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The article is devoted to the latest achievements in the field of research, development, and implementation
of various types of medicinal products based on recombinant probiotics. The benefits of probiotics, their
modern use in medicine along with the most frequently used genera and species of probiotic microorganisms
were highlighted. The medicinal and therapeutic activities of the studied probiotics were indicated. The re-
view suggests various methods of creating recombinant probiotic microorganisms, including standard genetic
engineering methods, as well as systems biology approaches and new methods of using the CRISPR-Cas
system. The range of potential therapeutic applications of drugs based on recombinant probiotics was pro-
posed. Special attention was paid to modern research on the creation of new, more effective recombinant
probiotics that can be used for various therapeutic purposes. Considering the vast diversity of therapeutic ap-
plications of recombinant probiotics and ambiguous functions, their use for the potential treatment of various
common human diseases (non-infectious and infectious diseases of the gastrointestinal tract, metabolic dis-
orders, and allergic conditions) was investigated. The prospects for creating different types of vaccines based
on recombinant probiotics together with the prospects for their implementation into medicine were consi-
dered. The possibilities of using recombinant probiotics in veterinary medicine, particularly for the preven-
tion of domestic animal diseases, were reviewed. The prospects for the implementation of recombinant pro-
biotics as vaccines and diagnostic tools for testing certain diseases as well as modeling the work of the hu-
man digestive system were highlighted. The risks of creation, application, including the issues related to the
regulatory sphere regarding the use of new recombinant microorganisms, which can potentially enter the en-
vironment and cause unforeseen circumstances, were outlined.
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Introduction

Human use of microorganisms for various
purposes (initially — in a passive form, then after
the famous discovery by Louis Pasteur of the role
of microorganisms in the conversion of glucose in-
to alcohol — in a conscious form) has been ob-
served throughout the history of mankind [1]. It is
important to note that the development of such bio-
logical disciplines as biochemistry, genetics, micro-
biology, cosmetology, pharmaceutics, medicine, etc.
took place in parallel, and discoveries, e.g., in the
field of genetics, had a significant impact on the
development of microbiology and biochemistry.

Among the most important discoveries of the
20th century are as follows: 1) the decoding of the
double helix of the DNA molecule as the carrier of
the structural unit of heredity — the gene; 2) the
development of recombinant DNA technology.
These achievements gave impetus to the develop-
ment of genetic engineering as well as the devel-
opment of highly effective and genetically stable
probiotic strains of microorganisms on its basis.

Other numerous discoveries in the field of enzy-
mology, such as restriction enzymes, gave molecu-
lar biologists an opportunity to develop methods
for DNA sequencing and cloning, which also con-
tributed to the production of highly effective pro-
biotic strains of microorganisms [2]. Thanks to
these discoveries, it became possible to obtain ge-
netically modified organisms (GMOs), which could
significantly increase the synthesis of biological ac-
tive compounds (BAC), enzymes, vitamins, anti-
biotics, and other compounds useful for humans,
as well as obtain cultivated plants that are resistant
to climate change [3]. Modern research and the
discovery of the CRISPR-Cas system made it
possible to carry out genetic modifications of vari-
ous biological objects based on simpler DNA re-
cognition, which significantly expanded the range
of scientific possibilities for creating GMOs [4].
Due to the development and implementation
of various tools in molecular biology, numerous in-
terdisciplinary fields of science appeared, among
which are genomics, transcriptomics, proteomics,
metabolomics, microbiomics, metagenomics, etc. [5].
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Among these new "omics sciences”, microbiomics
(an interdisciplinary field that studies the human
microbiome) is of considerable interest. The rapid
development of microbiomics over the past deca-
des became possible due to the substantial histori-
cal base of research on the human microbiome,
numerous studies on the discovery of the "probi-
oticity" phenomenon, massive use of genetic engi-
neering technologies together with molecular bio-
logy tools [6,7].

There are several definitions of probiotics.
The most comprehensive, in our opinion, is the
following: probiotics (probiotic microorganisms)
are living microorganisms that are considered as a
normal and useful component of the human mi-
croflora, the waste products of which have thera-
peutic properties to some extent: they stimulate the
secretion of gastric juice and natural enzymes dur-
ing the digestion of food, reduce the number and
severity of side effects of antibiotics, promote the
breakdown of salts of bile acids and normalization
of lipid metabolism, normalize the composition of
normal intestinal microflora [9, 10, 12]. Generally,
this group of microorganisms has been known for
their beneficial properties since the epoch-making
discoveries of Louis Pasteur in the mid-19th cen-
tury (e.g., can be used in the production of fer-
mented milk products or as food additives) [8—10].
The commonly accepted definition of "probiotics”
was formed by the WHO and the FAO (Food and
Agriculture Organization of the United Nations)
and has the following wording: probiotics are live
microorganisms that, when administered (or con-
sumed) in sufficient quantities, provide health bene-
fits for the host [11, 12]. Usually, probiotics in-
clude microorganisms of prokaryotic and eukaryo-
tic origin, but most probiotic microorganisms are
prokaryotes [13]. Among prokaryotes, which are
generally recognized probiotics, the following gene-
ra are distinguished: Lactobacillus, Bifidobacterium,
Enterococcus, Streptococcus, Bacillus. Representatives
of the Lactobacillaceae family are especially benefi-
cial, studied in detail and the following genera are
most often used: Lactobacillus, Lacticaseibacillus,
Lactiplantibacillus, Leuconostoc, Limosilactobacillus,
etc. [13, 14]. Eukaryotic probiotics have not been
studied enough. They include various types of
yeast, but only one strain, Saccharomyces boulardii,
has documented probiotic properties [14, 15].

It is now known that using (as a food supple-
ment) certain groups of probiotics as a part of pro-
biotic preparations can have a significant impact
on the health of the holobiont (host) [16]. Besides,
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their administration helps in the prevention and
control of foodborne diseases. In addition, they
have several mechanisms of competitive exclusion
(destruction) of pathogenic microbiota in the ga-
strointestinal tract (GIT) and take part in the
modulation of the host's immune system. [6,11].
Even though many probiotics can inhibit intestinal
pathogens, they still have some limitations in their
antimicrobial activity and can induce a low level of
immune response [11]. The individual mechanisms
of antimicrobial and immunological action have
not yet been fully investigated [17].

As the first studies of probiotic microorgan-
isms date back to the 19th century, the emergence
of studies on the creation of recombinant probio-
tics appeared at the end of the 20th century.
Therefore, the development of "designer" or re-
combinant probiotic microorganisms [18] is an in-
disputable breakthrough towards the creation of
qualitatively new probiotic preparations with speci-
fied properties.

The main prerequisites for the use of genetic
engineering to create highly effective probiotic
strains were some negative factors in the field of
health care, among which are as follows: 1) unsys-
tematic intake of antibiotics by patients, which led
to the acquisition of resistance to pathogenic mi-
croorganisms [17]; 2) the spread of infectious dis-
eases, which also requires the creation of funda-
mentally new vaccines [19, 20].

In addition to the ability of probiotic micro-
organisms to suppress the development of patho-
genic microbiota in the human body, they can also
enhance certain specific properties of existing
strains with declared therapeutic properties of the
products of their vital activity [11]. Today, thanks
to modern methods of genetic engineering, new
opportunities are opening up for the design and
creation of genetically modified probiotic strains
with specified characteristics or targeted at a spe-
cific pathogen. [21]. Modern research and scientif-
ic works in this direction cover numerous fields of
medicine together with veterinary medicine, which
is discussed in the article. The leading ones include
the use of recombinant probiotics for the therapy
or prevention of gastrointestinal diseases, the crea-
tion of various vaccines, and the prospects for us-
ing recombinant probiotics for the treatment of a
significant number of metabolic disorders [21, 22].

The purpose of the article is to describe and
analyze modern recombinant probiotics, contem-
porary methods of their creation as well as their
use for therapeutic and preventive purposes.
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1. General characteristics of modern probiotic
microorganisms

The concept of probiotics appeared in 1908
with the discovery by Stamen Grigorov of the rela-
tionship between longevity and yogurt consumption
along with the further development of this idea by
Ilya Mechnikov. Furthermore, the development of
knowledge about probiotics was influenced by the
research of Pasteur's students. The term "probiotic"
was proposed in 1965 [22, 23].

It is known that probiotic microorganisms
have a number of beneficial properties for the hu-
man body. All of them are safe and have GRAS
(Generally recognized as safe) status [24]. However,
probiotics, whose by-products have certain thera-
peutic properties and can potentially be used for
medical purposes, are subject to a certain number
of requirements, shown in Fig. 1 [24, 25].

The most numerous groups of probiotic mi-
croorganisms include LAB (lactic acid bacteria),
which usually meet the above-mentioned parame-
ters. In fact, the distribution of known and thera-
peutically valuable species is rather uneven. The
proportion for each species is shown in Fig. 2.
Other genera with probiotic properties usually in-
clude Bacillus, Bacteroides, Saccharomyces, etc.
The complete species list is given in Table 1.

According to the constructed diagram and
Table 1, the largest share of probiotics falls on
LAB, whereas the smallest falls on the yeast of
Saccharomyces genus. In addition, the leaders in
the number of probiotic species are the Bifidobacte-
rium and Lactobacillus genera.
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It is known that most of the above-mentioned
genera and species of probiotics belong to the nor-
mal human microbiota, mainly the intestine [21],
skin, and genitourinary system [26—28]. Regardless
of the organ system, the normal microbiota plays
an important role in maintaining the function of
that system and providing protection against pa-
thogens [15]. Some studies on the human microbi-
ome indicate that the microbiome may function as
a distinct organ [15, 29, 30]. There is also evidence
for the effect of normal microbiota on other organ
systems, e.g., the central nervous system (CNS) [31],
improving the functioning of the gastrointestinal
tract [32]. The normal microbiota of human organ
systems plays a preventive role in bacterial infec-
tions [33]. Such effects are achieved by the pecu-
liarities of the mechanism of action of both indi-
vidual representatives of the normal human micro-
biota and when consuming probiotic preparations
based on artificially created probiotic microorga-
nisms [22, 34]. Quite a few mechanisms of action
of various types of probiotics are known; among
which are: production of antimicrobial compounds
(organic acids, hydrogen peroxide, diacetyl, bacte-
riocins, biosurfactants) [35], immunomodulation
(modulation of humoral and cellular immune respon-
ses, stimulation of nonspecific immunity) [22, 32],
competitive exclusion of pathogens, improvement
of barrier body functions [9, 11]. Other beneficial
effects of probiotics include lowering the amount of
cholesterol in the blood, reducing the risk of colon
cancer, reducing the level of toxicogenic or muta-
genic waste products of harmful microorganisms,
and improving the digestion of lactose [9, 36].
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Figure 2: Diagram of the proportions of probiotics by genus and relation

