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Abstract

Background and Objective: Associations between probiotics as dietary
supplements for health enhancement and illness management and human health
include a long history. Currently, probiotics represent a potential category of
microorganisms used in the development of oral vaccines for the treatment of
allergies, infectious diseases, and cancers. The vaccine promises as safe
therapeutic options, their capacity to elicit mucosal and systemic immune
responses, and their cost-effectiveness resulting from the absence of complex
purification processes have been addressed.

Results and Conclusion: Despite the advantages of probiotics as oral vaccines,
their uses still include problems such as inadequate targeted colonization,
diminished immune response in populations with low hygiene standards,
reliance on individual microbiota, poor stability, limited efficacy, and absence
of targeted immunogenicity. To address these problems, probiotics can be
engineered using gene editing technologies, particularly CRISPR/Cas system.
Concerns are reported regarding the safety of genetic alterations and
deficiencies in efficient delivery mechanisms linked to the use of modified
probiotics as oral vaccines. Further studies are needed to assess problems
associated with accurate genetic alteration and efficient delivery methods to
achieve the ultimate goal of further effective and safer vaccinations.
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1. Introduction

The term “probiotics” was generally specified to
describe live microorganisms and substances that assist
and promote intestinal microbial balances. However, this
term was changed by the joint FAO/WHO group as “living
microorganisms that when used in adequate contexts,
provide a health benefit”. The relationship between the
microbiome and human health provides new opportunities
for developing novel biotherapeutics. Probiotic research
has revealed a myriad of potential health benefits,

particularly in the modulation of the immune system and
production of bioactive compounds for a broad spectrum
of uses such as skin health, oral health and treatment of
specific health conditions, including metabolic disorders,
allergies, inflammatory bowel disease (IBD) and cancers.
Nobel Prize was awarded to Dr. Metchnikoff at the
beginning of the last century for the positive effects of
probiotics and live microorganisms such as Lactobacillus
spp. in fermented milks on human health and life span [1].
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Vaccination is addressed as one of the most
significant achievements in global public health. The
ongoing evolution in vaccine development has introduced
seven types of vaccines, including inactivated, live-
attenuated, biosynthetic, toxoid, recombinant, DNA, and
edible vaccines. Each type includes its own set of potential
challenges, particularly regarding production complexities
and high costs associated with downstream processing and
purification [2]. Nowadays, probiotics are a promising
generation of microorganisms used to produce edible
vaccines. Recent advancements have highlighted the
promise of edible vaccines as safe agents in possible
pathogenicity, good mucosal and systematic immunity
stimulations, and reasonable costs due to the lack of
complex purification processes [3, 4]. Although probiotic
vaccines are not still approved, ongoing research into
the complex interplay in key agents of probiotics' immune
system, microbiota, and antigens is investigated [5].
Precise molecular mechanisms of probiotic action are still
under investigation. However, probiotics can affect
compositions and types of bacteria in the gut due to direct
affection of bacterial colonization. In recent years, studies
have been carried out on the positive and negative effects
of intestinal microbiota changes on development of
autoimmune, autoinflammatory and infectious diseases.
Furthermore, probiotics can direct the immune system to
specific immune responses and specific functions to
decrease inflammation in the target strains, showing their
roles as vaccines based on their characteristics [6].

Recent advances in novel technology such as genetic
sequencing, biomolecular biology, microbiology, bioinfor-
matics, and medical immunology have discovered complex
relationships between the microbiota of various organs and
conditions of health or disease. These approaches have
helped researchers look for ways to intervene in the
colonization pattern of microbiota and make effective
edible probiotic vaccines to improve various pathological
conditions. One of the most important types of probiotic
vaccines is recombinant vaccines. Genome engineering
and gene editing technologies such as zinc finger nucleases
(ZFN), transcription activator-like effector nucleases
(TALEN), and CRISPR/Cas-linked nucleases as a
bioactive field have made valuable progress in various
aspects [7]. Therefore, edible probiotic vaccines with
improved beneficial attributes have been engineered more
frequently in recent years. Hence, the aim of this study was
to introduce mucosal and systemic immune modulating
potentials of probiotics as oral vaccines and use advanced
genome-editing technologies to promote these micro-
organisms as antigen carriers and producers. Furthermore,
problems in converting these microorganisms into
therapeutic substitutes for current vaccinations are
discussed. This study focused on the immune-modulating

role of probiotics and their interactions to increase
systemic protective immunity. Furthermore, assessing the
effectiveness of the engineered probiotics based on novel
genome editing tools and their challenges in generation of
edible probiotic vaccines were addressed.

2. Edible vaccines

Vaccination is the process of preparing the body to
combat pathogens. This therapeutic approach is different
from the conventional techniques of treatment, often
administered post emergence of a certain disease. Vaccines
not only prime the immune system to combat specific
pathogens, but also provide long-lasting protection against
them. Due to this function, vaccines have effectively
contributed to a significant decrease in devastating infec-
tious diseases over time [8]. Vaccines often consist of
epitope/antigen structures that have restricted activity,
particularly designed to activate immune system of the
host without causing damages. Vaccines are often
administered by injection [intramuscularly, subcutan-
eously, or intradermally]. However, there are limitations
associated with injectable vaccines. Injectable vaccination
needs disposable equipment [e.g. syringes and gloves],
strict rules for transportation [e.g. cold chain] and high
costs of products linked to injectable vaccines [9].
Furthermore, administration of injectable vaccinations may
lead to complexities such as allergic immunological
reactions and localized edema, which can eventually
prevent patients from accepting the vaccine. Therefore, the
use of alternative formulations has always been an
important concern of scientists. With the progress in
vaccine technology, the edible vaccine model emerged as
an effective solution. In this type of vaccine, antigen
production is carried out in various organisms such as
plants, algae, silkworms, yeasts, and microorganisms
known as probiotics [10]. Edible vaccines exert their
immunity by immunizing the intestinal mucosa.
Furthermore, edible vaccinations are appropriate for every
age range and user-friendly, as they do not necessitate
professionals to provide the doses [11].

