in place. Finally, in studies
where the microneedles are self-administered,
patient training is provided. This brings
into question whether microneedles can be
self-administered in populations with limited
literacy, and where there are limited resources
to train people.

Needle-free jet injectors are a promising tech-
nology for delivering vaccines in a minimally
invasive manner. The needle-free jet injector
was developed in the 1930s, and later (1956)
tested for vaccination against infectious dis-
. In the
early 1990s, the repeat use of needle-free jet

eases such as smallpox and cholera

injector systems was banned by WHO due
to the cross-contamination originating from
the splash-back on the injection nozzle
Consequently, single-use nozzles were intro-
duced. In jet injectors, the injector system ac-
celerates a solution of the vaccine to produce
a high-velocity fluidic jet stream

As the stream passes through a narrow ori-
fice at high pressure, it penetrates the tissue
at the application site . To produce
the jet stream, the device mainly uses springs
or compressed gas as an energy source
Hand-held jet devices are available for conve-
nient administration.

Jet injector-based DNA  vaccines yield-
ed stronger immune responses than nee-
dle-based vaccination in non-human pri-
mates. Plasmid DNAs encoding proteins
found in Nombre and Andes viruses were
delivered using a spring-powered disposable
syringe jet injection device in the intramus-
cular and intradermal space [45]. Intramus-
cular administration produced seroconver-
sion after a single dose, while two doses were
required for the intradermal vaccination.
Importantly, intramuscular administration
using the jet injector showed improved anti-
body responses compared to the intramuscu-
lar injection. Similar results were obtained in
hamsters
Independent studies by Inoue ez 4.

and Chang ez al.
proved immune responses with jet injectors
are due to enhanced cell uptake of the DNA
vaccine. Interestingly, jet-injector-based de-

propose that the im-

livery of plasmid DNA was found to be more
immunogenic than lipid nanoparticle-based
DNA vaccination delivered using a needle

. These studies motivate the testing of
nucleic acid-based vaccines made without the
use of excipients such as lipids, which may, in
some cases, elicit adverse effects

Intranasal microjet vaccines have been eval-
uated in the context of veterinary medicine
using a live porcine reproductive and respira-
tory syndrome virus [52]. The vaccine was ad-
ministered intranasally using an atomization
device and a high-pressure nasal jet system,
and intramuscularly via a needle. All three
modalities generated comparable protection
against the viral challenge. The authors pre-
ferred jetting to atomization as it could be
rapidly administered without restraining the
animal.

Jones et al. compared jet injector and top-
ical administrations of Ankara virus vaccine
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—» FIGURE 3

A Needle-free jet injector

Needle-free jet injector system for vaccine delivery.
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(A) Most commonly used needle-free jet injector e.g., microjet device. (B) Different components of a jet injector device- jet stream
production unit, piston, and the vaccine liquid. (C) Compressed spring and (D) gas-actuated jet injector, which propel the piston
and jet the vaccine liquid. Parts of the figure are adapted from [42]. Created with [88].

and protein-based vaccines targeting HIV in
the sublingual/buccal space in non-human
primates [53]. The jet injector-based appli-
cation in the oral mucosa yielded stronger
serum antibody responses than topical ad-
ministration at that site. The serum antibody
response after microjet vaccination was com-
parable to systemic vaccination. Akin to the
results discussed in the buccal microneedle
section, buccal microjets elicited stronger
vaginal IgA responses as compared to the in-
tradermal vaccine.

Aran and colleagues devised a pill capa-
ble of producing fluid jets for sublingual
administration—termed MucoJet [54]. Spe-
cifically, the pill contained two parts—a
vaccine compartment and a propellant com-
partment—separated by a movable piston.
Immediately before administration, the two

Vaccine Insights - ISSN: 2752-5422

compartments were clicked together, initi-
ating a chemical reaction in the propellant
compartment. Carbon dioxide gas generated
from the chemical reaction propelled the pis-
ton forward. The pill allowed for the sublin-
gual dosing of ovalbumin protein and yield-
ed stronger antibody responses than topical
administration.

Clinical experience

The tolerability of needle-free jet injec-
tor-based vaccines has varied across studies.
Jet injector-based administrations of a DNA
vaccine produced twice as many local ad-
verse events as compared to intramuscular
injection. Despite this, the study population
preferred jet-based administration to the in-
tramuscular injection [55]. Others have also
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reported a higher frequency of local adverse
events associated with jet injectors .In
another study, a spring-powered jet was used
to vaccinate infants (average age: 6.9 weeks)

This study was discontinued due to
moderate-severe injection site reactions asso-
ciated with the jet injector.