Figure 1: Requirements for an ideal probiotic [24, 25]

to LAB / non-LAB [13, 25]
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Table 1: Species list of therapeutically valuable probiotics [13, 22, 25]

Family Genus Species
Ligilactobacillus Lg. aviarius, Lg. salivarius
Loigolactobacillus Lo. coryniformis
Lb. delbrueckii, Lb. kefiranofaciens,
Lactobacillus Lb. acidophilus, Lb. crispatus, Lb. gasseri,
Lb. johnsonii, Lb. helveticus, Lb. amylovorus
) Lacticaseibacillus Lcb. paracasei, Lcb. casei, Lchb. rhamnosus
Lactobacillaceae Lactiplantibacillus Lpb. plantarum, Lpb. pentosus
Latilactobacillus Lilb. sakei, LIb. curvatus
Levilactobacillus Lvb. brevis
Limosilactobacillus Lmb. fermentum, Lmb. reuteri
Leuconostoc L. mesenteroides
Pediococcus Pc. acidilactici, Pc. pentosaceus
Streptococcaceae Lactococcus Le. lactis, Lc. cremoris
Streptococcus Str. thermophilus, Str. oralis, Str. sanguinis, Str. mitis
Enterococcaceae Enterococcus Ec. faecalis, Ec. faecium
Bif. adolescentis, Bif. angulatum, Bif. animalis,
Bif. asteroides, Bif. bifidum, Bif. boum, Bif. breve,
Bif. catenulatum, Bif. choerinum, Bif. coryneforme,
Bif. cuniculi, Bif. dentium, Bif. longum,
, . . . Bif. magnum, Bif. merycicum, Bif. minimum,
Bifidobacteriaceae Bifidobacterium Bijfr. pseft doca tenj; I m’?;’ Bif. pse ufdolongum,
Bif. psychraerophilum, Bif. pullorum, Bif.
ruminantium, Bif. saeculare, Bif. scardovii,
Bif. subtile, Bif. thermacidophilum,
Bif. thermophilum
.o . Acidipropionibacterium A. jensenii
Propionibacieriaceae Propionibacterium P. freudenreichii
Weizmannia W. coagulans
Bacillaceae Bacillus B. subtilis
Alkalihalobacillus Ab. clausii
Bacteroidaceae Bacteroides Bt. uniformis
Enterobacteriaceae Escherichia E. coli
Saccharomycetacee Saccharomyces S. cerevisiae var. boulardii

Due to the variety of beneficial properties for
human health, probiotics are widely used for the-
rapeutic purposes, which is shown in Table 2.

Even though many probiotic species and
strains are studied nowadays, several more thera-
peutically valuable probiotic microorganisms were
discovered over the last twenty years, which in-
clude unconventional strains of Akkermansia muci-
niphila, Faecalibacterium prausnitzii, Bt. fragilis to-
gether with the members of Clostridia clusters IV,
XIVa and XVIII [74, 75].

Different approaches are used to artificially
create therapeutic probiotics, or pharmabiotics. The
most promising approaches are as follows: 1) the
creation of multistrain compositions [74]; 2) a per-
sonalized approach when using probiotics consider-
ing characteristics of the patient's microbiome [75];
3) the creation of "designer probiotics" [17].

The concept of creating recombinant probi-
otics appeared due to the need to find new anti-

microbial agents, which, unlike antibiotics, will be
safer, biodegradable, more effective against many
microorganisms as well as resistant to certain
groups of drugs [17, 18]. Due to their primary
beneficial properties (listed above), the ability to
influence the microbiome and human health, pro-
biotics are ideal objects for improving their pro-
perties or acquiring new ones via genetic enginee-
ring [11, 17, 77]. It should be noted that tradition-
al probiotics have certain disadvantages, such as:
lack of specificity, lower efficiency [78], limited
adhesion inhibition of certain pathogens, low level
of anti-inflammatory action, low tolerance to stress
factors during production or consumption [I1].
Therefore, the use of various methods of genetic
engineering can help to create probiotic microor-
ganisms of different action spectra, more resistant
pharmabiotics and producers of certain therapeuti-
cally important BACs [17, 21].
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Table 2: Therapeutic use of probiotics
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Mechanism of action and effect

Nosological form Probiotics . . Source
on microbiota
Gastrointestinal disorders
S cerevisiae var. boulardii Increase of secondary bile acids, decrease 37, 38]
) ) of Escherichia and Parabacteroides bacteria ’
Leb. rhagmg sus (LQG) and The compatible mechanism is unknown [39]
. boulardii
Antibiotic-associated Lactobacillus Rosell-52, Bi- Cleavage of toxins by proteases, inhibition
diarrhea (AAD) fidobacterium Rosell-175 of toxin synthesis, reduction [40, 41]
and Lactobacillus Rosell-11 of inflammation
Lb. acidophilus NCFM,
Lcb. paracasei Lpc-37, Bif. Reduction of Bacteroides [42]
lactis Bi-07 and Bif. lactis and Ruminococcus
B1-04
Lactobacillus spp., Lmb. Increase of IgA levels 9]
reuteri, Lcb. casei and immunostimulation
Str. thermophilus and Bif. Competition with other microorganisms, [43]
Gastroenteritis bifidum immunomodulation
. . Not researched, increase of Lb. acidophilus
Lb. acgi;p ;"h;fv I;C(I;M and and bifidobacterium [44]
Y. rachis Bl- (change in intestinal microbiota)
A change in the metabolic activity of the
Bif. animalis microbiota, a phange in in‘;estinal pH, [45]
B-galactosidase expression and
Lactose intolerance a positive effect on the colon microbiota
Lb. acidophilus LA-1, Lb. . .. .. ..
gasseri OLL 2863 and strain ﬁ—galacltostldasq aﬁllvr;ly, the %bihti/‘ to utilize [46]
OLL 2948 actose in the human intestine
S. boulardii and Lcb. rham- Increase of IgA level [47]
Inflammatory bowel nosus (LGG) in the gastrointestinal tract
disease (IBD) E. coli Nissle 1917 Inhibition of pathogen adhesion aqd their [48]
effect on mucosal barrier function
Strengthening the natural barrier of normal
Clostridium difficile S. boulardii and Lactobacil- microbiota, immunomodulation, 49
infection lus spp. direct antimicrobial action and regulation [49]
of intestinal enzymes
Lactobacillus spp., Bifido- Immunostimulation and direct effect on H.
bacterium spp.and Lb. john-  Pylori by bacteriocins, organic acids, inhibi- [50]
Helicobacter pylori sonii, Lcb. rhamnosus GG tion of adhesion to epithelial cells
infection Str. faecalis, Lb. Bacteriostatic and bactericidal effects, indi- [51]
acidophilus, B. subtilis rect effect on enzyme activation
. Biosynthesis of reuterin that has
Lmb. reuteri an anti- H. pylori effect [52]
Immunomodulation, reduction and increase
Celiac disease Bifidobacterium spp. of TNF-y levels, reduction of Bt. Fragilis [9]
and Enterobacteriaceae
Allergic conditions
Contribute to the development of the
Lactobacillus spp., Lactoba- mucous barrier and stimulate the immune
Atopic dermatitis cillus compatible with Bifi- system (activation of anti-inflammatory cy- [47, 53]
dobacterium tokines, increase the IgA level), reduce the
concentration of IgE in serum
. s Lb. acidophilus 1.-92, Lcb. Suppression of serum antigen-specific IgE,
Allergic rhinitis rhamnosus GG, Lb. gasseri immunoregulatory effect [54, 53]
Lb. acidophilus 1.-92, Bifi- . . .
Atopic eczema dobacterium and E. coli Reduction of IgE level in serum, stimula- [56, 57]

Nissle 1917

tion of Thl cells
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Continuation of Table 2

Mechanism of action and effect

Nosological form Probiotics . . Source
on microbiota
Respiratory diseases
. Not fully explored, reduction of Th17 cells
Asthma Ec. faecalis FK-23 and cytokines produced by lung cells 58]
Ciystic fibrosis Lcb. rhamnosus GG Not researched [59]
Not enough researched, associated with the
. . . . production of bacteriocins, hydrogen perox-
Respiratory infections LAB strains of all genera ide, the competition mechanism, and sup- [59]
pression of virulence factors
Neurological and psychiatric diseases
Formation of the gut microbiota-brain axis
. . Lcb. rhamnosus, Bifidobac- by increasing brain-derived neurotrophic
Various neurological ; . . .
. terium spp., Lactobacillus factor, including IFN-dependent [60]
conditions ; . . .
spp., Str. thermophilus mechanism, i.e. by acting on neural,
metabolic and immune pathways
Diseases of . . Not studied, reduces the amount
the autistic spectrum Lb. acidophilus Rosell-11 of D-arabinitol in urine [61]
Balance Mediation by induction
Autoimmune Lpb. plantarum, Lcb. of immunoregulatory reactions, anti- 162]
encephalomyelitis paracasei inflammatory effect, induction of IL-10
dependent cells differentiation
Liver diseases
Cirrhosis and hepatic Combination of LAB Not researched, redpctlon o_f morbldlty [63]
encephalopathy when consuming probiotics
Diseases of the genitourinary system
. . Immunomodulation, normalization of
Bacterial vaginosis vaginal microbiota and production of lactic
and Gardnerella Lactobacillus spp. gthal microt P [47, 64]
o . acid, inhibition of pathogens growth and
vaginalis infection
development
Metabolic syndromes
Production of short-chain fatty acids
Lactobacillus spp., (SCFA), butyrate, GLP-1 secretion,
Bifidobacterium spp. appetite-suppressing mediator
. . of the brain-gut axis
Diabetes and obesity Increases the thickness of the intestinal [65]
Akkermansia muciniohila mucous layer, increases the content
P of biologically active lipids, has
an insulinotropic effect
Cardiovascular diseases
Lactobacillus spp.,
Elevated cholesterol Bifidobacterium spp. Not fully explored [66]
Diseases of the oral cavity
Gingivitis o . . .
- — Lg. salivarius Replacement of pathogenic microorganisms [67]
Periodontitis

Not fully investigated, but related to the

Lactobacillus spp., Leb. detection of cariogenic pathogens and [68]

Dental caries

rhamnosus their inhibition
Immunostimulation, IFN and cytokines
Oral candidiasis Lcb. rhamnosus GG production, Candida growth inhibition by [69]

producting antimicrobial compounds,
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End of Table 2

Mechanism of action and effect

Nosological form Probiotics . . Source
on microbiota
Autoimmune diseases
It is believed that there is a link between
Sjogren's syndrome the pathogenesis of Sjogren's syndrome and [70]
dysbiosis
: Reduction of the C-reactive protein index,
Rheumatoid arthritis Bsz(zzZ'f)obbaacile[;{Zfr:ps%f) stabilization of the insulin level, not fully [71]
explored
Understudied, modulates the immune re-
Systemic lupus sponse, which may be related to pathogene- [72]
erythematosus sis, an imbalance is believed to contribute
to disease development
. . Lactobacillus spp., Reduce the level of inflammatory cytokines
Multiple sclerosis Bifidobacterium spp. and mucosal inﬂammatri}énw [71]
Adjuvants for vaccines
Increasing the vaccine immunogenicity by
Flu vaccine Lcb. paracasei, Lcb. casei inducing phagocytes and NK-cells, promot- [73]

ing the IgA secretion to enhance the vac-

cine effect

2. The main approaches to the development of
recombinant probiotics

The creation of genetically engineered probi-
otics is being developed in the following directions:
1) improving the primary characteristics of the
probiotic, e.g., increasing stress tolerance or adhe-
sive abilities [11, 79]; 2) using probiotics as a uni-
versal delivery system for certain active pharma-
ceutical ingredients [79], a diagnostic tool [80],
an object to improve the specific properties and
increase the synthesis of certain antimicrobial
BACs [77].