3. Gut Microbiota: Functions & Benefits

Probiotics are prokaryotic microorganisms generally
recognized as safe (GRAS). Probiotics possess a
distinctive capacity to activate the immune system [12].
Due to their ability to express antigens and deliver them to
specific immunological targets, these microorganisms
include the potential as highly effective agents for
vaccination. Bacillus subtilis, Saccharomyces cerevisiae |,
and lactic acid bacteria [LAB] are examples of probiotics
commonly used in this sector [10]. In addition, intro-
duction of interested genes has enabled the expression of
foreign proteins in probiotic systems. Furthermore,
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presence of antigens within cells, outside or on the surface
of cells, may carefully be addressed when developing
probiotics as targeted agents for immunization purposes
[13]. Up to date, numerous antigens have been produced in
diverse probiotic strains. Therefore, scientists have carried
out extensive research to develop probiotics as targeted
mucosal vaccines, demonstrating their substantial poten-
tials for immunization. Moreover, several probiotics have
clinically been assessed [14]. This development increases
optimism for the shift from conventional vaccine
prototypes to edible ones.

3.1 Advantages of probiotics as edible vaccines

Probiotic microorganisms possess qualities that make
them promising candidates for edible vaccination treat-
ments.  Probiotics are  prevalent  non-colonizing
microorganisms detected in the gastrointestinal tract (GIT).
Thus, they include low adverse effects. Probiotic-based
therapeutic vaccines offer further cost-effective alternat-
ives to other types of immunization. The optimal dose of
vaccination may readily be assessed based on the quantity
of probiotics. Additionally, probiotics can include a large
effect by outperforming pathogens, generating materials
that are toxic to pathogens, or inhibiting their ability to
attach to intestinal epithelia [15]. These microorganisms
serve a dual function by producing appropriate antigens
and acting as carriers for oral administration, allowing
desired antigens to present to immune cells in the gut.
These microorganisms are present in the bodies of
individuals worldwide. Therefore, produced vaccine can be
manufactured and administrated globally [10]. Due to their
edible nature, this type of vaccines includes adaptations
from pediatric to geriatric patients. Due to the lack of side
effects associated with probiotic-based vaccines, people of
any age can take probiotics at any time of the day [16].
Therefore, because of to their unique character-istics,
probiotics are more appropriate candidates for edible
vaccine production than others. For example, Bacillus spp.
are distinguished by their ability to form endospores,
which show exceptional resilience under hostile condi-
tions. Hence, these attributes make them appropriate
carriers for edible vaccines in dormant or vegetative forms
[17]. Genetic manipulation of probiotics has been verified
as reliable and effective over an extended period,
demonstrating its efficacy in preventing bacterial and
parasitic infections, such as malaria. Using of these
engineered probiotics, which contain antigens specific to
viruses, includes promises. These have been provided to
fight against viral infections such as HIV, herpes virus, and
influenza virus[18]. Moreover, these microorganisms may
genetically be modified to enhance production of immune
components, including cytokines and interleukins, which
can help prevent cancers [19].

3.2 Edible probiotics and the immune response

In 1907, Elie Metchnikoff first discovered that
probiotics could activate the immune system. There are
several ways; by which, this interaction can be
accomplished, including probiotics targeted by pattern
recognition receptors (PRRs) on intestinal epithelial cells
through  their  microorganism-associated  molecular
patterns. This interaction facilitated their phagocytosis,
further stimulating mucosal, and systemic immunity by
antigen-presenting cells (APC) activity [20]. Probiotics
exert their immunogenicity by affecting intestinal
immunity. Intestinal immunity is achieved by maintaining
homeostasis and controlled by gut-associated lymphoid
tissues, antimicrobial peptides, Peyer's patches, secretory
immunoglobulins of IgA (slgA), T cells, and various
inflammatory mediators such as cytokines, chemokines,
and beneficial microorganisms. The intestinal epithelial
layer contains specialized cells, including entero-endocrine
cells, goblet cells, paneth cells, enterocytes, tufts and M
cells, which are critical components of mucosal immunity.
The M cells are antigen-delivery cells that transfer luminal
particles and antigens to APC. These cells are responsible
for receiving antigens and subsequent transmission of the
antigens to the underlying immune cells via the mecha-
nisms of transcytosis, phagocytosis, and shedding of
macrovesicles [21].

Goblet cells are linked to the process of presenting
antigens to dendritic cells [22]. Dendritic cells, functioning
as APCs, include an essential role in regulating cellular
and humoral immune responses. By receiving antigenic
subunits, these cells present them through the major
histocompatibility complexes (MHC) | and Il, which
further activate the T cell set and create a cellular immune
response through the differentiation of cell subsets such as
CD4" cells, macrophages, and Foxp3* T-cells. They enter
mesenteric lymph nodes and induce the gut-homing
process [23]. Additionally, APCs stimulate activation of B
cells and subsequently promote the synthesis of IgA
secretory antibodies. These antibodies play a critical role in
generating humoral immune responses. When probiotics
are used as carriers or expressers of a particular antigen,
they can stimulate specific cellular and humoral
immunities associated with the antigen [24].

3.3 Engineered probiotics in edible vaccines

Using probiotics in edible vaccinations can
effectively address specifically targeted immune responses
that are not in conventional delivery techniques such as
attenuated pathogens [25]. The edible vaccination uses
probiotics as antigen carriers and adjuvants. It is important
to address engineering of the immune responses to a single
heterologous antigen rather than the whole microorganism
[26]. The LAB strains are ideal for expressing one or more
foreign proteins, particularly on their surfaces. This is
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because LAB are non-pathogenic and non-invasive and can
stimulate a specific immune response. Probiotics may
present antigens to specific immune cells as either proteins
or DNA. Hence, the probiotic bacteria transfers antigen-
linked DNA into the APCs, enabling these cells to produce
the active antigen. To improve efficiency, desired prob-
iotics may genetically be modified to possess the essential
mechanisms for invasion [27]. Creating and programming
induction of probiotics used as edible vaccines are
possible.

