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Abstract

Target delivery of therapeutic agents with anti-inflammatory properties using probiotics as delivery and recombinant pro-
tein expression vehicles is a promising approach for the prevention and treatment of many diseases, such as cancer and
intestinal immune disorders. Lactococcus lactis, a Lactic Acid Bacteria (LAB) widely used in the dairy industry, is one
of the most important microorganisms with GRAS status for human consumption, for which biotechnological tools have
already been developed to express and deliver recombinant biomolecules with anti-inflammatory properties. Cytokines,
for example, are immune system communication molecules present at virtually all levels of the immune response. They
are essential in cellular and humoral processes, such as hampering inflammation or adjuvating in the adaptive immune
response, making them good candidates for therapeutic approaches. This review discusses the advances in the development
of new therapies and prophylactic approaches using LAB to deliver/express cytokines for the treatment of inflammatory
and autoimmune diseases in the future.
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Introduction

Lactic Acid Bacteria (LAB) are a heterogeneous group of
Gram-positive, mesophilic, non-LPS-producing bacteria,
and with the ability to produce lactic acid from sugar
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Tetragenococcus, Vagococcus, and Weissella [1-4].

The absence of endotoxins makes LAB an important
group for industrial applications [5]. In this context, the long
track record in fermentative processes of cheese, yogurt, and
other dairy products, as well as their ability to produce some
food-preserving acids, led to LABs receiving GRAS (gen-
erally recognized as safe ) status from the Food and Drug
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efficacy of these microorganisms as probiotics has been
observed in the treatment and prevention of several inflam-
matory diseases, including inflammatory bowel diseases
(IBD), rheumatoid arthritis [12], diabetes [13], allergy
[14], and cancer [15].

Besides their use as probiotics, microorganisms of the
LAB group, mainly Lactococcus lactis, have also been
used as bioreactors for heterologous expression of bio-
molecules with therapeutic effects, and as biosystems for
delivery of DNA vectors used in gene therapy and immu-
nization [1, 16]. Lactococcus lactis has become the most
widely used model for developing of genetic engineering
tools because it is easy to grow and genetically manipulate,
survives gastrointestinal tract (GIT) stress, and produces
no LSP, reducing the risk of endotoxin shock [6, 9, 17],
among others. These properties make LAB promising for
production or delivery of interesting biomolecules (e.g.,
anti-inflammatory proteins, vaccine antigens, cytokines,
and antimicrobial molecules) [6, 9, 17] using various
routes of administration, including intranasal, genital, and
oral [18-20].
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Fig. 1 Representation of the main plasmid vectors of prokaryotic
expression (a—d) and eukaryotic expression (e, f) used in Lactococcus
lactis. Blue: promoters; yellow: multiple cloning sites/nuclease gene;
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Bioengineered Lactococcus lactis: Expression
Systems

Several expression systems have been developed for use in
L. lactis, including the XIES, NICE, and SICE systems, used
for heterologous protein production, and pVALAC and pExu
for expression of biomolecules/antigens by host’s cells [1].
The main expression/delivery systems are described here-
after (Fig. 1).

NICE System

In 1995 an expression system was developed using genes
involved in the regulation of nisin, an antimicrobial peptide
widely used as protective in the food industry. The nisin con-
trolled expression system (NICE) is based on the expression
of genes related to the regulation of the NIS operon (nisA,
nisF, and nisR), regulated by the pNisA promoter. In this
system, the nisin inducer binds to the histidine kinase NisK
transmembrane protein, activating NisR through the phos-
phorylation pathway. Consequently, this process activates
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black: antibiotic resistance (CmR, chloramphenicol resistance; EmR,
erythromycin resistance). Green: other transcriptional elements (poly
A tail; transcription termination factor); pink: signal peptide
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the PnisA/PnisF promoters, thus, inducing the expression
of genes regulated by them (Fig. 1a) [16, 21].

SICE System

The stress-induced controlled expression system (SICE) is
a vector that carries an expression cassette under the tran-
scriptional control of a stress-inducible promoter. This sys-
tem is based on the groESL operon, which after induction
with different stressors agents, including those related to
gastrointestinal tract (GIT) (pH, heat-shock, or bile salts),
can induce protein synthesis of cloned open reading frames
(ORFs) (Fig. 1b) [22, 23].

XIES System

Another important heterologous expression system is the
xylose-inducible expression system, developed by Miyoshi
et al. [24]. This system uses the promoter pxyLT from Lac-
tococcus lactis NCDO2118 to control the expression of
genes of interest. With the addition of xylose in the bacterial
growth medium, the promoter pxyLT is activated, producing
the protein of interest. It is essential to highlight that glucose
in the medium shuts down the system.