2.1. Methods of introducing foreign DNA into
probiotics

The introduction of foreign DNA into a mi-
croorganism is a mandatory stage for carrying out
genetic manipulations to change the heredity of a
biological object. Standard methods are generally
used for probiotics [81]. Transformation can be
achieved via natural and artificial methods. In rela-
tion to probiotics, natural methods are most often
used, which include conjugation, phage transduc-
tion or natural competence. In turn, natural com-
petence is the most common method for hori-
zontal gene transfer in bacteria [81, 82]. For in-
stance, natural competence allows us to transform
Str. Thermophilus using classical vectors and linear
fragments that can be directly integrated into the
chromosome [81]. The natural competence method

was recently discovered in Lactococcus species [83]
Conjugation method is still used today to obtain
new probiotic strains of LAB [84].

Artificial methods include electroporation
(creating pores in the lipid bilayer of the cell
membrane under the action of an electric field),
chemical or thermal shock [82, 83]. Electropora-
tion is the simplest method of artificial transforma-
tion. Although the electroporation method is quite
effective, it is not always possible to use it for wild-
type strains, especially those isolated from the hu-
man GI tract [81]. The possibility of using the pro-
toplast fusion method was also reported [81, 83].

2.2. Methods of modifying the genome of pro-
biotics

The use of genetic engineering to create pro-
biotic microorganisms with specified properties is
carried out by manipulating their own DNA and
the DNA of other microorganisms (that also have
GRAS status) via the following methods: induced
mutagenesis (random mutagenesis); using vectors
obtained from cryptic LAB plasmids or bifidobac-
teria; integration of target genes into the probiotic
strain using site-specific recombination; using the
CRISPR-Cas system [85].

2.2.1. Induced mutagenesis (random mutagenesis)

To obtain mutant LAB with given functions,
it is possible to use induced mutagenesis by physi-
cal (irradiation) or chemical mutagenic agents. It is
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noted that some types of LAB have greater UV re-
sistance than E. coli and are unable to create mu-
tant variants with increased synthesis of the sub-
stances needed by the researcher [86]. Chemical
mutagenesis can increase the production level of
many products, e.g., lactic acid or riboflavin [87, 88].
However, induced mutagenesis is not controlled
and in many cases leads to the induction of un-
wanted mutations together with prolonged strain
selection. Nowadays, these methods are considered
outdated and almost not used [84].

2.2.2. Using cryptic plasmids to create recombi-
nant probiotics

Food-grade vectors were developed to meet
industrial needs for recombinant products. They
(vectors) are constructed using the DNA of GRAS
microorganisms. The main requirement for such
vectors is the absence of antibiotic resistance mar-
kers. It can be said that LAB were the first micro-
organisms to be modified by such vectors. The name
of these vectors is cryptic plasmid — an extrachro-
mosomal DNA element in the form of a double-
stranded DNA molecule closed in a ring [85, 86].

LAB have a large number of cryptic plasmids
that are small in size and can show high resistance
to in vitro manipulations. In addition, they contain
genes necessary for plasmid replication and mobili-
zation, and have no apparent effect on the host
phenotype [85]. At this time, many critical LAB
plasmids were isolated and used to improve LAB
properties [86]. For instance, these are plasmids
from the following LAB species: Lc. lactis (pWVO01,
pSH71, pDI125, pLC2.1], Str. thermophilus (pA2,
pA33, pSt04, pJ34, Lel2, p4028, pRS1) [85, 86].
A large number of plasmids were also isolated from
other probiotic genera, e.g., Lactobacillus, Pedio-
coccus, and Bifidobacterium [85]. In general, the
use of cryptic plasmids improves some properties
of LAB, such as: resistance to bacteriophages,
resistance to bacteriocins (e.g., nisin), acquisition
of resistance to heavy metals (e.g., cadmium, cop-
per), utilization of other carbon sources (e.g., lac-
tose). [85, 86]. A striking example is the enhance-
ment of bacteriophage resistance via conjugative
transfer of the cryptic bacteriophage resistance
plasmid pCI1750 from Le. lactis UC653 to Lc. lactis
CHCC1915 and CHCCI1916 [86].

2.2.3. Using recombination to create recombi-
nant probiotics

The main problem with the use of cryptic
plasmids lies in the unsuitability of the created
strains to be used in industrial conditions, mainly
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due to structural and mitotic instability [85].
Therefore, integrative "suicide" vectors and expres-
sion vectors containing regulatory regions, which
also have "food-grade" status, were proposed to re-
place cryptic plasmids.

Integrative gene cloning leads to specific in-
sertion of the gene into the bacterial chromosome
without the need for antibiotics or other resistance
markers [85, 86]. When integrating vector systems
into the host chromosome, both homologous and
site-specific recombinations are used. A common
strategy for homologous recombination is to estab-
lish regions of homology between foreign DNA
and a region of cognate DNA for insertion into the
chromosome [81, 84]. For site-specific recombina-
tion, the most typical example is the integration of
bacteriophages into the host chromosome, which
occurs between the attB site in the bacterial chro-
mosome and the bacteriophage attP attachment
site [81, 85].

It is the use of different types of recombina-
tion that makes it possible to integrate certain spe-
cific genes, e.g., the human IL-10 gene into the
Lc. Lactis chromosome.[89], or the aggregation
promoting factor (apf) gene from Lb. crispatus to
Lcb. paracasei, which provides the production of
antibodies directed against rotavirus [90]. The use
of LAB modified by homologous or site-specific
recombination is quite promising for therapeutic
use [86]. An additional advantage for using recom-
bination on LAB is the availability of previous
studies on many species: Lc. lactis, Lmb. reuteri,
Lb. gasseri, Lcb. casei and Lpb. plantarum [83].

2.2.4. Using CRISPR-Cas9 to create recombi-
nant probiotics

CRISPR-Cas systems are adaptive immune
systems found in bacteria and archaea that are used
as programmable tools for genome editing in euka-
ryotic and prokaryotic cells [84, 85]. It is the Cas9-
DNA endonuclease of the type II CRISPR-Cas
system that is the most widely used among the Cas
family proteins [84]. Cas9 can create "blunt” double-
stranded DNA breaks that cannot be repaired in
prokaryotes, which is a powerful tool against selec-
tion in wild-type cells [85]. Today, the system is
used in LAB for Lmb. reuteri, Lpb. plantarum and
Lc. lactis. Cas9 was also used to remove large mo-
bile genetic elements in Str. thermophilus and
Lc. lactis [83, 85]. Another example of using the
CRISPR system is the regulation of gene expression
by CRISPRI interference with catalytically inactive
variants of Cas9. For instance, transcriptional regu-
lation using CRISPRi was reported to be used [80].
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2.3. Systems biology approaches for the creation
of recombinant probiotics

Nowadays, in addition to in vivo and in vitro
studies, there are opportunities to combine com-
puter methods for the development and introduc-
tion of new bioactive properties of probiotics and
their subsequent use for a positive effect on the
human microbiome or as "cell factories." There are
numerous in silico methodological approaches that
help to pre-model cellular metabolic pathways and
improve certain biosynthetic properties of cells that
can be used by different probiotics.

A rather important approach is "metabolic en-
gineering” based on the analysis of metabolic path-
ways of a microbial cell and metabolic flux [85].
Given the well-studied genome of LAB and other
types of probiotics, it is possible to modify their
metabolic pathways for the purpose of synthesizing
BACs useful for human (e.g., exopolysaccharides,
alanine, sorbitol, lactic acid, antimicrobial com-
pounds) [87]. For instance, such a comprehensive-
ly studied microorganism as Lc. lactis is considered
as a "cell factory" for the synthesis of enzymes,
bacteriocins and a model organism for in silico
construction [91]. Other probiotics, which are me-
tabolic models and can be used for in silico con-
struction, belong to the Lactobacillus, Enterococcus,
Bacillus, Bifidobacterium genera along with the well-
studied F. coli microorganism. These models are
important tools for the identification and further
development of probiotic strains with increased
properties for the synthesis of final products and
their use as producers of various BACs [85].

3. Use of modern recombinant probiotics in
therapeutic practice

Since probiotics have several mechanisms of
positive influence on the health of the host, the
creation of genetically engineered probiotics with
increased properties of such influence will in the
long run make it possible to use them directly for
preventive and therapeutic purposes [92]. Im-
provements in genetic engineering methods will
expand the range of microorganisms that can be
used as effective probiotics [82, 93]. Although there
is no direct use of recombinant probiotics in clini-
cal practice today, modern research gives reason to
believe that a qualitatively new generation of ge-
netically modified probiotic strains is promising for
their wide practical use in medical practice for the
prevention and treatment of some infectious disea-
ses. For example, the following medical areas of use
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are possible: treatment of GI disorders [79, 94], as
vaccines [82, 92], as a means for immunomodula-
tion [92], for disease diagnosis, as a "cell factory"
to produce useful BACs, etc. [17, 18, 92].

It should be noted that the opinions of medi-
cal scientists regarding the so-called "therapeutic”
use of recombinant probiotics are not unanimous.

It is believed that the use of recombinant pro-
biotics for therapeutic purposes is usually consi-
dered simultaneously — both as the delivery of a
certain therapeutically valuable BAC and the syn-
thesis of this BAC (e.g., a certain antimicrobial
peptide). Therefore, in some scientific works, the
same recombinant probiotic is indicated both as a
synthetic BAC and as a means of delivery. Either
in the case of vaccines or antimicrobial peptides,
such probiotic can simultaneously be considered as
a synthetic BAC (it is a synthetic), as a means of
delivery (the synthesis takes place in situ condi-
tions), as a vaccine (in most cases some immunity
is acquired), as antimicrobial drugs (in general).