In response to quorum sensing signals sent by tumors,
bacteria and viruses, these cells secrete specific molecules
that counteract these agents. In addition, researchers are
investigating and developing probiotics that specifically
target the immune responses of oral mucosal pathways,
including buccal, gingival, and sublingual mucosa, to
enhance mucosal and systemic immune responses.
Sublingual administration bypasses mucosal barriers of the
GIT and may be considered as an alternative method to
improve the efficacy of sensitive immunizations [28].

3.4 Highlights regarding formulation of probiotics as
edible vaccines

Purified antigens are often sensitive to various
mucosal barriers, resulting in the attenuation of their
immunogenicity. Using probiotic bacteria as antigen
producers and carriers can solve this problem in several
ways, including safeguarding the target antigen in high
acidic and basic environments and enhancing delivery of
the target antigen to specific immune cells (M-cells in gut-
associated lymphoid tissues) [29]. Edible probiotic
vaccines should be assessed from several aspects,
including A) stability of the formulation, since vaccine
formulation is prepared orally, the most important
expected goal is to stabilize formulations containing
probiotics and antigens against the harsh conditions of the
digestive system such as acidic and basic pH values, bile
salts and enzymatic breakdowns. Thus, it is necessary to
develop an edible formulation that can resist these
circumstances [30]. Furthermore, it is critical to maintain
the viability of the live microorganism, especially when the
production of new antigens is associated with the
proliferation of these germs in the host and preserving the
immunogenicity of the antigen is provided through the
production of an edible vaccine using probiotics. This
includes precautions during processes such as lyophil-
ization [31]. If necessary, cellular modifications should be
used to enhance the microbial resistance in the relevant
area. Hence, development of an optimal vaccine using
probiotics needs the establishment of immunological
tolerance against these microorganisms. Use of probiotics
as enhancers and transport systems for delivering and
administering purified antigens has grown due to technical

advancements such as MimoPath systems. An example of
this scenario includes the Gram-positive Lactococcus
lactis, which tolerates treatments under highly acidic
conditions. Then, its biological components are eliminated,
leading to the emergence of bacteria-like particles (BLPs).
These BLPs are then combined with a pure antigen in the
following stage, resulting in production of an Ag-BLP
vaccine [29, 32]. B) appropriate design of the target
antigen to bind to the specific immune cells and the
optimal edible vaccination should have mucosal adhesion
capabilities. The antigen in the vaccine must attach to a
certain cell matrix such as M cells to initiate an immune
response. Hence, it is critical to create edible vaccines that
show mucosal adhesion qualities and effectively transport
target antigens to prompt a potent immune response; and
C) immune response stability, due to the limited
colonization capacity of probiotics in the GIT, antigens in
the edible probiotic vaccines include a short duration
to induce the immune cells in the target. One solution is to
co-administer an adjuvant with an edible probiotic
vaccination. This can enhance the immune system activity
and improve its effectiveness at the suggested site [26].

4. Genetic engineering in probiotics

Recent advancements in synthetic biology, genetic
engineering, and genome sequencing technologies have
strengthened the current understanding of microbial
functions and promoted the development of so-called
designer probiotics [33]. Investigating genome-engineering
techniques has reached an innovative milestone and
broadening its potential use within the medical, agri-
cultural, and food sectors. This technology can be used for
humans, provided precautions are highlighted to eradicate
antibiotic resistance and ensure that modifications involve
the organism's own DNA or DNA from GRAS organisms
[34]. Significant uses of probiotics necessitate compre-
hensive genome analysis of these microorganisms.
Advanced omics methodologies and system biology
approaches enable researchers to optimize metabolic
processes within the gut microbiome, revealing previously
uncharacterized biosynthetic pathways. Such insights
promote novel metabolic engineering  strategies,
facilitating genetic manipulation of the probiotics to
address their roles in intestinal microbiota and enhance
their beneficial characteristics [35]. Gene editing techn-
iques such as site-specific recombination and the advent of
innovative gene editing tools such as TALEN, ZFNs, and
CRISPR/Cas9 help precise targeting and modification of
specific genes (Figure 1). Merging CRISPR technology,
synthetic biology and high-throughput genomic analysis
represents a significant advancement in development of
personalized probiotic treatments. Developing further
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robust and effective CRISPR editing systems for probiotics
presents two key objectives: improving probiotic traits and
engineering probiotics for therapeutic uses. The first goal
focuses on enhancing the inherent qualities of probiotics.
This includes targeted localization of probiotics within
specific niches of the gut microbiome, stress tolerance,
decreased allergenicity, and virulence factors in probiotics
to ensure their safety for widespread uses. The second goal
emphasizes the potential of engineered probiotics for
specific therapeutic functions such as autoimmune
diseases, cancers, metabolic disorders, and infectious
diseases. By focusing on the improvement of probiotic
traits and developing targeted therapies, scientists can
create safer and more effective probiotics that not only
enhance individual well-being but also contribute to further
understanding of microbiome interactions within the host
(Figure 2) [36].

4.1 Engineered probiotic strains:
prophylactic, and diagnostic vaccines
The field of probiotic engineering is significantly
transformed, using bacterial strains that are specifically
designed to colonize the GIT and produce specific
molecules to serve as therapeutic, prophylactic, and
diagnostic vaccines [37]. Key mechanisms of action
include immunomodul-ation, where probiotics produce
cytokines, antigens and allergens, and pathogen exclusion
through the synthesis of antimicrobial peptides, biosensing
capabilities useful for disease diagnosis, and metabolic
modifications within the host [38]. The rational
engineering of probiotics involves a systematic process
that encompasses three essential steps of the selection of
novel health-promoting strains, exploration of their
molecular interactions with the host and its microbiota and
the genetic modification to enhance or design functional
characteristics that support their probiotic characteristics
[39]. Several species have been investigated for their
potential as vaccine vectors, effectively delivering a wide
range of bacterial and viral antigens [40]. Various delivery
systems, including cell wall, extracellular and cytoplasmic
media, have been designed to target heterologous proteins
to specific cellular locations [41]. Production of genetically
modified probiotics over the past decade has expanded the
scope of mucosal delivery systems to include not only
prophylactic vaccines but also therapeutic agents such as
enzymes, cytokines, and allergens [42]. Probiotic-based
bacterial ghost vaccination represents a promising
advancement in immunotherapy, particularly for DNA and
protein antigen vaccines [43]. Traditional naked DNA
vaccines often suffer from weak immunogenicity, which
necessitates incorporation of adjuvants. However,
limitations of the current adjuvants and restricted options
available for recombinant vaccine manufacturers highlight
necessity of alternative strategies to improve vaccine

therapeutic,

efficacy [44]. Bacterial ghosts, which are non-viable
bacterial cells that include their structural integrity, offer a
unique platform for vaccine delivery. They can efficiently
be internalized by various cell types, including Caco-2
cells, human dendritic cells, dendritic cells, and RAW
264.7 macrophages [45].

