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Potential for Mucosal Delivery of Bacillus
subtilis Spore Vaccines Displaying
Immunogenic Protein on the Surface

Abstract

Vaccines are the most effective measures to prevent infectious diseases, and most
of these infections occur through the mucous membranes that cover the surfaces
of the vital organs of our body. Mucosal vaccination is, however, challenging.

The numerous natural defense mechanisms at mucosal surfaces, including the
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acidic and enzyme-rich environment and the thick and firm mucus layer make the

delivery of vaccines across these natural barriers challenging.

[=] yeonoh@kangwon.ac.kr

Probiotic-grade B. subilis spores could be utilized by the surface display technology

as a mucosal vaccine delivery system and simultaneously as an adjuvant for

mucosal immunity for the following reasons:

1. B. subtilis spores are resistant at ambient temperatures but remain viable.
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2. B. subtilis spores are safe enough for consumption by humans as food

components, probiotics, or therapeutics.

3. B. subtilis can be genetically manipulated, making it possible to engineer
bacteria that express and display immunogens on the spore surface or in

vegetative cells.

4. B. subtilis spores can serve as non-invasive vaccine delivery systems.

As a vaccine with ‘needle-free’ administration that is easy to store and transport
under extreme conditions and does not require injection, the need for development
is deemed to be high, as it has high application value for mass vaccination such as
in a widespread disease outbreaks. A high-efficiency expression system on Bacillus
spore, the control of proteolytic enzymes and redesign of genes encoding target

proteins have been rapidly advanced.

It would be interesting to explore whether there are any particular spore types
orBacillusstrains that show enhanced immunity with antigens displayed on the

spore surface. Further discussion should be dedicated to other promising specific
antigens and immunization routes that may lead to longer-lasting and more-

efficacious vaccines with available technology.
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Introduction

Vaccines are the most effective measures to prevent infectious
diseases, and most of these infections occur through the
mucous membranes that cover the surfaces of the respiratory,
gastrointestinal and urogenital systems as well as the conjunctiva
[1,2]. The delivery of vaccines across mucosal surfaces has the
potential to stimulate the synthesis of pathogen-specific mucosal
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immune responses at the site of entry [2]. Mucosal vaccination is,
however, challenging. In general, vaccines delivered via mucosal
routes are poorly immunogenic because these antigens are
easily degraded by the numerous natural defense mechanisms
of hosts at mucosal surfaces including the acidic and enzyme-rich
environment of the stomach and the thick and firm mucus layer
in all mucous membranes [3]. However, considering the route
of infection, the development of a mucosal adjuvant and/or a
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delivery vehicle for mucosal immunity is critical for manufacturing
a vaccine that acts against many pathogens. Success in generating
this first-line of defense on mucosal surfaces and ultimately
systemic immunogenicity will represent a major advance in
vaccinology [4].

The Surface Display Technology is
Promising

The surface display system is a protein engineering technique
used for the functional evolution of proteins in vitro/in vivo.
Since the first successful display of an antibody and its library on
a phage surface [5], remarkable achievements have been made in
a wide variety of applications, including peptide and/or antibody
library screening [6,7], mass production of biological products
such as enzymes [8], and the creation of novel vaccines.

Many types of bacteria express surface proteins to attach to
and invade host cells. These proteins can be recognized by host
cells, inducing immunogenicity and enabling the production of
functionally upgraded immunological products. Vaccine delivery
has become a very common application of bacterial surface
displays, and the bacteria used can be divided into two broad
categories: weakened bacteria that are no longer pathogenic and
commensal or food-grade probiotic bacteria that are generally
recognized as safe (GRAS) [9].

Ancient Traditional Food Now Becomes
a Safe and Effective Vaccine

B. subtilis is a common Gram-positive, rod-shaped soil
bacterium that is often used as a model organism for the study
of cellular differentiation and morphogenesis in microbiology. B.
subtilis spores are dormant forms of this microorganism that are
well known for their resistance to harsh environmental conditions.
B. subtilis spores have been consumed through traditional
fermented food such as soybean paste, cheonggukjang, and
natto for a long time in the eastern cuisine culture of the Earth,
and have successfully been used as probiotics for both humans
and animals [9,10]. One of the most interesting applications
is the use of B. subtilis spores as stable carriers of antigens for
use as mucosal vaccines with those properties [11]. Especially,
proteins displayed on the surface of B. subtilis spores have unique
resistance to harsh conditions and can easily pass through the
gastrointestinal barrier, making them excellent vehicles for
orally administered vaccines. Historically, the spore surface
display technique was first applied in the field of oral vaccines. A
vaccine precursor that expressed the 459-amino-acid C-Terminal
Fragment of the Tetanus Toxin (TTFC) was developed with the aid
of the CotB fusion partner [12]. This provided the first evidence
that an efficient surface expression system using the properties
of B. subtilis (simple purification, high stability and safety) may
be promising for the preparation of bioactive components. Soon
afterwards, exogenous TTFC proteins were successfully displayed
on the spore for use as an oral vaccine [13-15]. Meanwhile,
the VP28 envelope protein of the white spot syndrome virus is
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considered a candidate antigen for resisting shrimp pathogens
[16,17].