Needle-free jet injectors have yielded com-
parable, if not superior, immune responses
to needle-based vaccines. Jackson and col-
leagues compared the eflicacy of a gas and
spring-powered jet injector (VitaJet™) used
for the delivery of an inactivated trivalent flu
vaccine [57]. The gas-powered system was ex-
pected to deliver the vaccine intramuscularly,
while the spring-powered system delivered
subcutaneously. As compared to subcutane-
ous microjet and intramuscular injection,
the intramuscular jet injector yielded higher
serum IgG titers against the HIN1 strain of
the flu virus. Jet injector-based delivery of
an alum-adjuvanted hepatitis B vaccine was
more immunogenic than injection-based
delivery [59]. However, we note that not all
studies have found jet injectors to be superi-
or to injections [56]. The precise mechanisms
underlying differences across the studies are
unknown.

In summary, jet injectors provide an efh-
cacious means of delivering vaccines; how-
ever, patient acceptability is questionable.
Factors such as differences in the type of
vaccine/jet injector device, differential toler-
ance to pain amongst different populations,
and variability between methods of appli-
cation may play a part in the acceptability
of jet injectors. Small-volume jet injectors,
also known as microjets, have the potential
to reduce bruising and pain [60]. Microjets
dispense multiple small doses of vaccine
continuously, in contrast to convention-
al jet injectors that dispense a single large
dose. Further jet injectors that are driven
by electromagnetic Lorentz force (instead of
spring/gas) may provide greater control over
the force with which the liquid is dispensed

and may improve delivery consisten-
cy and tolerability.

Electroporation was initially reported by
Neumann and co-workers in 1982 to deliver
plasmid DNA into cells in vitro . Since
then, electroporation has been widely used
to deliver genes, macromolecules, and drugs
to the skin, muscles, liver, and other organs
. Electrodes are inserted into the target
site (e.g., muscle), and millisecond electric
pulses are applied to the electrode to generate
an electric field, creating a transient opening
in the cell membrane that leads to the en-
try of the cargo into the cells
Additionally, the lipid bilayer of the plasma
membrane can be considered as a capacitor
that stores charge and can act as a dielectric
between the extracellular medium and cyto-
plasm . Upon application of an exter-
nal electric field, the cell membrane becomes
partially conductive and builds charge as
transmembrane potential. The electric field
induces orientation of macromolecular di-
poles within and outside of cells and leads to
the accumulation of charges across the mem-
brane. Once the electric field-induced trans-
membrane potential surpasses the dielectric
strength of the membrane, a permeation
event occurs, leading to the formation of hy-
drophobic pores that allow the entry of the
cargo into the cells

As electroporation aids in the intracellular de-
livery of the vaccine, and not in overcoming
epithelial barriers, it is typically employed in
conjunction with needle-based application.
We identified papers that compared the ef-
ficacy of plasmid DNA vaccines in large
mammals in the presence and absence of
electroporation.

In pigs, plasmid DNA encoding a pseu-
dorabies virus glycoprotein was injected with
and without electroporation [68]. Injection of
naked plasmid DNA was effective at produc-
ing an antibody response; however, antibody
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Electroporation-based intracellular delivery.
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In step 1, the vaccines are injected into the muscle layer. In step 2, the electrodes are inserted and millisecond electric pulses are applied. This
induces a partial opening in the plasma membrane and allows the vaccines to enter the cells. Created with [88].

titers increased two- to three-fold when us-
ing electroporation in conjunction with the
injection. In a separate study, the efficacy of
a DNA vaccine encoding an antigen found
in canine leishmania was tested [69]. DNA
was administered via electroporation or en-
capsulated in solid-lipid nanoparticles. Both
treatments yielded only weak antibody titers.
Levels of interferon y in the peripheral blood
mononuclear cells were elevated in both vac-
cination groups. Importantly, both vaccina-
tion groups provided comparable protection
against a pathogen challenge in dogs.

These studies suggest that electroporation
may enable intracellular delivery of complex
cargoes such as plasmid DNA. More work
is needed to adequately compare the intra-
cellular delivery efficiency and efficacy of
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formulation-based (e.g., nanoparticles) and
electroporation-based intracellular delivery.

Mucosal application

Our literature search showed no reports of
electroporation-based vaccine delivery at mu-
cosal surfaces.

Clinical experience

Electroporation has been clinically tested
for the delivery of vaccines targeting mul-
tiple diseases such as hepatitis [70], human
papillomavirus [71-73], malaria [74], HIV,
and cancer. Specifically, a recent study eval-
uated electroporation-based administration
of a DNA vaccine against the Zika virus in
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approximately 4000 participants . The
vaccine was well tolerated and effective in
producing an antibody response in this large
trial—motivating further evaluation of this
modality. We highlight below a few clinical
studies around electroporation-based vacci-
nation. We note that there are numerous clin-
ical studies where electroporation was used to
transform immune cells ex vivo before intro-
duction into the patient. For brevity, we will
not discuss these studies.