In a diverse group of microorganisms, Lactobacillus
spp. are highlighted, particularly for their members, which
comprise a significant portion of the human gut
microbiota. Key probiotic strains, including L. acidophilus
L. plantarum, L. johnsonii, L. gasseri, L. casei, L. reuteri,
L. salivarius, and L. brevis, are important for their
contributions to gastrointestinal health [35]. Engineering
specific Lacticaseibacillus spp. to express anti-Listeria
monocytogenes antigens [46], L. lactis secrete I1L-10, L.
lactis CHW9 has been used to produce the peanut Ara 2
allergen, and L. lactis NZ9800 has been generated to
deliver the major birch allergen of Bet-vl [47].
Furthermore, innovative methodologies have emerged in
the realm of plant-probiotic interplay, wherein modified
plant viruses such as tobacco mosaic virus and
geminiviruses function as advanced plant expression
systems and serve as vectors for delivering genetic
components into plant cells [48]. In various platforms for
creating edible vaccines, genetically modified microalgae,
particularly Chlamydomonas reinhardtii, have emerged as
significant candidates due to their unique characteristics
and advantages, compared to traditional plant systems [49].
Developmental process of an edible vaccine using
microalgae involves the insertion of a pathogen's gene of
interest (GOI) into the microalgal genome through various
genetic engineering techniques. Industrial benefits of
microalgae such as scalability and ease of cultivation make
them as further versatile options for vaccine production
[50]. Gregory et al. have demonstrated that C. reinhardtii
can successfully express unmodified versions of these
proteins, yielding antibodies that inhibit the sexual
development of malaria parasites [51]. Several engineered
probiotics have reached preclinical and clinical trial
phases, highlighting their potentials as edible vaccines.
Noteworthy examples include recombinant Bifidobacteria
longum, the oral bacTRL-Spike vaccine designed to
immunize against coronavirus disease 2019 [52],
recombinant L. lactis [LL-Thyy12] to treat patients with
Crohn’s disease [53], L. lactis AG019 developed for type-1
diabetes treatment [54], recombinant L. casei expressing
the HPV16 E7 protein [55], and recombinant L. lactis-
derived anti-malarial vaccine [56]. Clinical trials assessing
the efficacy of recombinant LAB have yielded promising
results, highlighting their viability as live biotherapeutics.
With the current research and development, the integration
of LAB in DNA vaccine delivery systems includes the
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potency to revolutionize preventive and therapeutic medicines [57].
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Figure 2. Use of engineered probiotic strains in disease treatment and antimicrobial resistance.

of various genome-editing methods play critical roles in
shaping functionality and use of engineered probiotics.
Probiotic engineering can be approached through two
principal strategies top-down and bottom-up designs. Top-
down approaches involve genome decreases, where

4.2 Genetic design tools used to engineer probiotics
Genome editing techniques frequently used in the

engineering of probiotics include gene knockouts, gene

insertions, and targeted mutations. Efficacy and precision
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existing probiotic strains are simplified to create a minimal
genome chassis containing essential genes for survival and
metabolic functionality. In contrast, bottom-up approaches
include synthesis of a minimal genome with synthetic
oligonucleotides, needing careful assembly of genetic
elements, metabolic pathways, and cellular membranes.
Being innovative, these methods are complex and resource
intensive [58].

Synthetic biology tools enhance efficiency of
genomic modifications and development of counter-
selectable markers has been carried out. Traditional
strategies using double-stranded (dsDNA) or single-
stranded (SSDNA) recombineering enable knock-in of
GOlI; however, limitations are reported regarding size and
copy number of the inserted DNA fragments. Role of
synthetic biology tools such as site-specific genome editing
systems, homologous recombination, and recombineering,
is critical in advancing probiotic strains. Recombineering
represents a phage-derived approach that facilitates gene
modification through in vivo homologous recombination
[47]. This Red/RecET system has effectively been used in
multiple Lactobacillus strains, allowing for fine-tuning of
genomes through subtle modifications such as point
mutations. In addition to these precise methodologies,
strategies using non-homology based approaches such as
transposon-mediated random DNA insertion broaden the
scope of genetic engineering in non-model organisms. To
avoid these restrictions and facilitate the integration of
larger DNA constructs or clusters, site-specific
recombination systems have emerged as valuable
alternatives [59]. Induction of double-strand breaks (DSBs)
through targeted nucleases such as ZFNs, TALEN, and
RNA-guided nucleases can prompt repair mechanisms but
includes risks as probiotics may show pronounced
susceptibility to DSBs, leading to cell death [60].