Many licensed vaccines delivered by a needle and syringe,
induce only suboptimal immunity, rather than strong pathogen-
specific mucosal immunity, and require multiple boosts to
induce a robust immune response. Some vaccines demand more
than three multiple injections intramuscularly and leave local
reactogenicity at the injection site, such as the anthrax, tetanus,
pertussis and diphtheria vaccines [18-21].

Issues such as the development of a high-efficiency expression
system that enables spore display have posed major challenges in
the implementation of spore display technology to date, and the
control of proteolytic enzymes and redesign of genes encoding
target proteins to be expressed in Bacillus have been rapidly
advanced. Most of these problems can be solved. In other words,
genome library screening, ultrafast screening for expression,
and advanced in synthetic biology have dramatically improved
the above mentioned problem-solving capabilities, allowing the
optimization of entry conditions and timing, which is a challenge
in technological development [6-8].

Long-term study of the Bacillus fermentation process has
shown that the production is relatively simple and economical.
Bacillus spores are stable even after production and do not require
a cold-chain system during distribution. Those characteristics
have attracted attention for a long time in terms of favorable
culture conditions for large-scale fermentation and superior
capacity for protein secretion [22].

Spore Vaccines Offer a Myriad of
Advantages

In vaccine delivery, displaying antigens on GRAS probiotic
bacteria has advantages over conventional vaccine design for
many reasons. One of the reasons is that the probiotic-bacteria
themselves have useful functions within the treated host, such
as adjuvant-like action [23]. These so-called multifunctional
adjuvants are urgently needed as highly sophisticated and novel
vaccine antigens are developed such as messenger RNA vaccines
against SARS-CoV-2.

Spore vaccines offer a myriad of advantages such as aid in
mass vaccinations by increasing the ease and speed of delivery,
decreased costs by elimination of purification steps, and flexible
administration via mucosal and/or oral routes, thus providing
‘needle-free’ and ‘refrigeration-free’ vaccine delivery systems
[23,24]. As mucosal vaccines, spore vaccines could also be self-
administered, reducing the burden on healthcare professionals
[4] and reducing needle phobia especially in pediatrics.

Bacillus Spore as an Immune Enhancer

Another unique feature is that spores have sub-micron scale
nanostructures, allowing them to serve as effective particulate
adjuvants [25]. Particulate adjuvants, such as liposomes,
virosomes, virus-like particles, Poly-Lactide-Co-Glycolide (PLG)
microspheres and immune-stimulating complexes (ISCOMS),
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sufficiently target Antigen Presenting Cells (APCs) and once
internalized within the cell are processed by the class | and class
Il Major Histocompatibility Complex (MHC) pathways, leading
to antigen presentation on the surface of the APC [26]. Studies
investigating the adjuvanticity of B. subtilis spores suggested that
strong auxiliary effects were observed when the spores were co-
administered with protein antigens that were either admixed or
adsorbed on the spore coat surface [25].

In addition, as Bacillus spores own immunity-enhancing
effects began to be known, it was found that the spore particle
size was suitable for enhancing mucosal immunity. Optimization
of spore displays has allowed the development of effective
immunity-enhancing vaccine agents.

Probiotic B. subtilis spores have been mentioned to
be immunostimulatory in many other studies [27,28-30].
Interestingly, when given at a high dose, spores alone were able
to protect against H5N1 influenza virus challenge in a mouse
model [29,30], and mice treated with spores alone presented
meaningful antibody isotype profiles in sera together with mice
treated with the Protective Antigen (PA) of B. anthracis displayed
spore. Particularly notable was the increased anti-PA-specific
IgA response observed in the saliva. The results are consistent
with other studies showing that needle-free mucosal vaccines
can induce immune responses at both the systemic and mucosal
levels [31]. In addition, B. subtilis spore vaccines displaying the
PA were successfully delivered across mucosal surfaces orally and
induced systemic immune responses similar to those induced
by conventional needle-and-syringe-based vaccination [21]. The
B. subtilis spore vaccine efficiently instructed and augmented
polyvalent antigen-specific CD4+ and CD8+ T cell effector
responses in the presence of antigen. The adjuvanticity of the
spores drove a ‘balanced’ T helper response, and the strength of
which could be increased by repeated boosting in the presence
of spores. Mucosal administration led to enhanced mucosal and
systemic IgA and IgG levels in response to the co-administered
antigen, and presented IgA is more broadly protective than other
immune molecules against foreign invaders entering our bodies
through mucosal barriers [32].

Other studies have demonstrated that orally administered
B. subtilis spores germinate in the murine gut, disseminate to
the Gut-Associated Lymphoid Tissue (GALT), and enter Peyer's
patches and mesenteric lymphoid tissues [13,33]. Spores
displaying antigens were also shown to confer a germination-
independent immune response [34].

Conclusion

The resilience of spores, coupled with a mucosal route of
delivery, makes spore vaccines promising candidates especially
when mass production is urgently required and large-scale
vaccination is needed. The development of vaccines, which is still
ongoing, is progressing towards vaccines being less invasive, more
patient friendly, and easy to store and transport, and multiple
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adverse effects can be expected from a single dose.
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