Vassan and colleagues designed a DNA
vaccine against HIV infection and
administered it using a Trigrid® electropora-
tion delivery system. This method allows for
intramuscular (needle-based) or intradermal
(jet-based) delivery of the vaccine followed by
an electric pulse to enable cell uptake. Intra-
muscular injection of the plasmid DNA vac-
cine (without electroporation) yielded weak
responses on an interferon Y ELISpot assay.
However, immune responses were signiﬁ—
cantly higher when using the electroporation
system. 100% of the participants reported
that the discomfort related to electroporation
was acceptable when vaccinating against a
life-threatening condition such as HIV. How-
ever, participant acceptability dropped to
80% for other vaccines such as the flu.

Electroporation-mediated DNA  vaccines
have been tested in prostate cancer patients

. The DNA vaccine encoded a fusion
protein containing the antigenic fragment
of the prostate-specific antigen linked to tet-
anus toxoid. Injection of the DNA vaccine
yielded a weak antibody response, while elec-
troporation following injection produced a
significantly greater antibody response. CD4
and CD8 T cell responses were comparable
across the two delivery methods. Important-
ly, following treatment with an electropora-
tion-based DNA vaccine, prostate-specific
antigen doubling time increased, suggesting
that the vaccine was effective at slowing down
tumor growth

The Shattock group has evaluated im-
mune responses to DNA vaccines given via
the combined intradermal and intramuscular

. Their

data suggests that there are only subtle differ-

routes with electroporation

ences between the T cell responses across the
different routes of administration. This sug-
gests that electroporation in conjunction with
the more convenient injection route (i.e., in-
tramuscular route) could be adopted without
compromising efficacy.

In summary, much work has been done us-
ing electroporation for the delivery of DNA
vaccines. In most studies, electroporation was
found to be more efficacious than injection
alone. More careful studies may be needed
to draw comparisons between electropora-
tion and chemical strategies for intracellular
delivery.

Ultrasound-based delivery involves the cyclic
application of compressional and rarefaction-
al pressure with a frequency of over 20 KHz

. This leads to the formation of gas-
eous cavities in the surrounding medium—a
phenomenon known as cavitation .
Stable cavitation (oscillation of bubble size
around a certain radius) causes shear forces
on adjacent tissue and microstreaming. Iner-
tial cavitation (the rapid growth and collapse
of the bubbles) can cause shock waves that
disrupt surrounding tissue and microjet for-
mation. Through these tissue-disruptive and
streaming effects, ultrasound-mediated stable
and inertial cavitation improve the uptake of
cell- and tissue-impermeable cargoes .
Ultrasound has been widely used for drug de-
livery and has found some application in the
delivery of vaccines, although this mode of
physical vaccination is relatively less explored.

Reports surrounding the use of ultrasound
for vaccination are limited to studies in ro-
dents and are discussed here.

The Mitragotri group evaluated transcuta-
neous vaccination with tetanus toxoid
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—» FIGURE 5

Ultrasound mediated vaccine delivery.
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Transcutaneous vaccination is used to target
Langerhans cells in the epidermis without
the use of needles. Ultrasound-based transcu-
taneous vaccination, and not the topical ap-
plication, led to a serum antigen-specific IgG
response. However, subcutaneous vaccination
with a tenth of the dose produced a compa-
rable antibody response. Low antibody re-
sponses to ultrasound could be because of the
low antigen delivery efficacy of ultrasound.
Specifically, only approximately 1% of the
applied dose was taken up in the skin after
ultrasound treatment.

The depth of penetration and uptake of
topically applied vaccines could be enhanced
with uniquely engineered nanocups
Nanocups are sub-micron structures contain-
ing an air bubble, which expands and bursts
upon the application of ultrasound pushing
the formulation into the skin. Despite this
elegant strategy, ultrasound-mediated vac-
cination yielded a weaker immune response
than subcutaneous injection at the same
dose. More recent work has suggested that
high-frequency ultrasound (instead of the
low-frequency ultrasound used in previous
studies) could improve uptake. The focused
application of high-frequency ultrasound was

claimed to be safe in rodents . Evaluation
of the acceprability of this approach in a clin-

ical setting may be insightful.

We did not find reports of mucosal appli-
cation of ultrasound for vaccine delivery.
However, recent work from the Traverso lab
has shown that ultrasound could enable the
delivery of reporter mRNA nanoparticles
. Ultrasound
application following the luminal applica-

into colonic tissue in mice

tion of the mRNA nanoparticles enabled the
production of the reporter protein in mice.
Luminal delivery alone was ineffective. This
work suggests that ultrasound could be use-
ful for mucosal delivery of modalities such
as mRNA vaccines. However, its applica-
tion to tissues more relevant for vaccination
(e.g., nose, cheek, tongue) needs further
investigation.