Various methods are described to deliver genetic
elements into probiotics. Direct gene delivery or vector-
independent nature methods play essential roles in plant
biotechnology such as biolistic, enabling the introduction
of desired DNA, or RNA directly into the nuclear and
chloroplast of plant cells. Chloroplast transformation, as a
preferred method for producing edible vaccines, has
attracted intentions owing to its ability to generate high
levels of protein expression while minimizing risks of gene
dispersal and horizontal gene transfer to other organisms
[61]. Biolistic methods have successfully been used to
develop vaccines against numerous pathogens, including
cholera, Lyme disease, rotavirus, and canine parvovirus
[62]. In contrast, indirect gene delivery methods use
vector-mediated approaches to achieve gene transfer. A
prominent example includes Agrobacterium-mediated gene
transfer of foreign genes into the plant nucleus. This
method has been set to create vaccines against various

diseases, including diarrhea, tuberculosis, dengue fever,
avian flu, and Ebola [63]. Despite the promising potential
of editing techniques, use of genome editing for probiotic
LAB is limited, compared to model organisms such as
Escherichia coli and S. cerevisiae. This limitation largely
originates from stringent regulatory frameworks and
cautious market response to genetically modified
organisms (GMOs) [64]. Introduction of counter-selectable
markers, including upp, oroP, pheS, and mazF, has
revolutionized genome editing methodologies [65].
4.3 Design of gene constructs for probiotic vaccines
Construction of recombinant proteins in probiotics
needs meticulous design of various components, multiple
cloning sites (MCS), promoters, and terminators.
Heterologous expression systems used in engineered
probiotics can be categorized into two major types of
constitutive and inducible. Expression systems for
heterologous proteins in engineered probiotics can vary
significantly, using intracellular (e.g. Pcyt), secretion (e.g.
pSEC), or cell wall anchoring (e.g. pPCWA) mechanisms
[66]. Common constitutive promoters derived from the L.
lactis genomic library include P21, P23, and P59, which
are characterized as strong promoters as well as P32 and
P44 [67]. To lessen the overproduction of protein risk,
there is a growing need for novel controlled-expression
systems that act in response to external environmental
factors such as temperature, bile salt concentration, pH,
and antimicrobial peptides [68]. One of the most prevalent
inducible systems used in probiotic engineering is the
nisin-controlled gene expression (NICE) system, including
key components of NisK, NisR, and NisA promoter
(PnisA) [69]. In addition to the NICE system, other
expression systems have been developed such as the pSIP
system that controls quorum sensing mechanisms, using a
series of pSIP-based vectors, and promoters of class Il
bacteriocins such as sakacin A and sakacin P [70].
Additionally, innovative strategies such as zinc-inducible P
ZnZitR system, heat shock protein promoter-driven SICE,
and auto-inducible P170 promoter from L. lactis have
emerged for protein expression under specific conditions
[66, 71, 72]. The available research demonstrates
successful uses of suicide plasmids such as the pSA3-
based vector pTRK327 and elements such as 151223 for
the targeted manipulation of genomes in various probiotic
LAB. These proteins often use the Sec pathway for
efficient secretion, particularly when proteins possess an
N-terminal signal peptide. Furthermore, protein folding
and secretion facilitators such as bacterial ffh genes are
critical in ensuring appropriate protein maturation [73].
Engineering of inducible pathways in probiotics can enable
them to sense and respond to specific signals from tumors
or infected cells, prompting release of therapeutic factors.
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4.4 The CRISPR/Cas technology for engineering
probiotic vaccines

Genetic engineering, particularly in the realm of
probiotics with the potential for edible vaccination [74].
Using CRISPR, scientists can modify probiotic strains to
express desired antigens, optimize metabolic pathways,
and improve stability of these microorganisms under
various environmental conditions. This capacity for
targeted genomic intervention not only accelerates strain
development but also increases potential for creating
vaccines that are effective and adaptable to evolving
pathogens. Moreover, use of CRISPR technology can lead
to the investigation of novel probiotic candidates that were
previously unreachable through conventional methods.
This innovation is particularly critical in an era
characterized by the rapid emergence of infectious
diseases, where traditional vaccine development strategies
may fail for speed and specificity. Integration of genome
editing tools enhances ability to carry out extensive host-
pathogen interaction studies. By creating genetically
modified probiotics, researchers can better understand
mechanisms underlying immune responses, creating
vaccines that not only target specific pathogens but also
promote overall gut health. The potential to personalize
probiotics based on individual genomic profiles represents
another advantage that genome editing technologies can
help researchers achieve [75]. Established efficiency and
specificity of CRISPR-mediated editing tools facilitate
precise gene insertion, deletion, and mutation across
species such as E. coli, B. subtilis, and Lactobacillus spp.,
underscoring their versatility [76]. The CRISPR/Cas
systems are present in approximately 50% of the bacterial
populations, including a significant prevalence in
Lactobacilli spp. and Bifidobacteria spp., investigation of
these systems for probiotic engineering is well-supported
by natural diversity [77]. The use of exogenous
CRISPR/Cas systems through plasmid-based approaches
has revolutionized the capability for genetic modification
in probiotic strains, particularly in those lacking inherent
CRISPR/Cas systems or showing limited efficacy [78].

Recent advancements suggest that the potential of
CRISPR-based editing tools in LAB is far from that fully
realized, particularly with the introduction of multiple-
locus editing and Cas9 non-homologous end joining
(NHEJ) repair mechanisms that have successfully been
implemented in other bacteria such as E. coli and
Mycobacterium  tuberculosiss [79]. One promising
achievement of research involves use of CRISPR-
associated transposases (CAST) to integrate gene construct
directly into chromosomal target sites without the need of
positive selection, achieving integration frequencies of up
to 80%. Inspired by these developments, harnessing
endogenous CRISPR/Cas systems in LAB strains provides