Due to such variation of opinions regarding
the lack of a unified classification, we will not fur-
ther divide recombinant probiotics into the catego-
ries by means of delivery or synthetics in sifu con-
ditions but classify them by the use in certain or-
gan systems or diseases of certain organ systems.
This is what we had in mind when writing the pa-
ragraphs that recombinant probiotics can be consi-
dered as multifunctional therapeutic agents and the
most accurate classification is based on therapeutic
effects, which was used later.

For instance, it is stated that an antimicrobial
peptide synthesized by a certain recombinant pro-
biotic ensures the delivery of this BAC and its syn-
thesis "on the spot." In the case of using recombi-
nant probiotics as a vaccine preparation, they
(probiotics) are considered as a delivery tool
(sometimes an adjuvant) for a specific antigen.

In this review, we tried to link diseases of var-
ious human organ systems with the possible prom-
ising use of recombinant probiotics for the preven-
tion and treatment of such systems, the separation
of diseases of certain organ systems, and to eluci-
date other possibilities for the use of recombinant
probiotics.

3.1. Recombinant probiotics as a means for the
treatment of gastrointestinal diseases

Diseases of the digestive system are quite
common and have a significant impact on people's
lives. Conventional probiotics are successfully used
to treat or prevent gastrointestinal diseases, espe-
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cially those related to the gastrointestinal micro-
biota disorders [21].

Among probiotics, Lc. lactis is a well-known
microorganism that is often used for modifications.
Lc. lactis recombinant strains have the ability to
biosynthesize a variety of anti-inflammatory pro-
teins, and certain strains have been tested in prec-
linical and clinical experiments for the treatment of
certain inflammatory bowel diseases [21, 95]. In
addition to genetically modified strains of Lc. lactis,
there are other representatives of the LAB, whose
waste products have enhanced anti-inflammatory
properties, e.g., Lch. casei, Lpb. plantarum and
Str. thermophilus recombinant strains [95].

3.1.1. Recombinant probiotics for the treatment of
inflammatory bowel disease and related diseases

Thus, due to genetic engineering, wild-type
strains of Lc. lactis acquired the ability to biosyn-
thesize the KatE enzyme, or heme catalase, which
is a natural producer of B. subtilis. The enzyme
made the survival of Lc. lactis possible under the
conditions of oxidative stress, i.e., an antioxidant
strain that can synthesize catalase (an anti-
inflammatory enzyme) was created [96]. Another
similar study is the creation of synthetic strains of
manganese-dependent catalase (MnKat) based on
Lcb. casei. Hence, adding Lcb. casei BL23 recom-
binant strain to the mice diet with DSS-induced
colitis (DSS — sodium dextran sulfate) had an an-
ti-inflammatory effect, which indicated a protective
effect of this modified strain [97]. Overall, studies
suggest that increased synthesis of antioxidant en-
zymes by various LAB (superoxide dismutase
(SOD) and various catalases) reduces reactive oxy-
gen species (ROS), inflammation in colitis models
and inflammatory bowel disease (IBD) [94, 97],
increases the survival levels of modified LAB [98],
which enables the creation of both resistant pro-
biotic strains and probiotics as a "delivery tool"
of anti-inflammatory enzymes. It is believed that
Le. lactis transformed with the pprl gene signifi-
cantly improved the resistance to high salt concen-
trations and oxidative stress due to the regulation
of genes responsible for resistance (e.g., the SOD
encoding gene). It is believed that the use of
Lib. sakei transfected with the pprl gene has the
potential to be used for the prevention and treat-
ment of radiation-induced enteritis [99].

Other studies include the creation of recom-
binant strains based on Lc. lactis, which can pro-
duce pancreatin-associated protein (PAP). This
protein is a C-type lectin that usually has an anti-
inflammatory effect and can reduce the severity of
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colitis and IBD-type diseases. The use of Lc. lactis
strains with the ability to produce PAP (LL-PAP
for short) showed a protective role through micro-
biota modulation in mice with DSS-induced coli-
tis. In addition, a decrease in pro-inflammatory
cytokines, which causes IBD progression, was
found [100]. A convergent study using the PAP-
secreting strain Lc. lactis also shows the possibility
of preventing dysbiosis caused by S5-fluorouracil,
which is used as a drug for chemotherapy. Mice
that consumed LL-PAP were observed to have
some changes in the composition of the micro-
biota: the number of microorganisms of the Ana-
erotruncus, Corynebacterium and Enterobacteriaceae
genera in animals with mucositis decreased, while
the number of bacteria of the Akkermansia, Bilo-
phila, Dehalobacterium, Desulfovibrio, Desulfovibrio-
naceae, Parabacteroides, Peptococceae genera si-
multaneously increased [101].

Another method of reducing the manifesta-
tions and treatment of IBD, colitis and other in-
flammatory diseases — the creation of recombinant
strains of LAB that can synthesize different inter-
leukins (IL). An important IL is IL-10, which con-
trols excessive immune response and reduces im-
munopathologies. This interleukin is synthesized by
Lcb. casei recombinant strains. During in vivo mouse
tests with an increase in IL synthesis, a decrease in
the symptoms of DSS-colitis was observed. A pos-
sible mechanism of this phenomenon is the block-
ing of the NF-«xB pathway [102]. A synthetic
strain-producer of human IL-10 (hIL10) based on
Lc. lactis was also created. Interestingly, the hIL10
gene was inserted in a place of the thymidalate
synthase (thyA) gene. Thus, the accumulation of
the gene-modified strain in the environment was
prevented by excision of the thyA gene and inser-
tion of hIL10, since it is known that bacteria defici-
ent in this gene cannot accumulate in the environ-
ment [89]. There are also studies on the produc-
tion of human IL-10 using genetically engineered
Bif. bifidum. Compared to other probiotics ("food-
grade bacteria"), the created strain produced the
highest amount of the target product, which can be
used for the treatment of various diseases [103]. It
was shown that recombinant cathelicidin-related
antimicrobial peptide (CRAMP), which is pro-
duced by Lc. Lactis recombinant strains, regulates
the cytokine profile, reduces the production of IL-6,
IL-1B, TNF-a, increases the production of IL-10.
During in vivo mouse tests, it was established that
two Lec. lactis NZ9000 recombinant strains, which
produced CRAMP, protected mice from DSS-
colitis by suppressing p-p38/NF-xB p-p65 signals,
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due to which the detected regulation of the cyto-
kine profile was achieved [104].

In addition to LAB, the non-pathogenic E. coli
Nissle 1917 strain is actively used in the creation of
recombinant probiotics for the treatment of IBD.
E. coli Nissle 1917 recombinant strains can syn-
thesize IL-10, contribute to the IL-10 accumula-
tion in blood plasma in mouse studies, and reduce
inflammation processes in DSS-colitis [105].

3.1.2. Recombinant probiotics for the treatment
of infectious diseases of the gastrointestinal tract

Another concept of using recombinant pro-
biotics for the treatment of gastrointestinal diseases
is the prevention of infectious diseases of the ga-
strointestinal tract, which can be caused by such
pathogenic microorganisms as Vibrio cholera, Sta-
phylococcus aureus, Clostridioides difficile, etc., or
other eukaryotic pathogens.

For the treatment of V. cholera, a protocol
based on the consumption of recombinant probio-
tics with mimicry ganglioside GM, receptors on
the cell surface was developed. It is the GM, re-
ceptors that have the ability to bind cholera toxin
in large quantities. A recombinant probiotic based
on F. coli, which can bind cholera toxin in vitro,
was created. In vivo mouse studies demonstrate the
ability of E. coli recombinant strain to reduce the
mortality of infected mice, which was achieved by
introducing Campylobacter jejuni glycosyltransferase
genes and the E coli GalNAc-4-epimerase gene into
the strain. In turn, such manipulations ensured the
modification of the lipopolysaccharide of the recom-
binant strain, which had an imitation of the GM,
receptor [106]. Another approach was the trans-
formation of the probiotic strain E. coli Nissle 1917
to express the SAI-1 cholera autoinducer. In this
way, a reduction in the expression of cholera toxin
and toxin-conjugated pili in Caco-2 human epi-
thelial cells was achieved [107] together with using
an engineered strain in mice [108].

St. aureus is a microorganism with which a
large number of the above-mentioned probiotics,
such as LAB, compete. Preventing infections cau-
sed by this pathogen involves the strategy of the in-
sertion of genes encoding various bacteriocins,
such as lysostaphin (a glycine-zinc endopeptidase
that can cleave staphylococcal cell walls). For ex-
ample, enzyme synthesis by FE. coli recombinant
strains [109] and Pichia pastoris yeast [110] is pos-
sible. However, in vivo studies were not conducted.
It is also known that Lcbh. rhamnosus GG recombi-
nant strains produce the SpaC protein (responsible
for mucus binding), inhibit staphylococcal adhe-
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sion to keratinocytes, improve survival after patho-
gen infection [111].

Cl. difficile causes fairly persistent infections,
whereas most antibiotic treatments are ineffective.
The introduction of such probiotics as Bif. breve,
Lcb. rhamnosus, Lcb. casei, and S. boulardii, either
alone or together with antibiotic therapy, showed
some treatment success in living models [112]. To-
day, there are studies on the creation of recombinant
strains based on Lb. acidophilus and Lcb. casei,
which contains a chimeric toxin CI. difficile — sur-
face layer protein SIpA. Such recombinant probi-
otics provide protection against infection and reduce
the mortality of hamsters in in vivo studies [113].

Recombinant probiotics can be used to treat
and prevent enterotoxinogenic diarrhea caused by
FE. coli. The study [114] used a non-pathogenic
E. coli strain, on the basis of which a recombinant
strain was created by inserting glycosyltransferase
genes from Neisseria meningitidis and Campylobac-
ter jejuni. As a result, a microorganism that pro-
duces a chimeric polysaccharide that has the ability
to bind the heat-labile enterotoxin of pathogenic
strains of E. coli was obtained.

Certain studies indicate that unlike wild
strains, Lcb. paracasei are recombinant strains with
the ability to synthesize the Listeria adhesion pro-
tein (LAP) and successfully prevent adhesion, in-
vasion, and transepithelial localization of Listeria
monocytogenes (bacteria that cause infections in
immunocompromised people). Such data indicate
the possibility of using recombinant strains to pre-
vent listeriosis [115].

Among the Ukrainian scientific developments
is the medical drug Subalin [116] containing the
B. subtilis 2335/105 recombinant strain that can
express human o2-interferon [117]. Today, the sta-
bility of the drug is being studied and its antagonis-
tic activity against such opportunistic and patho-
genic microorganisms as Shigella sonnei, Salmonel-
la typhimurium, Staphylococcus aureus, Candida al-
bicans, etc. was proven [118].