The XIES system has two versions: the secretion version
(pXIES:SEC), where the bacteria produce and secrets the
protein (Fig. 1c), and the cytoplasmic version (pXIES:CYT),
where the protein produced remains inside the bacteria
(Fig. 1d) [24].

pVALAC Vector

Other expression systems have also been explored for protein
expression directly by host cells using L. lactis as a deliv-
ery vector. One of these new approaches is the pVALAC
(vaccination using lactic acid bacteria) vector, which was
constructed to deliver antigens via Lactococcus spp. as a
vaccinal and gene therapy approach. The construction of
this plasmid was idealized using the fusion of a eukaryotic
region containing the promoter pPCMYV originated from cyto-
megalovirus, allowing the cloning of antigens of interest for
expression in eukaryotic host cells, and a prokaryotic region,
where replication rolling-circle type, and also selection in
bacteria (chloramphenicol gene marker) can be performed
(Fig. 1e) [25].

pExu Vector

The pExu (extra chromosomal unit) vector, containing the
pCMV promoter and erythromycin as a selection marker,
was constructed as a vaccinal/gene therapy vector to be
expressed only by eukaryotic cells. Unlike pVALAC,
delivered only by Lactococcus sp., pExu can replicate in

Gram-positive and Gram-negative bacteria, including Lacto-
coccus lactis, Lactobacillus sp., and E. coli strains. In addi-
tion, this vector has a theta-type replication. This makes it
more stable (Fig. 1f) [26, 27].

Immune System and Cytokines

Immune system cells require a communication network in
order to act specifically, locally, or systemically. To achieve
this, the immune system has a chain of molecules necessary
for its functioning, in which cytokines are among the best
characterized [28-30].

Cytokines are a large group of non-enzymatic pro-
teins involved in all immunity levels, including innate and
adaptive responses, antigen presentation, cell recruitment,
and expression of adhesion molecules. These cytokine net-
works are complex, and their production is usually transient
due to the rapid elimination of the inducing stimulus, feed-
back mechanisms, and negative receptor regulation. In this
context, it is essential to highlight that the prolonged action
of cytokines in the immune system can cause damage to
the healthy organism, such as the development of chronic
inflammation [31].

Restoration of cytokine balance benefits the body in
immune and inflammatory responses, making them a source
for developing new therapeutic targets [32, 33]. In general,
cytokines are used in therapeutic/vaccination strategies
only to act as adjuvants-substances capable of enhancing
the immune response [34] when co-administered with the
molecule of interest [35, 36], allowing both delivery to anti-
gen-presenting cells (APCs) and to modulate the specificity,
duration, and type of response (cellular or humoral) [37].
Based on these properties, some cytokines have been evalu-
ated for their biotherapeutic properties.

IL-10

The IL-10 family of cytokines can be divided into three
subgroups based on their functions. The first group, rep-
resented only by IL-10, is present in innate and adaptive
immune responses and performs immunosuppressive func-
tions by reducing tissue damage caused by excessive inflam-
mation [38, 39]. The second group includes cytokines of the
IL-20 subfamily, which act mainly on epithelial cells and
induce innate defense mechanisms. Finally, the third group
consists of the IL-28 subfamily, generally classified as type
III interferons (IFNs) with a preference for tissue epithelial
cells [38].

Interleukin-10 (IL-10) has anti-inflammatory proper-
ties and plays a critical role in the prevention of inflamma-
tory processes [40]. Mature human IL-10 has 160 amino
acids and can be produced by various leukocytes and tissue
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epithelial cells, such as innate immune system cells, includ-
ing dendritic cells (DC), macrophages, mast cells, natural
killer (NK) cells, eosinophils, neutrophils, CD4*, CD8™, and
B cells [29, 30, 40]. IL-10 is not a cell-specific cytokine, but
is widely expressed by several immune cells and exerts its
anti-inflammatory effects through multiples induction path-
ways, making it an important molecule to test for delivery or
local expression using L. lactis as a delivery vehicle.

For this purpose, Schotte et al. [41] investigated the abil-
ity of Lactococcus lactis MG1363 to synthesize and secrete
murine IL-10 fused to a secretion signal peptide of the
Usp45 protein of lactococcal origin. The authors constructed
a plasmid (pTREX1) based on the pVAX plasmid and the
mlL-10 sequence. Bacteria carrying the mIL-10 sequence
were able to produce and secrete the protein even at low
concentrations [41].