a robust framework for genetic manipulation [80]. For
example, the subtype I-E CRISPR/Cas system present in L.
crispatus has facilitated flexible efficient genetic
engineering, while specific subtypes in other LAB species
such as Pediococcus acidilactici and L. gasseri have been
used to enhance lactic acid production and carry out
promoter replacements [81]. Recent advancements show
successful implementation of CRISPR/Cas assisted
genome editing in various Lactobacillus. spp., including L.
reuteri ATCC PTA 6475 and L. plantarum. Significantly,
pLCNICK plasmid, developed by Song et al., uses the
CRISPR/Cas9D10A system for rapid genome editing in L.
casei, demonstrating broad host compatibility for other
Lactobacillus strains [82]. Engineered L. plantarum
WCEFS1 for N-acetylglucosamine production and enhanced
galactose fermentation capabilities of Brucella ATCC
MYA-796, illustrate the potential for engineered probiotics
to provide novel health benefits [83]. Integration of
RecE/T improves homologous recombination; thereby,
enhancing effectiveness of CRISPR/Cas9 technologies in
strain  engineering [60]. Additionally, engineered
CRISPR/nCas9 systems have shown successful adaptation
in various Lactobacillus spp., indicating the broad
applicability of these technologies [84]. In other probiotic
strains such as Streptococcus spp. and Clostridium spp.,
CRISPR systems have been used to modify native traits
and enhance production capabilities by executing targeted
genomic edits [85]. Use of CRISPR technology is
expanding beyond Lactobacillus, with a growing number
of studies focusing on various microorganisms, including
Corynebacterium glutamicum, Candida parapsilosis, and
E. coli [76]. Versatility of Cas9 nickase (nCas9) and dead
Cas9 (dCas9) tools enables precise genome editing without
inducing double-strand breaks, while Casl3 nucleases
provide a unique mechanism for RNA cleavage, further
expanding the toolkit available for microbial genetic
engineering. One of the pioneering companies, Zbiotics,
has emerged as the first to commercialize genetically
engineered probiotic products. In addition to LAB,
CRISPR/Cas systems have verified advantageous for
yeasts such as S. cerevisiae and S. boulardii [86].

4.5 Defense mechanisms of bacteria against foreign
DNA: implications for genome editing

Bacteria have developed sophisticated defense
mechanisms to protect their genomic integrity from the
invasion of foreign DNA. Two primary systems that
exemplify this defensive strategy include restriction-
modification systems and CRISPR/Cas systems. Over 90%
of bacteria possess defense mechanisms such as restriction-
modification systems, underscoring their importance in
safeguarding microbial genomes against exogenous genetic
materials. The CRISPR/Cas systems, detected in
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approximately 85.2% of archaea and 42.3% of bacteria,
present another layer of complexity in the landscape of
microbial defense against invasive DNAs [87]. Within the
Lactobacillus genus that includes a significant
representation of probiotics, occurrence of CRISPR/Cas
systems is significantly high. The significance of these
defense mechanisms becomes particularly evident in the
context of genome editing techniques, which necessitate
the successful integration of foreign DNA into bacterial
genomes. To evade bacterial defenses, researchers have
suggested three distinct strategies. First, using an
intermediate host that boasts compatible methylation
patterns, facilitating transformation processes. Second,
using recombinant intermediate hosts that express the
requisite methyltransferases anticipated in the target
microorganism [57]. Third, another innovative approach
involves in vitro incubation of foreign DNA with
commercial methyltransferases to match the host's DNA
methylation patterns, a technique that has significantly
improved transformation efficiency in species such as L.
plantarum. By effectively overcoming these bacterial
defense mechanisms, researchers can enhance efficiency
and reliability of the genetic modifications in bacteria .

methylation  patterns, a technique that has
significantly improved transformation efficiency in species
such as L. plantarum. By effectively overcoming these
bacterial defense mechanisms, researchers can enhance
efficiency and reliability of the genetic modifications in
bacteria [88]

5. Improvement of Probiotic Efficacy
Through Bioengineering

5.1. Enhancement of colonization exclusion

Increasing occurrence of pathogenic bacteria and
their subsequent infections necessitates innovative
strategies for prevention and management. One promising
approach is the enhanced colonization of probiotics in the
intestinal mucosal surface, which can create a competitive
environment that limits colonization of harmful
microorganisms. Genetic modification of adhesions,
flagellins and fimbriae, help probiotics to serve as effective
barriers to pathogen colonization in the GIT [89]. For
example, the internalin A gene from L. monocytogenes
expressed in the probiotic L. lactis, a recombinant L.
paracasei strain that expressed the Listeria adhesion
protein  (LAP) suppresses the adhesion of L.
monocytogenes [89]. Expressing the surface-associated
flagellin of B. cereus in L. lactis, to competitive inhibition
of pathogenic bacteria such as E. coli and Salmonella
enterica from binding to intestinal epithelia [90].

5.2. A focus on stress tolerance

Numerous probiotic strains show limited tolerance to
environmental stresses such as temperature, salinity and
oxygen level. These limitations lessen stability and
effectiveness of the probiotics as edible vaccines. Through
genetic modification, researchers aim to enhance stress
adaptation capabilities of the probiotics; thus, ensuring
their viability and therapeutic efficacy [38]. A major key to
this approach includes manipulation of heat-shock
proteins, particularly GroES and GroEL, which are critical
for the probiotic viability within various temperatures. A
study by Desmond et al. demonstrated that overexpressing
these chaperones in L. paracasei NFBC338 significantly
improved its thermotolerance and solvent resistance,
suggesting that strategic gene modifications can enhance
robustness of the probiotic strains. Moreover, investigation
of heterologous gene expression further contributes to
probiotic resilience. For example, expression of the BetL
gene in L. salivarius UCC118 through a nisin-controlled
system demonstrated enhanced resistance to various
environmental stresses [91]. Similarly, research involving
Bifidobacterium breve UCC2003, which harbored the BetL
gene, revealed an enhanced tolerance to gastric acidity and
high osmolarity, indicating that genetic adaptations could
significantly improve stress tolerance [92]. Additionally,
cloning of the trehalose synthesis gene (ostAB) from E.
coli into L. lactis has demonstrated improved survival rates
for probiotics during freeze-drying processes and in high
bile concentrations. These findings verify feasibility of
using genes from pathogenic organisms to enhance stress
resilience of the beneficial probiotics.