3.1.3. Recombinant probiotics for the treatment
of other pathological conditions of the gastroin-
testinal tract

It was established that E. coli Nissle 1917 re-
combinant strains, capable of epidermal growth
factor (EGF) secretion in combination with the li-
pase domain of ABC transporter recognition, can
enhance the migration of human enterocytes in vitro
on HST-18 cultures, thus ensuring the recovery of
intestinal cells. However, further studies are needed
for the safe use of such strategy [119]. A potential
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use of recombinant probiotics is the treatment of
liver fibrosis. For such purpose, a Lc. lactis recom-
binant strain that can produce the extracellular
domain of TGFBR2 (binds to the liver fibrosis
promoter TGFB1) was created. In mouse models
with liver fibrosis, it was found that the supernatant
of recombinant bacteria could inhibit TGFp1-
induced collagen synthesis in hepatic stellate cells.
In addition, the consumption of recombinant pro-
biotics reduced the degree of liver fibrosis, and the
use of bacteria had no side effects [120].

3.2. Vaccines based on recombinant probiotics

The development of therapeutic agents based
on vaccines for the treatment of infectious diseases
is a rather difficult task. However, thanks to ad-
vances in the biological sciences, vaccines have
significantly reduced the threat of disease transmis-
sion and improved the ability to treat complex dis-
eases. Recombinant DNA technology has also con-
tributed to the development of vaccines that are
based on amino acids and DNA [121]. Recombi-
nant probiotics of various species and strains are
one of the tools for creating vaccines in modern
conditions. They usually play the role of various
synthetic antigens in the development of vaccines,
so the terms "vaccine carrier" or "vaccine delivery
vector" are often used, but the general term that
unites these concepts is "recombinant probiotic-
based vaccine" [122]. In particular, the use of re-
combinant probiotics holds promise for both ani-
mal and human immunization not only against
certain viral pathogens, but also for immunization
and protection against certain eukaryotic patho-
gens. It should be noted that almost the entire
spectrum of probiotics is used in the study of poss-
ible immunogenic properties or creating vaccines
based on recombinant probiotics.

3.2.1. Antiviral vaccines based on recombinant
probiotics

At present, there are certain developments re-
garding the use of the E. faecium L3 probiotic as a
bacterial vector for an oral vaccine for immuniza-
tion against the HINI1 influenza virus. Hence, full-
length hemagglutinin protein 2 (HA2) (L3-HA?2) is
mounted into the genome of the Ec. faecium 1.3
bacterial cell, or its long alpha-helix (LAH) do-
main together with four tandem repeats of matrix
protein 2 (M2e) (L3-LAH+M2e). When tested in
mice, the created prototypes of oral vaccines in-
duced antibodies either directed at the NA protein
or M2e-specific antibodies. It was the L3-LAH+M2e
vaccine that provided 100% survival in experimen-
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tal animals, which is promising for further devel-
opment and testing a candidate vaccine for in-
fluenza prevention [123]. The possibility of crea-
ting a vaccine against the HINI1 influenza virus
by integrating the neuraminidase (NA) genes into
Ec. faecium 1.3 DNA is also being considered. Oral
administration of such a vaccine to mice produced
an increase in virus-specific serum IgG and IgA
antibodies, whereas immunization provided 34%
survival [124].

There are approaches to the development of
vaccines against the avian influenza virus based on
recombinant probiotics. These approaches are due
to the inability of conventional (traditional) vac-
cines to protect mucous membranes against the vi-
rus. A vaccine based on Lpb. plantarum recombi-
nant strains expressing the HAI antigen of the in-
fluenza virus with an adjuvant peptide targeting
DCs was constructed. Oral immunization of mice
with the recombinant vaccine strain demonstrated
activation of DCs in Peyer's plaques, increased
amount of CD4+IFN-y and CD8+IFN-y cells in
the liver and mesenteric lymph nodes. An increase
in B220+IgA+ cells in the PP and other parts of
the intestine was also observed. In addition, there
was an increase in specific IgG, IgG1, IgG2a and
IgA antibodies. Thus, it can be stated that recom-
binant strains of Lpb. plantarum could potentially
be candidates for further development of avian in-
fluenza vaccines [125].

Various LABs are considered as rotavirus (RV)
vaccine candidates. There is some information on
the creation of prototypes based on Lc. lactis (ex-
pression of RV outer layer proteins, such as VP6,
VP4, VP7), E. coli, Lcb. casei (VP4 expression) [126],
and Lpb. plantarum (VP7 expression) [127]. In
most cases, an increase was observed in mucosal
IgA and serum IgG or a combination of these im-
munoglobulins with the use of such prototype vac-
cines [126, 127].

The creation of a prototype vaccine against
the rabies virus (RABV) based on recombinant
probiotics is known to be created. A recombinant
strain based on Lpb. plantarum NC8 was con-
structed by inserting two copies of the G gene,
which targets DCs. Immunogenicity and protective
functions were evaluated by oral administration in
mice. After three cycles of immunization, induc-
tion of specific IgG antibodies and mixed respon-
ses of Th1/Th2 cells were observed. Even though
the antibody titers were normal, the developed
prototype vaccine protected 60% of mice against
lethal RABYV infection [128].
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In the studies of coronavirus infection and the
initial attempts to create vaccines, it was found
that the mucosa plays a major role in the transmis-
sion of the disease. Accordingly, vaccination of the
mucosa may be the best approach to detect and
enhance the systemic immune responses of the
mucosa itself [129]. Although there are certain
theoretical grounds for the use of recombinant
probiotics to create a vaccine against SARS-CoV-2,
there is no probiotic-based drug today, and the de-
velopments are at the stage of preclinical or clini-
cal trials [130]. For example, the creation of a pro-
totype vaccine against COVID-19 by inserting the
S protein into Lb. acidophilus was reported [129].
Studies with yeast have demonstrated an increase in
specific IgG and IgA in experimental mice, as well
as certain modulation of the gut microbiota [131]
In addition, Phase I clinical trials of the Bif. Lon-
gum-based vaccine expressing adhesion protein
(ClinicalTrials.gov Identifier: NCT04334980) are
underway [129, 130].

3.2.2. Vaccines based on recombinant probiotics
against bacterial pathogens

In addition to virus-based vaccine preparati-
ons, it is possible to develop vaccines against cer-
tain bacterial pathogens, both foodborne and cer-
tain zoonotic infections [132]. There are studies on
the creation of a prototype vaccine against entero-
hemorrhagic E. coli O157:H7 (EHEC). Using
Lb. acidophilus, certain procedures of virulent
EHEC proteins insertion (toxins of type III secre-
tion system T3SS) were carried out. When tested
on the LoVo cell line, the safety of such a vaccine
and the inhibition of the induction of cell lesions
were observed. In an in vivo test, oral immuniza-
tion induced high levels of antibody synthesis in
mice, increased synthesis of IFN-y, IL-4, IL-10,
and the response of T-helper cells, suggesting in-
duction of humoral and cellular immunity [133]. A
vaccine to combat Group B Streptococcus (GBS)
infection is being developed. When inserting the
surface immune protein (SIP) into Lc. Lactis, the
induction of humoral (increased levels of IgA, IgG)
and cellular (activation of SIP-specific T cells)
immune response is observed, which was demon-
strated in an experimental model of GBS vaginal
colonization in mice [134]. There are approaches
to create a vaccine against brucellosis based on re-
combinant probiotics — studies based on using re-
combinant Lcbh. Casei with the Ompl9 antigen in-
sertion [135] and Lc. lactis strains with an inte-
grated omp31 gene fused to the usp45 signal pep-
tide [136]. Both studies revealed powerful immu-
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nogenic properties of the created vaccines and sti-
mulation of humoral and cellular immune res-
ponses [135, 136]. For some time, the possibility of
creating an oral vaccine against Salmonella enteri-
ca serovar Enteritidis was considered. Thus, proto-
types using recombinant Lcb. casei strains, which
express FliC (flagellin), SipC (type III secretion
protein), and OmpC (Salmonella outer membrane
porin) antigens were proposed. Antigen-specific
immune responses and enhancement of protective
immunity were observed after immunization of
mice [137]. Certain strategies for the treatment of
cholera using recombinant probiotics have been
discussed above, so the next step to prevent V. cho-
lera infection is the creation of oral vaccines. Thus,
the probiotic S. boulardii yeast was used to express
the TcpA protein toxin precursor. The resulting re-
combinant strain was capable of protein synthesis
after 5 hours. Extra studies are needed for making
further conclusions regarding the immunogenicity
of the resulting strain [138]. The creation of a vac-
cine against Clostridium perfringens infection (the
causative agent of necrotizing enterocolitis) and
other gastrointestinal tract diseases is being consi-
dered. The need to create a vaccine against this
pathogen is due to its resistance to standard anti-
biotics and the belief that vaccination is more ef-
fective [112]. Lcb. casei recombinant strains were
used in the development of the vaccine, which
acquired the ability to synthesize Cl Perfringens
a-toxin. When tested on mice, the acquisition of
humoral and cellular immunity was established [139].
In addition, using Lcb. casei, a strain expressing a-,
¢-, Bp1- and B2-toxins was created. An immunoge-
nicity study showed that the vaccine triggers both
humoral (synthesis of sIgA, a number of ILs) and
cellular (increase in % CD4+ and CD8+ T cells)
immune responses [140].

3.2.3. Development of vaccines against trichi-
nellosis

Trichinellosis is a rather dangerous disease of
food origin that is difficult to treat. Modern treat-
ment has many side effects from the drugs used.
Consequently, there is a need to create a vaccine
against this disease [141, 142]. Based on Lpb. plan-
tarum NCS8, recombinant strains expressing two
Trichinella spiralis antigens (protein encoding gp43
hydrolase and proteins expressed at the muscle lar-
va stage) were constructed. Oral immunization in-
duced high levels of specific serum IgG and mu-
cosal sIgA in mice. In addition, an increased num-
ber of cytokines, interleukins and CD4+ type cells
were indicated. After infecting immunized mice
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with pathogenic larvae, there was a 75.67% de-
crease in the number of adult worms 7 days after
infection along with encysted larvae on the tongue
and masticatory muscles [142]. Another study also
used Lpb. plantarum recombinant strains expres-
sing fibrinonectin-binding protein (FnBPA), adult
T. spiralis serine protease (Ts-ADpsp), and murine
IL-4. Experimental mice were orally immunized
3times with 10-day intervals, after which they
were infected with 7. spiralis larvae. Due to immu-
nization of mice, the number of specific IgG, cy-
tokines and T-helpers increased [141].