Martin et al. [42] and Benbouzine et al. [23] used the vec-
tor pSICE containing the IL-10 sequence carried by L. lac-
tis to treat IBD induced by dinitrobenzene sulfonic acid
(DNBS). The recombinant Lactococcus lactis producing
IL-10 decreased intestinal permeability by partially improv-
ing and modulating the expression of the tight junctions
F11rand Zo-1. Administration of the recombinant bacteria
also resulted in protective effects on immune activation and
intestinal function parameters [23, 42].

Del Carmo [33] tested the effects of IL-10 cytokine
delivered/expressed by two plasmids (pValac and pGro-
esESL) in a 2,4,6-trinitrobenzene sulfonic acid (TNBS)-
induced chronic colitis model. Administration of both
plasmids decreased the severity of inflammation, improved
the intestinal damage score and modulated the IL-10/IL-6
expression ratio [33].

Strategies have also been developed using pValac car-
rying IL-10 in models of intestinal inflammation. For
example, Del Carmen et al. [43] constructed a Lactococcus
lactis-producing fibronectin binding protein A (FnBPA™)
of Staphylococcus aureus (L. lactis MG1363 FnBPA™) capa-
ble of harboring the plasmid pValac carrying the mIL-10
gene. This strain could efficiently internalize and induce the
expression of FnBPA™ from human epithelial cells [43] and
was also able to reduce the severity of TNBS-induced coli-
tis. Zurita-Turk et al. [44] also tested this invasive strain
in an IL-10 knockout (IL-10 —/—) model that spontane-
ously develops intestinal inflammation. Oral administration
of L. lactis MG1363 FnBPA + (pValac:il-10) modulated
the organism to produce IL-10 and reduced the intestinal
inflammation severity, presenting lower scores and histo-
logical damage and tended to reduce the levels of the pro-
inflammatory cytokine IL-6. Based on previous results, the
authors carried out a new strategy to evaluate the therapeutic
effect of an invasive strain of L. lactis MG1363 FnBPA™
(pValac:IL-10) compared to a wild-type of strain of L. lac-
tis MG1363 (pValac:IL-10) in preventing inflammation in
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a sodium dextran sulfate (DSS)-induced colitis model. The
results showed that both strains were able to deliver the
vector to the inflammation sites, reducing the severity of
inflammation and avoiding side effects [32, 43, 44].

Based on the previous effects of treatment with IL-10-ex-
pressing Lactococcus lactis, Bermidez-Humaran et al. [45]
showed that oral administration of these strains exhibited
moderate anti-inflammatory effects in mice compared to
the administration of serine and protease inhibitors, which
showed more promising results at the mucosal level for the
treatment of IBD [45]. There is limited efficacy for the use
of IL-10 secreted Lactococcus lactis as a primary source of
treatment for IBD, and this can be explained by the choice
of the molecule, which may not be the best option, as well
as due to the amount of IL-10 produced and released by
the bacteria is not being sufficient to generate an efficient
response of the intestinal environment [45, 46].

The cytokine hIL-10 has also been tested in models, such
as autoimmune diabetes, where it was used as an immu-
nomodulatory cytokine in a biological system that secretes
human insulin autoantigen. Administration of IL-10 in com-
bination with a low dose of systemic anti-CD3 was well tol-
erated and induced a long-term autoantigenicity, allowing
stable reversal of newly diagnosed autoimmune diabetes
in mice. Furthermore, Takiishi et al. [47] and Robert et al.
[48] used hIL-10 combined with a T1D GAD65 autoantigen
in Lactococcus lactis, and administered in the intestine in
a mouse model of diabetes. The combination with anti-CD3
and the treatment stabilized insulitis, preserved p cells, and
restored normoglycemia in mice [47, 48].

Oral administration of L. lactis carrying IL-10 was
tested to treat food tolerance by preventing sensitization in
a mouse model of food allergy. Sensitization was performed
with p-lactoglobulin in the presence of cholera toxin. Pre-
treatment contributed to the reduction of anaphylaxis and
inhibited the production of antigen-specific IgE and IgG
and increased the production of antigen-specific IgA in the
intestine [49]. Marinho et al. [50] used L. lactis NCDO2118
to support the XIES expression system producing LL-CYT
and LL-SEC IL-10 expression cassettes from Ratus nover-
gicus. They were administered orally and both treatments
with the recombinant strains resulted in decreased cytokines
observed during an inflammatory response in allergic disor-
ders (IL-4, IL-5, CCL3), EPO activity, IgE, IgG1 anti-OVA
levels, pulmonary inflammation, and mucus hypersecretion
[50].