The literature search did not produce any re-
port of clinical testing of ultrasound-based
vaccination methods.
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—» TABLE 1

Definition and
mechanism

Loaded
therapeutic
agents/cargo for
in vivo delivery

Application sites
explored

Advantages

Challenges

Micron-sized
needles are made
to pierce through
the cell layers and
deliver cargo; micro-
needle delivers vac-
cine to a shallower
depth into the skin
than intramuscular
injections, thereby
accessing a distinct
subset of immune
cells; minimally
invasive technique

Peptide subunit,
attenuated
organism, whole
protein

Skin, cheek

Prevents contact
with the nerve and
provides a painless
vaccination option;
targets immune cells
in the intradermal
space, thereby pro-
ducing dose sparing;
vaccines can be
stored in solid form,
thereby enhancing
long-term storage

Loss of vaccine
components due to
retention on the mi-
croneedles; need for
complex set-up and
prolonged applica-
tion time; need for
patient/staff training

The injector
system generates
a high-velocity
fluidic jet stream
that passes
through a narrow
orifice at high
pressure and
penetrates the
tissue to deliver
the vaccine; most
commonly used
devices have had
spring or com-
pressed gas as

an energy source
to generate
jet-stream

Attenuated
organism, DNA,
whole protein,
live organism

Skin, cheek

Targets immune
cells in the intra-
dermal space,
thereby produc-
ing dose sparing;
may enable intra-
cellular delivery
of DNA vaccines

Pain related to
application

Comparison between different physical methods-based vaccine delivery systems.

Category Microneedle Needle-free jet Electroporation
injector

This technique involves an
electric-pulse-based perme-
abilization of the cell mem-
brane; when an external elec-
tric field is applied, the cell
membrane becomes partially
conductive and accumulates
charge as transmembrane
potential; this field aligns
macromolecular dipoles inside
and outside cells, resulting in
charge accumulation across
the membrane; once electric
field-induced transmembrane
potential surpasses the dielec-
tric strength of the membrane,
a permeation event occurs.
This leads to the formation of
hydrophobic pores that allow
the entry of the cargo into the
cells

DNA

Skin

Enables intracellular delivery
of large cargoes such as DNA
without the need for chemical
enhancers

Limited utility for tissue
penetration

This method uses

a cyclic application
of compressional

and rarefactional
pressure which leads
to the formation of
cavitation. Cavitation
induces disruption in
the surrounding tissue
and improves the
uptake of cells and
tissue-impermeable
cargoes

Nanoparticles, sub-
unit peptide

Skin

May be used to
target Langerhans
cells in the epidermis,
thereby accessing a
distinct immune cell
population than intra-
muscular injections

Delivery efficiency is
limited

TRANSLATION INSIGHT

Needle-based delivery is a convenient and

highly effective means of administering vac-

cines. However, challenges associated with ad-

herence and efficacy motivate the exploration
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of other methods. Herein, we reviewed physi-
cal methods for overcoming biological barriers
to vaccinating at the skin and mucosal tissues
(summarized in Table 1). We find that physical
methods for vaccine delivery are an excellent
alternative to needle-based administration,




albeit several challenges remain. Pain during
administration, patient acceptability, and the
need for training healthcare workers are some
of the critical challenges. Specifically, pain
during vaccination may be difficult to assess
in preclinical studies. These effects become
evident only during clinical studies, which
require significant resources to undertake and
allow for the testing of only select designs. Ad-
ditionally, the need for training personnel to
use these advanced delivery systems can be a
major barrier to their use in low sociodemo-
graphic index countries. The need for training
adds a significant financial burden on health-
care systems and may be heavily restricted by
the number of local experienced personnel
who can provide this training. Additionally,
the unfamiliarity of patients with novel deliv-
ery systems may engender fear. Hence, patient
education is critical for acceptance of these
systems, which may add further limitations on
their use in resource-limited settings.

EXPERT INSIGHT

Despite several challenges, physical modes
of vaccination provide significant advantages.
Improved immunogenicity with select phys-
ical methods is highly attractive. Improved
immunogenicity may allow for reducing the
dose and cost, which has significant benefits
for low sociodemographic index countries.
A platform like microneedles allows storage
of the vaccine in solid form and application
without reconstitution. Storage in solid form
may enable improved stability. Circumvent-
ing reconstitution reduces the risk of contam-
ination. Finally, avoiding liquids in the for-
mulation leads to a reduction in its weight,
which allows for easier transport. These bene-
fits may be highly attractive for vaccinating in
low-resource settings.

In summary, physical modes of vaccine
delivery hold significant promise. With con-
certed efforts on the research and clinical side,
these systems may have a significant impact
on vaccination campaigns worldwide.
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