3.2.4. Vaccines based on recombinant probiotics
for veterinary use

The development of vaccines based on re-
combinant probiotics is promising not only for
human use but can also be applied in veterinary
practice. For example, a B. subtilis-based vaccine is
under development to prevent porcine epidemic
diarrhea virus (PEDV). Thus, a recombinant strain
was constructed by inserting the adhesion protein
of PEDV and L-lectin-p-GF, which can improve
the attachment of B. subtilis to M-cells of the in-
testine. Based on the results of mouse studies, an
increase in the percentage of T cells was observed,
an increase in sIgA in the intestinal mucosa of
mice was detected, and an increase in anti-PEDV
IgG was discovered, indicating the effectiveness of
oral immunization with the developed vaccine [143].
In addition to PEDYV, a vaccine targeting porcine
parvovirus (or porcine parvovirus infection PPV)
has been developed. The PPV structural polypep-
tide VP2 was embedded into Lcb. casei ATCC 393.
A strong specific immune response against VP2
was observed when administered intragastrically to
mice, and the induced antibodies demonstrated a
neutralizing effect on PPV [144]. A vaccine against
the transmissible gastroenteritis coronavirus (TGEV),
which is the biggest threat to pig farming, was also
developed on the basis of recombinant probiotics.
A set of Lpb. plantarum recombinant strains was
created with a surface bearing a spike (S) protein
derived from TGEV and fused to DC. As a result,
immunized animals (pigs) had increased sIgA titers in
feces and IgG titers in serum, indicating the induc-
tion of an immune response. This approach can be
used to further develop vaccines against TGEV [145].
The use of recombinant probiotics allows the de-
velopment of a vaccine against the African swine
fever virus (ASFV). To date, there is no traditional
vaccine against this virus, but research in this di-
rection continues. Hence, in Lpb. plantarum a pro-
tein pl4.5 was incorporated, which was chosen as
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an antigen. After oral immunization of mice with
the recombinant strain, the level of differentiation
and maturity of T-lymphocytes, B-lymphocytes
and dendritic cells in mice was determined by flow
cytometry and ELISA. Compared to the control
group, these indicators were higher. In addition,
the formation of specific antibodies and sIgA was
observed, which made it possible to conclude
about the effectiveness of the vaccine and the im-
provement of humoral, mucosal, and cellular im-
munity, which is the basis for further development
of vaccines against ASFV [146]. Efforts to develop
a vaccine to prevent post-weaning diarrhea (PWD)
in piglets caused by enterotoxigenic FE. coli (ETEC)
are underway. For this purpose, the E. coli modi-
fied strain using the CRISPR-Cas9 technology was
used. After modifications, the strain had the ability
to express F4 and F18 fimbriae. Immunization of
mice and piglets with the recombinant strain pro-
moted the development of an immune response
against both fimbriae. Furthermore, serum antibo-
dies of immunized animals inhibited the adhesion
of ETES strains [147].

Some experimental studies on the use of re-
combinant probiotics as immunostimulants are
conducted in fish. For instance, salmon during the
breeding season can be exposed to viral diseases.
Today there are not enough methods to prevent
fish diseases. In this regard, in vivo and in vitro
studies using recombinant Lc. L actis that can ex-
press type I interferon to determine the possibility
of its use against infectious pancreatic necrosis vi-
rus (IPNV), which commonly affects salmon (Salmo
salar), were carried out. Thus, it was found that a
recombinant synthetic interferon strain reduces the
viral load in vitro, whereas oral administration of
the strain stimulates the antiviral immune response
in adult males [148].

3.3. Recombinant probiotics for the treatment of
metabolic disorders

Nowadays there are studies on the possibility
of using recombinant probiotics to reduce the
symptoms or complications of such diseases as di-
abetes of the first and second type, and obesity.
Other studies indicate the possibility of treatment
of human metabolic diseases, e.g., phenylketonuria.

One of the promising strategies for the treat-
ment of obesity with the help of recombinant pro-
biotics is the synthesis of intestinal glucagon-like
peptide (GLP-1) by various types of LAB. GLP-1
and its analogues are drugs of a new generation
that can modulate the metabolism of human lipids.
However, such drugs can only be administered
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intramuscularly due to the intestinal degradation of
peptides. Therefore, recombinant strains based on
Lceb. paracasei NFBC 338, which could synthesize
a long-acting GLP-1 analog, were created. A study
in obese rats showed that short-term consumption
of the recombinant microorganism reduced serum
lipoproteins and cholesterol, whereas long-term
consumption improved insulin secretion, glucose
and cholesterol metabolism [149]. The creation of
FE. coli Nissle 1917 recombinant strain capable of
synthesizing the N-acylphosphatidylethanolamines
(NAPE) bioactive lipids by inserting NAPE syn-
thase genes was reported. After short-term admin-
istration of the recombinant strains, mice became
resistant to diet-induced obesity [150]. Lc. lactis
was modified to obtain in vivo fibroblast growth
factor 21 (FGF21), which is a regulator of meta-
bolism. After administration of the strain to obese
mice, the body weight of the animals decreased
compared to the control group, while the activity
of brown adipose tissue increased. A study indi-
cates the possibility of synthesis and oral adminis-
tration of FGF21 by recombinant probiotics to
combat obesity [151]. The Lmb. reuteri recombi-
nant strain, which can express 1L-22 (ameliorates
the course of diseases associated with metabolic
syndrome), was developed. In murine models of
nonalcoholic fatty liver disease (NAFLD), the re-
combinant strain was found to reduce liver weight
and the manifestations of NAFLD compared to
the control group of animals [152].

Certain recombinant probiotics that synthesize
GLP-1 are also used to treat type 2 diabetes in
mouse models. These are strains of the Bifidobacte-
rium and Lactococcus genera [153]. The Lcb. para-
casei BL23 recombinant strain was used to produce
the GLP-1 analogue for further investigation of the
antidiabetic effect in rats. As a result, it was found
that the recombinant probiotic stimulated the pro-
duction of insulin. In addition to this, the intro-
duction of non-modified strains also contributed to
the insulinotropic effect [154]. A recombinant
strain based on Lc. lactis NZ9000 was created to
treat type 1 diabetes without obesity, which syn-
thesizes a specific protein HSP65-6P277 (reduces
the incidence of diabetes and inhibits insulitis in
mice). Mouse studies showed that the oral con-
sumption of the recombinant strain prevented
hyperglycemia, improved glucose tolerance, and
reduced insulitis [155].

Recombinant probiotics are also being deve-
loped to reduce the symptoms of diabetes and pre-
vent complications of this disease. The Lch. Para-
casei-based strains that can synthesize human an-
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giotensin-converting enzyme (ACE) 2 (reduces in-
flammation and oxidative stress, protects against
cardiovascular diseases and other metabolic diseas-
es, including diabetes) were developed. Mouse stu-
dies with two models of diabetic retinopathy indi-
cate a positive effect of the created probiotics: a
reduction in the expression of inflammatory cyto-
kines and a loss blocking of retinal ganglion cells
were observed [156]. Another study also indicates
the possibility of using recombinant Lcb. paracasei
expressing angiotensin-(1-7). Oral administration
of the strain reduced the loss of retinal vascular
capillaries, ganglion cells, and decreased the ex-
pression of inflammatory cytokines [157].

Recombinant probiotics capable of in situ
synthesis of phenylalanine hydroxylase (PAH) are
currently being developed, which can become a
strategy for the treatment of phenylketonuria. In
this way, the defective enzyme is replaced, and the
accumulation of phenylalanine is eliminated.
Hence, based on Lpb. plantarum, a PAH-synthetic
recombinant strain was created, and co-cultivation
of bacteria with Caco-2 cells showed the efficiency
of enzyme production and the possibility of its
transport through a monolayer of cells. Test for
PAH enzymatic activity secreted by recombinant
Lpb. plantarum indicated enzyme activity and a
decrease in L-phenylalanine levels [158]. Using
Lmb. reuteri 100-23C, a recombinant synthetic
strain of phenylalanine lyase, Anabaena variabilis,
was created. Oral administration of Iyophilized
bacteria was used for in vivo studies. In experimen-
tal mice, L-phenylalanine levels were reduced after
three to four days of probiotic administration and
remained significantly reduced compared to the
control group [159].

Recombinant probiotics may also be used as
hypotensive (or antihypertensive) agents. For ex-
ample, there are known studies on the synthesis of
peptides inhibiting ACE, which regulates blood
pressure. E. coli recombinant strains were typically
used for the biosynthesis of such peptides. To study
the effect of probiotics in vivo, a recombinant
strain based on Lpb. plantarum NC8 was created,
which had the ability to produce inhibitory pep-
tides. A study in rats showed a reduction in systolic
blood pressure compared to the control group [160].
The protective effect of the Lpb. plantarum recom-
binant strain was shown on human umbilical vein
endothelial cells (HUVEC). The strain had the
ability to express ACE-inhibiting peptide (NCS8-
pSIP409-alr-ACEIR). The experimental results in-
dicate the possibility of using the strain to protect
HUVECs from the damage induced by hydrogen
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peroxide. Additionally, an increase in ACE2 ex-
pression was observed. The possibility of using re-
combinant probiotics to reduce the rate of apopto-
sis of vascular endothelial cells and hypertension
was demonstrated [161].

3.5. Recombinant probiotics for the treatment of
allergies

It is known that probiotics are used to treat
some types of allergies, such as food or allergic
dermatitis. Recombinant probiotics provide much
broader opportunities for overcoming these ma-
nifestations, treating allergic conditions, and creat-
ing allergy vaccines [162].

There are studies on the creation of recombi-
nant strains to reduce immune responses in house
dust mite allergy. In Lb. acidophilus the Der p 5 gene
was inserted, which is an allergen of Dermatophago-
ides pteronyssinus (house dust mite). The resulting
strain was orally administered to mice, then 21 days
after sensitization, they were subjected to an inha-
lation challenge. The consumption of the recombi-
nant strain was found to significantly reduce the
synthesis of Der p 5-specific IgE and allergen-
induced hyperreactivity [163]. With the insertion
of another Der p 1 allergen in Lpb. plantarum
NCIMBS8826, the immunomodulatory properties of
this strain were determined and the possibility of
its use as a live vaccine carrier was revealed. In
mouse studies and prophylactic intranasal adminis-
tration of the strain, the prevention of a typical al-
lergic reaction was observed due to a decrease in
specific IgE and allergen-specific IgG2a. In addi-
tion, both wild-type and modified probiotics re-
duced airway eosinophilia after allergen aerosol ex-
posure [164]. The use of the E.coli Nissle 1917
probiotic strain, which expresses Der p 1, is also
considered an effective way of combating allergy
caused by dust mites. Vaccination of mice with this
strain prevented an allergic reaction after treatment
of the respiratory tracts of experimental animals
with aerosol extracts of mites. Induction of aller-
gen-specific IgG2a response as well as decrease in
IL-5 secretion were additionally observed. It was
the recombinant strains that inhibited the devel-
opment of eosinophilia and neutrophilia in the
airways of mice [165]. Using Lc. lactis, prototypes
of house dust mite allergy vaccines were created,
which had the ability to produce the Der p 2 aller-
gen. Oral administration of preparations of the ob-
tained strains prevented the development of respira-
tory tract depression in mice sensitized to Der p 2,
which was determined by weakening the infiltra-
tion of inflammatory cells in the lung tissues and
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reducing the level of such cytokines as IL-4 and
IL-5. In addition, a decrease in serum levels of al-
lergen-specific IgE and IL-4 was observed [166].