IL-22

IL-22 is a member of the IL-10 cytokine family and a critical
regulator of epithelial homeostasis. The primary function of
IL-22 is to provide a protective response against pathogens
at barrier surfaces. It has been implicated in multiple aspects
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of epithelial barrier function, including regulation of epithe-
lial cell growth and permeability, mucus and antimicrobial
protein (AMP) production, and complement activation [38,
51, 52]. IL-22 acts exclusively on epithelial cells to pro-
mote cell regeneration and tissue repair. The IL-22 receptor
is widely expressed on epithelial cells in boundary tissues,
such as the gut, lung, liver, and skin [53].

This cytokine is constitutively expressed in the small
intestine of humans and mice to maintain the integrity of
the epithelial barrier against enteric microorganisms, which
plays an essential role in the pathogenesis of IBD, and the
level of expression depends on the type of inflammation. In
healthy humans and mice, the expression level of IL-22 is
rarely detectable [54, 55]. Many studies have shown that
IL-22 is essential in various cardiovascular diseases, inhibit-
ing inflammation in myocarditis, atherosclerosis, and myo-
cardial infection [56].

In the Loera-Arias et al. [57] work, a safe vector was
constructed to produce hIL-22 in vivo in L. lactis NZ9000
using a nisin-inducible system. Western blotting was per-
formed to confirm the expression, and an ELISA assay was
performed to quantify the secreted protein. Recombinant L.
lactis was added to a culture of Colo-205 cells, a cell line
that secretes IL-10 upon IL-22 stimulation, to evaluate the
bioactivity of the recombinant IL-22. The recombinant strain
induced IL-10 production by Colo-205 cells, and the amount
of IL-10 secreted was proportional to the number of recom-
binant bacteria used, demonstrating that the secreted hIL-22
was biologically active [57].

To evaluate L. lactis carrying the plasmid ProbiH1-1L-22
on symptoms of post-infectious irritable bowel syndrome
(PI-IBS) symptoms, Maéva et al. [58] used a model of Cit-
robacter rodentium infection in C57BL6/J mice since symp-
toms resemble enterobacterial gastroenteritis. The infected
mice exhibited persistent colonic hypersensitivity, cogni-
tive impairment, and anxiety-like behaviors associated with
low-grade inflammation, and increased intestinal perme-
ability. This study presented an alternative treatment using
recombinant L. lactis as a therapeutic approach, enabling the
production of IL-22 in epithelial cells, after which the treat-
ment with this recombinant strain improved intestinal per-
meability, normalized colonic sensitivity, restored cognitive
performance, and also reduced anxiety-like behaviors [58].

IL-4

IL-4 is a member of the T helper 2 (Th2) cytokine family.
These cytokines are key mediators of allergic inflamma-
tion, are potent B-cell growth and survival factors, promote
immunoglobulin isotope conversion to IgE and IgG, and
play a critical role in macrophage regulation [59, 60]. Sev-
eral innate immune cell types are known to be IL-4 produc-
ers: epithelial cells, lymphocytes, eosinophils, basophils, and

mast cells. They have a wide range of overlapping, but also
distinct biological functions, particularly in inflammatory
and allergic diseases [61].

Cytokines are part of a chain of events that contribute to
immunomodulation, and stimulate risk factors that may be
present in the development of type 1 diabetes (DM1). They
can induce the destruction of T cells present in pancreatic
islets. In this context, studies have been developed to evalu-
ate immunomodulation by administration of IL-4 and IL-10
[62-64].

Preisser et al. [62] used a synergistic strategy with the
invasive strain Lactococcus lactis MG1363 FnBPA™ by
using plasmids encoding IL-4 and IL-10 in a multidose
streptozotocin (STZ) diabetes model and non-obese dia-
betic (NOD) mice. In the STZ model, the treatments used
(IL-4; IL-10; IL-4/IL-10) did not alter glycemic levels after
the induction of type 1 diabetes (T1D) and showed similar
levels of IL-4 and IL-10 measured in serum and pancreas.
The groups presented blood glucose levels close to the saline
group, with a progressive increase in the incidence of dia-
betes in all groups tested, even those receiving oral treat-
ment. Although all groups presented diabetic animals, the
groups in which IL-4 and IL-10 were administered presented
a higher number of prevention of hyperglycemia and reduc-
tion of pancreatic islets destruction [62].