5.3. Receptor mimicry probiotic system

Understanding of the precise dynamics of toxin-
receptor interactions on the surface of human intestinal
cells provides a foundation for developing innovative
strategies aimed to interrupting pathogen adhesion and
disrupting pathogen; thereby, decreasing incidence and
severity of infections [93]. One promising therapeutic
approach involves expression of toxin receptors on the
surface of probiotic strains to mimic the host's receptor
environment. Such receptor mimics can produce
lipopolysaccharides recognized by toxins such as cholera
toxin or enterotoxigenic E. coli (ETEC) heat-labile toxin.
Expression of Neisseria gonorrhoeae galactosyl-
transferase genes in non-pathogenic E. coli strains resulted
in a 100% efficacy rate in treating lethal infections caused
by Shigatoxigenic E. coli (STEC) in mice [94]. Similarly,
expression of a glycosyltransferase gene specific to
meningococcal toxins in probiotic E. coli created a
competitive environment that inhibited pathogen binding
and hence subsequent infections [93]. Mimicking of host
receptors on probiotic surfaces can serve as an effective
strategy for preventing specific toxin-mediated pathologies
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[95]. Moreover, concept of disrupting pathogen virulence
through innovative means such as quorum sensing
manipulation has attracted intentions. As seen for E. coli
Nissle 1917 strain producing cholera autoinducer 1 (CAl-
1), interference with virulence gene expression upon reco-
gnition of specific signaling molecules decreased colon-
ization of Vibrio cholerae in experimental models [96].

5.4. The promising landscape of next-generation
probiotics

The objective is to develop next-generation probiotics
(NGPs) that offer enhanced therapeutic potentials,
compared to those traditional probiotics. The integration of
computational biology with genetic engineering is
particularly advantageous, as it supports the design of next-
generation synthetic LAB capable of overcoming
challenges associated with industrial scale-up and complex
biologics production. A relevant attempt in this field
includes the Lactochassis project, which aims to create
synthetic LAB, specifically for biomedical uses. This
initiative underscores a paradigm shift in probiotic
development, transitioning conventional probiotics from
mere vectors for therapeutic delivery to engineered
microbial ‘physicians’ that actively respond to health
challenges [58]. Certain strains show significant promises
due to their effects on health and disease. Good examples
are Eubacterium hallii, Faecalibacterium prausnitzii,
Roseburia spp., Akkermansia muciniphila, and Bacteroides
fragilis. Research suggests that these microbes play vital
roles in key physiological processes, including modulation
of  gastrointestinal  immunity,  enhancement  of
immunotherapy efficacy in cancer patients, maintenance of
intestinal barrier integrity, and generation of beneficial
metabolites, particularly short-chain fatty acids (SCFAS).
Despite their promising potentials, widespread use of these
NGPs produces significant problems. Key challenges
include development of appropriate methods for culturing
and storing these oxygen-sensitive organisms, which
complicates their integration into consumer products [97].
As microbiome research evolves, efforts are made to
genetically engineer or modify these NGPs, enabling them
to target specific diseases or health conditions more
effectively. Uses of this technology range from edible
health to the management of allergies, metabolic disorders,
cancers, and IBD. Engineered probiotics for edible
vaccines in the treatment of diseases are represented in
Table 1.

6. Challenges Associated with Engin-
eered Probiotics as Edible Vaccines

Advances in probiotic-based edible vaccine technol-
ogy have reached the clinical stage [14]. However, there
are still several problems in this way. Edible probiotic
vaccines may decrease the immune response in populations
with low hygiene and increases in the occurrence of
ilinesses associated with harmful microorganisms. These
germs dominate the symbiotic community with other
microbiota because of the weakened immune system of the
human body and specific manifestation of the disease.
Furthermore, variety in microbiota in individuals residing
in a certain area includes a significant effect on the
interactions with probiotics. Thus, assessing appropriate
reactions to the edible probiotic vaccines becomes further
challenging. Another critical concern includes health of the
digestive system. Intestinal dysfunction can weaken the
immune response. Moreover, idiopathic variables such as
environmental enteropathy, a condition that damages
intestinal health with no recognized origin, are reported.
These factors are accountable for the diminished responses
to vaccines [122].