In addition to house dust mite allergens, pol-
len allergens of various plants are clinically impor-
tant. In this direction, there are also attempts to
use recombinant probiotics to create effective means
for allergen-specific sublingual therapy [162, 167].
Sublingual administration of Bif. bifidum recombi-
nant strain expressing Bet v 1 (an allergenic com-
ponent of birch) enhanced the tolerance induction
in mice sensitized to this allergen and suppressed
airway hyperreactivity. In addition, the induction
of human dendritic cells maturation in vitro was
observed. The studied immune responses make the
Bif. bifidum recombinant strain as an adjuvant can-
didate for specific immunotherapy of certain types
of allergies [167]. When using Lch. paracasei ex-
pressing Bet v 1 in pregnant and lactating mice,
prevention of airway inflammation in the offspring
was observed [168]. Lc. lactis and Lpb. Plantarum
recombinants, expressing Bet v 1 in vitro, caused a
shift of the immunological reaction towards Thl.
Intranasal immunization of mice, which was fol-
lowed by sensitization, demonstrated reduced air-
way inflammation, eosinophilia, and IL-5 Ievels
compared to the control groups [169].

A strain of Lc. lactis was constructed, which
expresses profilin (Che a 2) — the main allergen of
Chenopodium album. Immunological studies of the
strain indicate the possibility of binding human
IgE. Nevertheless, in vivo studies have not been
performed [170]. In addition, Lc. lactis was used
for the expression of the Ama r 2 (Amaranthus re-
troflexus) allergen. To evaluate the effectiveness of
the strain, a probiotic "ice cream" was prepared. It
was established that consumption of the product
significantly reduced the level of IgE, 1L-4 after
sensitization, compared to the control group [171].
Lc. lactis recombinant strain was also tested on mice,
expressing the Sal k 1 allergen (Salsola kali or prickly
saltwor). After oral sensitization with the obtained
strain and subsequent treatment with the allergen,
a decrease in the levels of IgE, 1L-4, IgG specific
cytokines was found. A study showed that Th2 im-
mune responses in mice were reduced after immu-
notherapy with the recombinant strain used [172].

There are studies using not only one allergen,
but also several at the same time. Thus, a recom-
binant strain based on F. coli Nissle 1917, which
simultaneously expresses allergens of birch pollen
and grass (a polyallergenic construct), was created.
Normal mice and gnotobionts received the strain
intranasally during pregnancy and lactation. The
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offspring were also exposed to intranasal adminis-
tration of the strain. As a result, a decrease in al-
lergic inflammation in the offspring was observed,
and prevention with the use of gnotobionts was
more effective [173].

Information on the possibility of treatment
or prevention of food allergies using recombinant
probiotics is available. Lc. lactis, expressing Helico-
bacter pylori protein subunit, activates neutrophils
(NapA) and has a certain therapeutic potential in
food allergic diseases. Mouse studies indicate a re-
duction in allergy symptoms (diarrhea, intestinal
inflammation) and stimulation of the secretion of a
number of cytokines IgG2a, IFN-y [174]. A fairly
common type of food allergy is a peanut allergy. In
order to create allergen-specific immunotherapy,
various recombinant strains of Lc. lactis were cre-
ated, producing Ara h 2 (peanut allergen) in differ-
ent forms: cytoplasmic, fixed and secretory. It is
the last two forms that have proven to be more ef-
fective in redirecting the Th2 immune response to
non-allergenic Thl. In addition, induction of sIgA
and regulatory T cells was observed upon oral ad-
ministration of the strain [175]. Lc. lactis recombi-
nant strain, which expresses the major allergenic
buckwheat protein (Fagagl) with and without GFP
tag, which allowed measuring the expression of the
target protein, was also created. Mouse splenocytes
treatment with the isolated recombinant protein
increased the expression of allergic cytokines (I1L-4,
IL-13, 1IL-17). Such results indicate the possibility
of increasing the specificity of immunological res-
ponses, however, in vivo studies are needed for fur-
ther conclusions [176].

Another type of food allergy is milk allergy,
which is why recombinant probiotics are being de-
veloped to reduce the dangerous manifestations
of the disease. For example, a bovine lactoglobulin
(BLG) recombinant synthetic strain based on
Lc. lactis was created. BLH is one of the main al-
lergens of cow's milk. After intranasal administra-
tion of recombinant strains to mice, there was a
decrease in IgG1 production in serum and bron-
choalveolar lavage fluids as well as a switch from
Th2 to Thl immune response [177]. A synthetic
strain of B-galactosidase Lc. lactis MG1363/FGZW
was developed to reduce the symptoms of hypolac-
tasia. In an in vivo study, a reduction in allergy
symptoms was observed, which correlated with an
increase in colonization of the gut with bifidobac-
teria [178].

Among other applications of probiotic strains
may be the treatment of atopic eczema and asthma.
Lceb. rhamnosus GG and Lcb. rhamnosus HNO0O1
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recombinant strains were reported to have positive
effects [179].

3.6. Recombinant probiotics as biosensors and
"diagnostics tools”

In addition to direct therapeutic applications
of recombinant probiotics, there is the possibility
of their use as a diagnostic tool or for disease de-
tection. A fairly common system of using recom-
binant probiotics to detect signaling molecules in
the body is the synthesis of Lc. lactis p-lactamase,
showing colorimetric shifts that indicate the pre-
sence of the causative agent of cholera. Another
example is using probiotics to find formyl peptides
generated by pathogens [180]. Using the method
of finding the "quorum", a biosensor based on
Lmb. reuteri was constructed, which can determine
autoinducing peptide-I (AIP-I), that is, molecules
produced by Staphylococcus sp. during the dise-
ase [181]. Biosensors were also designed to detect
thiosulfate and tetrathionate, which can be formed
in colitis, Shewanella halifaxensis and Salmonella
typhimurium infections. Typically, such sensors use
E. coli Nissle 1917 [93]. Lc. lactis recombinant
strain has also been developed to detect Ec. faecalis.
When this pathogen is detected, recombinant
strains synthesize anti-enterococcal peptides that
inhibit the growth and reduce the viability of bac-
teria. The signal for detection is the cCF10 entero-
coccal sex pheromone, whereas antimicrobial acti-
vity is provided by three bacteriocins: enterocin A,
hyracin JM79, and enterocin P [182].

Also, biosensors can be used not only to
detect certain infectious disorders or disorders of
the intestinal microbiota, but also to diagnose can-
cer. Based on FE. coli Nissle 1917, a diagnostic drug
that can detect liver tumors in vivo was created.
The resulting diagnostic platform contained bacte-
ria transformed with a lacZ vector and luxCDABE
integrated cassette that provided luminescent visua-
lization of metastases [183].

Bioluminescent recombinant probiotics are
being developed to monitor the intestinal micro-
biota. The creation of bioluminescent probiotics is
achieved by inserting the green fluorescent protein
gene, which was tested on various microorganisms:
Lc. lactis subsp. cremoris [184, 185], Lpb. Planta-
rum [184], Bifidobacterium sp. [185]. Luciferase
genes (luct) are often used in relation to F. coli,
Le. lactis [186], Lcb. casei [187], Lpb. plantarum
[188], etc. The method is completely safe and al-
lows real-time monitoring of bacteria but is still
only a tool for certain studies [185].
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3.7. Recombinant probiotics as "cell factories" or
for the synthesis of biological active compounds

Various microorganisms are quite often consi-
dered by biotechnologists as "cellular factories".
Hence, with the help of recombinant DNA me-
thods or other genetic tools the tasks set for the
synthesis of the necessary BAC can be easily achie-
ved. Probiotics were not an exception for such use.
In addition, probiotics have advantages when used
as a "cell factory", the main part of which is the
study of the genome of most species [50, 77, 83].
In addition to the usual E. coli and S. cerevisiae
biotechnology model microorganisms, more and
more attention is paid to other probiotic microor-
ganisms, such as Lc. Lactis and B. subtilis [91, 189].

It is known that genetic manipulations on
LAB make it possible to use them for the biosyn-
thesis of organic acids (lactic acid [88]), sweeteners
(sorbitol, mannitol), exopolysaccharides, and vita-
mins (riboflavin) [87]. Various genetically engine-
ered probiotics can be used to synthesize certain
bioactive antimicrobial or antiviral peptides [190].
For instance, the synthesis of bacteriocins that in-
hibit the growth of Ec. faecalis [182] by Lc. Lactis
recombinant strain and the synthesis of the antilis-
teral peptide leucocin C by genetically modified
S. boulardii [191]. Enterocin A-producing strains,
which is a bacteriocin that suppresses the growth of
listeria, were also created. High antimicrobial ac-
tivity is demonstrated by Lcbh. casei mutants, which
synthesize enterocin A [192].

The studied recombinant proteins of bifido-
bacteria have prospects for the use in pharmaceuti-
cal development or for the creation of pharmaco-
logically active food products. These proteins are
usually various enzymes: endo- and exoglycosi-
dases, pyrophosphorylases, and glycosyltransferases.
The use of genetically modified strains of various
Bifidobacterium species to produce such enzymes
as p-galactosidase, a-L-fucosidase, amylase, etc. are
being considered [193]. There are studies on the
creation of a phytase producer from Bif. longum
strains. Thus, intestinal phytate degradation may be
increased and phosphorus excretion will be re-
duced [194, 195].

The achievements in genetic engineering al-
low the creation of producers of various chemical
substances, e.g., S-butanediol, acetone, Lc. Lactis-
based diacetyl, 3-hydroxypropionic acid, 1,3-
propanediol using Lmb. reuteri [195].

It is reported about the possibility of bio-
synthesis of conjugated linolenic acid by numerous
LAB, such as: Lc. Lactis mutant strains and
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Lcb. paracasei [196]. The possibility of creating
E. coli Nissle 1917 probiotic strain with the ability
to biosynthesize omega-3 fatty acids, particularly
eicosapentaenoic and docosahexaenoic, is being
investigated as well [197].

Additionally, the possibility of y-aminobutyric
acid (GABA) synthesis by mutant probiotics is
considered. There are studies on using Bif. adoles-
centis and E.coli Nissle 1917. The amount of
GABA was 415 mM with a glutamate conversion
of 92—100% for the first microorganism [198] and
17.9 g/L in the case of the second [199]. Another
GABA biosynthetic is Lc. lactis, which synthesized
up to 33.52 g/L after numerous genetic modifica-
tions [200].