NOD mice were also treated orally with Lactococ-
cus lactis MG1363 FnBPA* carrying pValac:IL-4 and
pValac:IL-10. The groups receiving L. lactis carrying IL-4
and IL-10 exhibited a normoglycemic pattern, consisting of
glycemic levels below 200 mg/dL. The synergistic treatment
also protected the mice from developing T1D throughout the
experimental period and induced significantly higher levels
of IL-4 and IL-10 compared to the saline group. At the end
of the experimental period, only mice in the saline group
developed diabetes [62].

IL-4 and IL-13-producing Th2 cells mediate exacerbated
inflammation in colitis, resulting in a deregulated immune
response in the intestinal mucosa [65]. IL-4 also plays a
critical role in the pathogenesis of ulcerative colitis. Souza
et al. [66] used L. lactis and pValac::dts:: IL-4 as a thera-
peutic molecule against TNBS-induced colitis. Intragastric
administration of the recombinant strain effectively reduced
the severity of colitis by decreasing IL-12, IL-6, and mye-
loperoxidase (MPO) activity and increasing IL-4 and IL-10
levels, thereby contributing to the restoration of intestinal
homeostasis [66].

IL-2

Interleukin IL-2 is an autocrine T-cell growth factor that
plays a role in the stimulation and proliferation of these cells,
the generation of effector memory T cells, and also has the
potential to induce self-tolerance. In addition to its originally

@ Springer



Probiotics and Antimicrobial Proteins

recognized role in T cell proliferation, IL-2 increased the
cytolytic activity of NK cells and lymphokine-activated
killer cells [67-69]. It also produced primarily CD4*T cells,
but high-affinity IL-2 receptors are expressed by CD4" and
CD8* T cells and other cell populations [68].

IL-2 was the first cytokine to be administered to humans
with cancer and HIV/AIDS, demonstrating success as an
immunotherapy. Its limitations were demonstrated by the
administration of high doses administration resulting in toxic
effects and vascular leakage syndrome [67]. One of the most
studied cytokine receptors is the common gamma chain fam-
ily (yc). It is present in IL-2, IL-4, IL-7, IL-9, IL-15, and
IL-21, and is named after the use of the yc subunit for its
receptors [70].

The use of L. lactis carrying IL-2 for various therapeutic
protocols may become a key to immunomodulation without
causing toxic effects to the body. For example, Steidler et al.
[71] constructed a vector capable of expressing mIL-2 in
Lactococcus lactis under the controll phage promoter T7,
where the cytokine expression cassette was fused to the
usp45 gene [71]. Fernandez et al. [72] showed that Lacto-
coccus lactis has the potential to secrete mIL-2 under the
control of the nisin promoter pnisA without the need for a
signal peptide, and the expression was confirmed by Western
blot technique [72].

Steidler et al. [73] constructed two strains of L. lactis
carrying tetanus toxin fragment C (TTFC) in the cytoplas-
mic compartment, which could also secrete IL-2 or IL-6.
By intranasal immunization of mice with the constructed
strains, anti-TTFC antibodies could be visualized. Anti-TTFC
antibody titers were also measured in groups treated with
recombinant bacteria that also secreted IL-2 or IL-6. When
the recombinant bacteria were killed with mitomycin C, the
adjuvant effect was lost, and it was shown that live bacteria
are necessary for the secretion of these interleukins by L.
lactis [73].

To evaluate Lactococcus lactis as a delivery vector
for an oral brucellosis vaccine, Rezaei et al. [74] engi-
neered an Omp16-IL-2 fusion gene and evaluated the deliv-
ery and expression of this gene in L. lactis MG1363 [74].
The researchers successfully described the secretion of a
sequence of porcine IL-2 in Lactococcus lactis NZ9000.
Expression was confirmed in a cell proliferation assay in an
IL-2-dependent CTLL-2 cell line [75].

IL-6

IL-6 is a prototypical homeostatic cytokine with a pleiotropic
effect on the immune response, particularly inflammation,
hematopoiesis, bone metabolism, embryonic development,
and other fundamental processes, such as neural and car-
diovascular development [76—79]. When infection or tissue
injury disrupts homeostasis, IL-6 is immediately produced
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and contributes to host defense against emerging stress by
activating the acute phase of inflammation [76].