In elderly people, cellular and humoral immune
responses are weakened and these factors were accountable
for decreasing vaccine protective efficacy. The next
challenge includes non-colonizing nature of the probiotics,
which needs daily treatment with high doses
(approximately 100 times the injection dose) to have
specific health benefits for the host, due to the variable pH
values in various parts of the gut. Therefore, improvement
of parameters linked to microorganisms and formulation
should be addressed to overcome this challenge [30, 123].
In protein-based vaccinations, selecting an appropriate
strain for protein expression is difficult because of the
genetic variability linked to probiotic strains. Various
species show distinct patterns of antigen expression,
making it challenging to select the optimal pattern. One
further concern includes the absence of post-translational
processes in prokaryotes. For example, when the target
antigen is overexpressed in the probiotic bacterial species
E.coli, it leads to the formation of inclusion bodies (IBSs).
To achieve optimal effectiveness, these IBs need further
processing to unfold and refold desired proteins to back to
their original conditions. This is a separate process
and needs extra financial resources. In addition, developing
a reliable protocol for modifying proteins after their
expression during production of vaccines is inherently
difficult. This is because various post-translational
mechanisms may be necessary depending on the desired
structures and functional behaviors of the protein antigens
[10]
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Tablel. Engineered probiotics for edible vaccines in the treatment of various diseases
Engl_negred Target _ Dlseage/ Gen_ome_ Result Ref.
probiotic Genes/antigen Infection engineering Tools
Listeria . . . .
monoctogenes P18, gp160 HIV Synthetic peptide Induction of CTL against HIV [98]
Strepto_c_occus gp12(_) V3 HIV Plasmids-based V3-specific 1gG2a antibodies release [99]
gordonii domain
L casei PA Anthrax Plasmids-based Induction humoral and cellular immune [100]
responses
L. lactis PppA [LPA+] Streptococcus Plasmids-based Boosted resistance to intranasal infection [101]
pneumoniae
Stx B-subunits,
EcN OspA and OspG ETEC Plasmids-based Insufficient to mediate protection [102]
proteins
S1 subunit of . S .
Streptog_occus pertussis toxin Bordete_zlla Plasmids-based Elicited mucosal antibodies against PT and [103]
gordonii PT] pertussis SpaP
. _— SARS-CoV-2
Lactiplantibacillus gy o SARS-COV-2  Plasmids-based oo COV-2 [104]
plantarum . vaccine
protein[S]
Lactiplantibacillus  Oncofetal antigen . e Induced a specific immune response against
plantarum [OFA] Cancer vaccine  Plasmids-based OEA [105]
Glucagon-like Pancreatic -
L. lactis peptide [GLP] 1 cell Plasmids-based Successful oral delivery of GLP-1 [106]
[1-37]
. Phenylalanine Phenylketonuria . .
L. reuteri lyase [PKU] Plasmids-based Potential treatment for PKU [107]
L. lactis Cathelicidin Colitis Plasmids-based Elicit antigen-specific tolerance [108]
Heat-shock Elicit antigen-specific tolerance Protective
L. lactis protein 65 Atherosclerosis  Plasmids-based effect on atherosclerotic and endothelial [109]
[Hsp65] damage
E coli Clonorchis Killed spores triggered reactive Th1/Th2
' - Csenolase . - Plasmids-based immune response and exhibited protective [110]
B. subtilis sinensis . - - L .
efficacy against C. sinensis infection
L lactis GLP-1[1-37] A_lzhe1mer ] Plasmids-based Rec_juca_a mflammat_ory cytokine, g_lla [111]
disease activation&amyloid-b accumulation
EcN alr and dadX P. aeruginosa phage X_Red In vivo prophyla_ctlc and therapeutic activity [112]
genes recombinase against P. aeruginosa
Yeast strain BSO16  P2Y?2 IBD homolo_gou_s Suppressed intestinal inflammation in mouse [113]
recombination models of IBD
;?]td[xél] Antimicrobials Significantly decrease the counts of
E. coli . CRISPR/Cas9 tigecycline and colistin-resistant bacteria to [114]
mer-1 resistance e
1% in vivo
genes
Antibiotic- o I . o
EcN Several genes resistant CRISPR/Cas9 Eliminates antibiotic-resistant bacteria in [115]
. the gut
bacteria
EcN F_4 anq F18 ETEC CRISPR/Cas9 Defend against the infection of F4+/F18+ [116]
fimbriae cluster ETEC
B. subtilis SCK6 Obesity CRISPR/Cas9 Regulating metabolic to prevent obesity [117]
EcN MPER HIV CRISPR/Cas9 A potential platform for vaccine antigen [118]
Sacchar_c_)myces Ovalbumin Sacchar_c_)myces CRISPR/Cas9 Promlsmg_tool for_ oral delivery of vaccines or [119]
boulardii boulardii therap-eutic proteins
. NYESO1/CTAG1 . . o
C. butyricum Spike_S1 Cancer vaccine CRISPR/EnCasl12a Poteptlal platform for cancer & anti-viral [120]
C. sporogenes - SARS-CoV-2 vaccine Ag
antigens
L. paracasei SUAAIrHLJ-27  PEDV CRISPRinCasy ~ nduce mucosal, humoral, &ceflularimmune 5,
responses against PEDV
EcN F4 and F18 ETEC CRISPR/Cas9 Defend against the infection of F4+/F18+ [116]

fimbriae cluster

ETEC
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Due to their inherent nature, protein-based edible

probiotic vaccines must overcome physical-chemical
barriers such as pH and bile salts, as well as biological
barriers such as intestinal-epithelial barriers. To ensure
effectiveness and safety of drug delivery, it is essential to
carry out comprehensive studies on formulations to
overcome difficulties associated with oral administration
of medicines [124]. Plasmids are the predominant
approach used in probiotic manipulation. Relatively, type
of the probiotic genetic manipulation is important.
Lifespan of the plasmids in probiotics is limited, leading to
a gradual decrease in production of the desired protein.
Hence, development of further appropriate alternatives is
necessity to design probiotics and efficient desired antigen
production. For plasmids, horizontal transfer of genetically
modified genes and antibiotic resistance of the probiotics
present significant hazards. Hence, it is critical to use
conservation strategies with the progress of these GMOs.
Probiotics engineering using novel genome editing tools
provides a promising solution to overcome limitations and
expanding their clinical uses. The CRISPR approach has
been highlighted as an innovative technological tool that
helps in development of novel and highly targeted edible
vaccines. The quick progress and critical steps in
CRISPR/Cas9 use include a wide range, converting it into
a significant area of biotechnology. In addition to the
significant knowledge achieved, several fundamental
issues are still unresolved. The use of CRISPR technology
includes substantial barriers that involve concerted efforts
for resolution. It is important to address these challenges
before the technology integrates into clinical settings. A
forward-looking perspective urges a concerted focus on
extensive research studies to thoroughly assess efficacy
and safety of CRISPR-based treatment protocols,
specifically for edible vaccines. Moreover, combining
CRISPR with complementary technologies such as
nanotechnology may further enhance effectiveness of the
probiotics, enriching knowledge of edible vaccines, and
opening new horizons for novel innovative solutions in
immunization [125].

7. Conclusion

Findings of this study demonstrate the potential of
engineered probiotics as a revolutionary solution in
immunization. Using advanced genetic tools such as
CRISPR/Cas genome editing and synthetic biology, these
modified microorganisms can act as carriers and producers
of specific antigens, providing a novel approach to vaccine
delivery. Probiotic-based oral vaccines include significant
advantages such as targeted antigen delivery and
enhancement of mucosal and systemic immune responses.
Furthermore, these vaccines are affordable for the general

public. The potential of engineering probiotics for
preventive and therapeutic uses to change the prescription
pattern from traditional injectable vaccines to oral
alternatives makes their uses further customer-friendly and
fit with modern health care needs. Despite these promising
advances, several challenges are still addressed, including
variations in immune responses in various individuals
dependence on the health of the GIT, instability of the
probiotics in various gastrointestinal environments, and
possibility of the potential horizontal transfer of genetically
modified genes. Addressing these challenges needs
comprehensive studies to optimize probiotic formulations,
including use of nanotechnology methods and ensuring
their safety through advanced genetic techniques. This
facilitates further sustainable, user-friendly immunization
strategies globally that are fit with emerging public health
demands.
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