Studies on the synthesis of mannolytic and
chitinolytic enzymes on the surface of Lpb. planta-
rum are quite interesting, which provides a new
approach for the synthesis of potentially prebiotic
oligosaccharides [201]. It is also possible to pro-
duce isomaltulose using an immobilized F. coli re-
combinant strain capable of expressing Pantoea
dispersa sucrose isomerase using the same strategy.
The obtained disaccharide increased the prolifera-
tion of various probiotic strains, whereas the max-
imum productivity was 240 g/L [202]. According to
the same strategy, there is a possibility to obtain
valuable neoagarooligosaccharides prebiotics (e.g.,
neoagarotetrose). For this reason, the insertion of
Bt. plebeius p-agarase genes into S. boulardii was
used [203]. Other probiotics were modified to bio-
synthesize valuable polysaccharides, such as hepa-
rosan — a precursor to heparin that can be used to
deliver certain drugs. To increase the yield of valu-
able polysaccharide, it is possible to use genetic
engineering on E. coli Nissle 1917 [204].

Also, genetic engineering makes it possible to
create strains of probiotics that can synthesize anti-
cancer compounds. Based on Lc. lactis, a recombi-
nant IL-17A synthetic strain with antitumor prop-
erties was constructed. Conducted in vivo studies
indicate efficient synthesis of the cytokine and its
biological activity [205]. A producer of 5-amino-
levulinic acid based on E. coli Nissle 1917 was also
created, which can induce specific cytotoxicity
against cancer cells [3].

4. Recombinant probiotics safety and regula-
tory principles

Despite the large number of beneficial proper-
ties of both recombinant and conventional (natu-
ral, unmodified) probiotics, the scientific commu-
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nity still does not have a consensus on the safety of
any probiotics and their use as medicinal products.
For example, a joint report by WHO and
FAO raises some doubts concerning the safety of
some probiotics [206]. It is known that probiotics
can have negative metabolic activity, cause system-
ic infections and inadequate immune responses,
and sometimes contain antibiotic resistance genes,
which can cause horizontal gene transfer [207, 208].
Considering these reasons, the new probiotic strains
are recommended to be additionally tested for anti-
biotic resistance, toxin-forming capacity, hemolysis,
and potential harmful metabolic activity [206, 207].

Genetically engineered probiotics neither cur-
rently have specific regulatory approvals from the
FDA nor specific status as non-modified [84]. Us-
ing recombinant probiotics has more risks than
conventional probiotics, including:

1) the problem of over-efficiency of the ga-
strointestinal tract colonization by a recombinant
microorganism, which can lead to dysbacteriosis
and displacement of natural microbiota;

2) impossibility of achieving absolute speci-
ficity for pathogens;

3) resistance to pathogens and the acquisition
of new forms or resistance due to the formation of
biofilms or changes in signaling molecules;

4) emergence of the problem of biocontami-
nation with new "artificial" microorganisms [82, 112].

In addition, recombinant probiotics in most
cases are tested in animal models and full clinical use
requires further improvements and studies [11, 112].
Although the use of genetically modified probiotics
as biotherapeutic agents is not approved today,
such microorganisms still have a practical value,
e.g., as a "cell factory" for the synthesis of food
components or enzymes. Due to the lack of legal
regulation and prohibition, the majority of probio-
tic microorganisms used in industry are obtained by
classical strain improvement (e.g., the use of "food-
grade vectors"), not by genetic engineering me-
thods [83]. The development of genetic engineering
methods and the growing number of studies on the
various properties of recombinant probiotics pro-
vide prospects for the creation of legal regulation
of the use of genetically engineered microorgan-
isms both for standard biotechnological processes
("cell factories", BAC synthesis) and modern bio-
therapeutic drugs as well.

Conclusions

Probiotics are therapeutically valuable micro-
organisms that include various families of bacteria,
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the largest and best known of which are as follows:
Lactobacillaceae, Bifidobacteriaceae, and Strepto-
coccaceae. The analysis of the genera of probiotics
showed that the largest share is made up of lactic
acid bacteria, especially the Lacfobacillus, Lactica-
seibacillus, and Streptococcus genera. Besides this, a
large group makes up the genus of non-lactic acid
bacteria — Bifidobacterium. Due to the large num-
ber of species and strains, different probiotics have
different therapeutic effects on certain human dis-
eases and, accordingly, different mechanisms of
action, among which the most famous can be as
follows: immunostimulation, synthesis of biologi-
cally active compounds (bacteriocins, organic acids),
and displacement of pathogenic microorganisms.
Considering the significant beneficial proper-
ties that natural probiotics have, the use of genetic
engineering and other genome modifications are
quite promising and aimed at achieving various
beneficial effects for humans, the main of which
are related to improving the properties of natural
probiotics and adding special properties, e.g., the
delivery of specific biologically active compounds,
or the use of probiotics as in vivo "cell factories.”
Nowadays, there is a large amount of research
and scientific works on the creation of recombi-
nant probiotics for various therapeutic applications.
The largest areas of research and testing are as fol-
lows: treatment and prevention of non-infectious
diseases of the gastrointestinal tract, creation of
various vaccines based on recombinant probiotics,
treatment of human metabolic diseases and allergic
disorders. The well-studied probiotics, such as: E. coli
Nissle 1917, Lc. lactis, Lcb. casei, Lcbh. rhamnosus
GG, Bif. Bifidum are most often used in these di-
rections. In all in vivo studies, using mouse models,
positive effects that can improve the course of a
certain disease or reduce symptoms and put the
disease into remission were reported. Recombinant
probiotics-based vaccines research on mice models
was reported to have positive effects that include
increased survival in the group, triggering humoral
and cellular immune responses. In addition, the use
of recombinant probiotics for the treatment of the
gastrointestinal tract diseases, metabolic disorders
and allergies allows a local effect on the causative
agent or the use of a microorganism as an in vivo
cell factory, which will lead to a faster relief of the
symptoms of the disease along with its treatment.
Recent decades have seen the interest of the
scientific community and a significant amount of
research on recombinant probiotics. Thus, it can
be said that this is a new field that requires a more
thorough, systematic approach and cooperation
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with medicine. In addition, when identifying the Interests disclosure
positive effects of a certain modified probiotic, not
only the positive effects, but also the side effects The authors have no conflicts of interest to

of its long-term consumption should be studied. declare.
Moreover, the risks of its direct therapeutic use

should be considered, which would allow us to ex-

pand and accumulate knowledge about recombi-

nant probiotics.
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KrI im. Iropsi Cikopckkoro, Kuis, Ykpaia
%lHcTUTYT NpogoBonbumnx pecypcie HAAH Ykpainu, Kuis, YkpaiHa

PEKOMBIHAHTHI MPOBIOTUYHI MPEMAPATU: CYYACHWUW CTAH, MEPCMEKTUBU PO3BUTKY TA 3ACTOCYBAHHS

CraTtTs npMcBsYeHa Cy4acHOMY CTaHy AOCArHEHb y cdpepi JOCMiMKeHb, PO3PO6KM Ta BNPOBAMKEHHS Pi3HUX BUAIB MEAUYHMX npenapa-
TiB Ha OCHOBI pekoMbBiHaHTHNX Npo6ioTukiB. BuceiTneHo nepesarn nNpoGioTUKIB, iX CydyacHe BUKOPUCTaHHS Y MeAWLUHI, NpoaHanisoBaHo
HanvacTille BUKOPUCTOBYBaHI poau Ta BMAWM NpobioTUYHUX MikpoopraHiaMiB. HaBeaeHo nikyBanbHO-TepaneBTUYHI akTUBHOCTI OOCHi-
pkeHnx npobioTukis. Ornsa 03HANOMITIOE 3 PI3HUMK METOAaMMN CTBOPEHHSA PEKOMOBIHAHTHNX NPOBIOTUYHMX MIKpOOpraHi3miBs, cepen SKuX
SIK CTaHOApPTHI METOAM FeHHOT iHXeHepil, Tak i nigxoan cucteMHoi 6ionorii Ta HoBI MeToam 3 BUKopucTtaHHam cuctemm CRISPR-Cas. Ha-
BEEHO CMEKTP NOTEHLiHMX TepaneBTUYHUX 3aCTOCyBaHb NpenapaTiB Ha OCHOBI pekoMbiHaHTHUX NpobioTukie, ocobnuey yBary npuai-
NEHO Cy4aCHUM AOCHIHKEHHAM 3i CTBOPEHHS HOBMX Binblu e(peKkTVBHUX PEeKOMBIHaHTHMX NMPOBIOTUKIB, L0 MOXYTb BYTW BUKOPUCTaHI 3
Pi3HUMYM TepaneBTUYHUMM LiNnamu. 3Baxalum Ha Pi3HOMAaHITHI MOXINMBOCTI TepaneBTUYHOro 3aCTOCYBaHHA PEKOMBIHaHTHUX NpobioTu-
KiB Ta iX HEOAHO3HaYHY (PYHKLIOHAMNbHICTb, PO3IMASHYTO iX BUKOPUCTaHHS AN NOTEHUINHOMO MiKyBaHHS Pi3HWX NOLUMPEHNX 3aXBOPIOBaHb
NOAVHN: He- Ta iHEeKUiNHMX XBOPOO LLMYHKOBO-KMLLKOBOrO TPaKTy, MeTaboniyHmx posnagis, anepriyHux ctaHis. Po3rnaHyTo nepcnek-
TUBU CTBOPEHHS Pi3HUX TUMIB BakLUMH HA OCHOBI PEKOMOIHAHTHUX NPOBIOTMKIB Ta MEPCNEKTUBM X BNPOBa[KeHHS y MeanumHy. OuiHeHo
nepcrnekTUBY 3aCTOCYBaHHS pEKOMBIHAHTHUX NPOBIOTUKIB y BETEpUHAPIi, 0cOGNMBO AN NPOdiNakTUKM 3aXBOPIOBaHb CBINCHKUX TBapPWH.
BucBiTnioeTbca nepcnekTvBa BNpoOBamXeHHS PeKOMBIHAaHTHMX NPOBIOTUKIB SK BAKLUH i AiarHOCTUYHUX 3acOo0iB ANA TECTYBaHHS NMEBHUX
XBOpOoO Ta MoAentoBaHHA poboTK TpaBHOT cucteMm NoanHN. OKpeMo po3rnsHYTO PU3NKM CTBOPEHHS Ta 3aCTOCYBaHHS 1 npobnemaTtuky
HOpPMaTUBHOI cepy LOA0 BUKOPUCTAHHS HOBUX PEKOMOGIHAHTHUX MIKPOOPraHi3MiB, siKi MOTEHUIMHO MOXYTb NOTPaNUT B HAaBKONULLHE
cepefoByLe | BUKNUKATK HenepeabaveHi cutyaduii.

Knio4yoBi cnoBa: reHHa iHxeHepis; bioTepanis; xuBi mikpoopraHiamu; cell-factory; metaboniyHi po3nagu; imyHocTuMynsaTopu;
npoBioTUYHI BaKUMHU.