The IL-6 family includes many cytokine members: IL-6,
IL-11, IL-27, IL-39, oncostatin M (OSM), leukemia inhibi-
tory factor (LIF), ciliary neurotrophic factor (CNTF), car-
diotrophin 1 (CT-1), and cardiotrophin-like cytokine factor 1
(CLCF1) [78]. Members of this family play prominent roles
in chronic inflammation, autoimmunity, infectious diseases,
and cancer. As a result, the IL-6 family of cytokines is now
considered a primary therapeutic target for clinical inter-
vention [79]. During inflammation, IL-6 cytokines regulate
innate immunity through direct effects on innate immune
cells and indirectly through activation of stromal tissue cells
resident at the site of inflammation [79]. IL-6 promotes anti-
body production by acting directly on plasma cells and indi-
rectly by promoting Bcl6-dependent follicular differentiation
of CD4* T cells in the presence of IL-21 and T cell recep-
tor (TCR) stimulation [78]. In disease, IL-6 is an important
growth factor in myeloma cells. Its concentration is elevated
in patients with Crohn’s disease and is overproduced in the
germinal centers of hyperplastic lymph nodes in patients
with Castleman’s disease [80]. Thus, IL-6 is being investi-
gated as a potential immunomodulatory cytokine.

Li et al. [81] developed a new mucosal adjuvant consist-
ing of a cytokine generated by conjugating the C-terminal
portion of mIL-6 with an M-cell targeting peptide (CKS9) to
enhance a mucosal immune response. The researchers used
the L. lactis L1403 strain as a host to express and secrete
the recombinant IL-6-CKS9 protein, and this potential adju-
vant was tested with the Brachyspira sp. membrane B protein
(M-BmpB) antigen, administered orally. Analyses performed
by the authors showed an increase in anti-M-BmpB antibody
levels at mucosal and systemic levels. There was a success-
ful production and secretion of mIL-6, demostrating that the
use of recombinant L. lactis has the potential to be used as a
vaccine adjuvant [81].

IL-12

IL-12 is a member of the IL-12 cytokine family, which is part
of the IL-6 superfamily. The IL-12 family consists of four
heterodimeric cytokines that share sequence homology,
including IL-12, IL-23, IL-35, an anti-inflammatory cytokine
produced by regulatory T cells (T, cells), and IL-27 [82].
IL-12 has biological functions such as the differentiation
of naive CD4" T cells into IFNy-producing Ty1 cells. The
ability of these cytokines to modulate immune responses in
cancer has been of greatt interest. IL-12 cytokines family are
typically secreted by innate immune cells, but can also be
secreted by adaptive immune cells depending on the disease
and immune context [82, 83]. Their importance in the con-
text of cancerl and the major clinical trials conducted are
reviewed in the work of Nguyen et al. [84].
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To test the production of IL-12 by L. lactis, Bermudez-
Humaran et al. [35] constructed an NZ9000 strain with a
singlestrand of the ssIL-12 gene coupled to a nisin pro-
moter. The biological activity of IL-12 was confirmed
in vitro by its ability to induce IFN-y production in
mouse splenocytes and in vivo in C57BL/6 mice admin-
istered intranasally, where IL-12 induced production of
IFN-y on the mucosal surface [35]. Cortez-Perez et al.
[85] administered a strain of L. lactis carrying bovine
B-Lactoglobulin (BLG) and IL-12 as an adjuvant to
evaluate the modulating effect on allergen sensitization
and allergic response. The prophylactic effect of adminis-
tration in an allergy model was evaluated by challenging
BALB/c mice with intranasal administration of BLG. The
authors observed an increase in IFN-y levels in the treated
mice, suggesting that IL-12 promotes the induction of
Th1 response thought the induction of BLG-specific
IgG2a [85].

Another study investigated the administration of recom-
binant L. lactis for the prevention of allergic diseases. It
evaluated the immunomodulatory effects of IL.-12 secret-
ing L. lactis for intranasal administration in a mouse model
of ovalbumin (OVA)-induced asthma. Mice that received the
treatment showed less epithelial damage and mononuclear
cell infiltration, reduced airway hyperresponsiveness, and
lung inflammation [37].

Fernandez et al. [86] tested a novel signal peptide for
L. lactis, the SLPmod, which was used to secrete mIL-12
in C3H/HeJ mice. This signal peptide was more effective
in producing IL-12 than the Usp45-derived signal secre-
tion [86]; this may be of great utility as the use of L. lactis
secreting mIL-12 may be beneficial in reducing the toxic
side effects associated with systemic delivery of heterolo-
gous proteins.

IL-27

Interleukin (IL)-27 is a cytokine that plays a pleiotropic role
in the immune system and can directly modify the effector
functions of CD4* and CD8* T cells. These changes lead
to the induction of the cytokine IL-10 and the promotion of
specialized regulatory T-cell responses (Treg) [87]. IL-27
is mainly produced by antigen-presenting cells, such as
dendritic cells, monocytes, neutrophils, and macrophages.
IL-27 production is mainly induced by Toll-like receptors
(TLRs) and IFN-y [88, 89].

IL-27 can be used in therapies against diseases associated
with Th1-type inflammation [88]. The use of anti-IL-27 to
treat mice exposed to cigarette smoke resulted in a decrease
in IFN-y and attenuated inflammation [90]. In ovalbumin-
induced asthma models, prophylactic administration of
IL-27 attenuated airway inflammation and hyperrespon-
sivess [91].

In this context, Hanson et al. [92] used L. lactis-IL27 by
gavage in a model of colitis in Rag™/~ mice. This administra-
tion protected the mice from enterocolitis by reducing dis-
ease scores, intestinal pathology, and inflammatory cytokine
levels and increased IL-10 production [92]. These results
demonstrate that the use of L. lactis has the potential to be
an effective and safe treatment for IBD.

All experimental studies with Lactococcus lactis express-
ing or delivering cytokines are listed in Table 1.

IL-35

IL-35 is an anti-inflammatory cytokine, a member of the
IL-12 family with a unique expression pattern within the
family, and is predominantly secreted by Treg cells and
regulatory B cells (Breg) [99]. One of the most prominent
functions of IL-35 is the ability to propagate infectious toler-
ance and to generate a potent population of IL-35-expressing
regulatory cells, which have been shown to exhibit immu-
nosuppressive activity [99, 100]. Functional analysis stud-
ies suggested that IL-35 plays a critical role in many auto-
immune diseases such as multiple sclerosis (MS), systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), and
inflammatory bowel disease (IBD) [101-104].

Using oral therapeutic administration of Lactococcus lac-
tis carrying mlIL-35, this cytokine has been shown to have
immunosuppressive functions in several models of autoim-
mune disease. For example, Maddaloni et al. [98] tested the
ability of this cytokine to improve collagen-induced arthri-
tis (CIA). Oral administration of L. lactis-1L35 effectively
reduced the incidence and severity of CIA disease, reducing
IFN-y and IL-17, and increasing the production of IL-10.
This study showed the visibility and benefits of probiotics
in immune diseases [98].

IL-35 is an anti-inflammatory cytokine that has been
shown to be produced preferentially by Treg cells. It can
also facilitate Treg cell generation and limit inflammatory
Th17 cells [105]. Hence, Wang et al. [97] investigated its
preventive potential. A dairy L. lactis NZ9000 strain was
engineered to express murine IL-35 and used to prevent
the development of DSS-induced mouse colitis. The results
showed that oral administration of NZ9000/IL-35 induced
the accumulation of IL-35 in the intestinal lumen of normal
mice. When administrated prophylactically, the recombi-
nant strain suppressed the DSS-induced colitis progression
and decreased the IL-17, IL-6, IFN-y, and TNF expression
[97].

IFN

Interferons (IFNs) are a class of cytokines thar are elicited
upon challenge to the host defense and are essential for
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mobilizing immune responses against pathogens. All three
classes of IFNs are named for their common property to
interfere with viral replication in the host [106].

The type I IFN classes are represented by the two best
characterized and most widely expressed genes of this sub-
type: IFN-a, encoded by more than a dozen genes, and IFN-
B, a single gene family. Within this family, there are other
types known as IFN-g, IFN-x, IFN §, IFN-C, IFN-w, and
IFN-t [106, 107].

IFN-a has emerged as a important factor in several auto-
immune and rheumatic diseases. It is produced by several
cell types, and plasmacytoid dendritic cells (pDCs) are the
major contributors to IFN-a production following pathogen
infection [108]. It is also considered a potential therapeu-
tic strategy to treat COVID-19 disease because the innate
immune system rapidly produces IFN-a as a first line of
defense to combat viral infections [109].

Due to its important role in host defense, many researchers
are trying to make use of new strategies to manipulate I[FN-a
as a therapy for various diseases. In a study performed by
Bayar et al. [110], Lactococcus lactis MG1363 and NZ9000
strains carrying the sequence encoding IFN-o were able to
express it [110]. Zhang et al. [111] fused a synthetic LEIS-
STCDA (LEISS) to the N-terminus of hIFN-a, increasing
its secretion by L. lactis and its yield, representing a new
therapeutic delivery strategy [111]. These studies open doors
for the use of L. lactis in several new therapeutic approaches
for the treatment of diseases, where INF-o production is defi-
cient or where higher expression of this cytokine is required.

IFN-fB, an important cytokine, plays a critical role in
stimulating innate and adaptive immune responses and has
been reported to have pro-bacterial activity and antiviral
immunity [112]. The interferon family has been strongly
associated with T1D pathogenesis [113]. IFN-f reduces the
inflammatory response that is mediated by immune cell infil-
tration into the brain and is used to treat patients with multi-
ple sclerosis [114]. In their study, Zhuang et al. [115] cloned
the hulFN-p sequence in an expression system (NICE) for
expression in L. lactis. The recombinant strains were able
to secrete hulFN-f [115]. The ability of L. lactis to express
IFN-p opens new doors for its use in the treatment of diabe-
tes and multiple sclerosis.

Type I IFN or IFN-y is best known as a critical cytokine
secreted during activated NK- and T-cell responses. IFN-y
is a protein encoded by the IFNG gene [106]. It is a pleio-
tropic cytokine with antiviral, antitumor, and immunomodu-
latory functions, such as enhancing antigen presentation for
improved recognition via T-cell interaction, increasing the
production of reactive oxygen species (ROS) and reactive
nitrogen intermediates (RNIs) [116, 117]. The presence of
IFN-vy is essential in combating mycobacterial infections
through its ability to regulate various protective functions
and maintain CD4* and CD8" cell activity [118].

Using a coding sequence of IFN-y, Rupa et al. [119] pro-
vided a tool to analyze the predisposition of pigs to food
allergy. They used L. lactis as a delivery system for a cloned
sequence of porcine IFN-y conjugated to the usp45 secre-
tion signal. The authors evaluated the biological activity of
rpIFN-y through bioassays that determine the positive regu-
latory capacity of MHC II expression increased in 3D4/31
cells. These data suggest that recombinant L. lactis may
enhance the type 1 immune response , which in turn may
reduce susceptibility to allergy [119].

IL-1Ra

The interleukin-1 (IL-1) cytokine and receptor family is
unique because of its shared similarity to the toll-like recep-
tor (TLR) families, including similar functions. More than
any other cytokine family, the IL-1 family has emerged as
a key cytokine involved in innate and adaptive immunity
[120]. There are 11 members of the IL-1 family of cytokines
(IL-1a, IL-1p, IL-18, IL-33, IL-36a, IL-36f, and IL-36y)
and 10 members of the IL-1 family of receptors [121, 122].
IL-1R1 is the major receptor for IL.-1a and IL-1b ligands,
being expressed by various cell types, including innate and
adaptive immune cell types, epithelial cells, endothelial
cells, adipocytes, chondrocytes, and fibroblasts [123].

Namai et al. [124] used a nisin-controlled expression vec-
tor (NICE) with the sequence encoding mIL-1RA, an IL-1
receptor antagonist (pNZ8148#2:SEC-IL1Ra), to form a
recombinant L. lactis strain (gmLAB). The authors tested
the expression of IL-1RA in a DSS-induced colitis model
by oral administration. gmLLAB suppressed weight loss and
exacerbation of the disease index. In mice with acute colitis,
oral administration of the recombinant strain reduced the
expression of IL-17. In EL4 cells, NOB-1 rmIL-1Ra pro-
duced by gmLLAB played an antagonist role by suppressing
the expression of IL-1[124].

IL-18

IL-18 is a pro-inflammatory cytokine of the IL-1 family pro-
duced by immune cells, such as macrophages, Langerhans
cells, DCs, and many non-immune cells, such as osteoblasts,
chondrocytes, endothelial cells, keratinocytes, and intestinal
epithelial cells [125, 126]. IL-18 is involved in the activation
and differentiation of several T-cell populations and joins
with IL-12 in the Th1 lymphocyte paradigm characterized
by a predominant IFN-y production by T and B cells and
NK cells [127, 128]. The post-translational regulation of
IL-18 is similar to that IL-1f. Both cytokines are produced
as inactive pro-forms require procssing to become biologi-
cally active [129].

Based in the ability of L. lactis to secrete biologi-
cally active cytokines, Feizollahzadeh et al. [130] cloned
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a sequence of mIL-18 to enhance the immune response,
coupled to a nisin and lacF promoter in the strain NZ3900,
which is unable to utilize lactose. For the detection of
secreted mIL-18, Western blotting was performed to evalu-
ate the biological activity of IL-18, and the authors used
mouse splenic T cells and determined the increased secre-
tion of IFN- y. The results indicated the generation of a novel
recombinant strain of L. lactis expressing biologically active
mlL-18 [130]. This IL-18-producing strain can be tested in
models of inflammatory bowel disease and microbial infec-
tions to enhance host innate immunity and potentiate treat-
ment strategies.

IL-17

IL-17 is a versatile pro-inflammatory cytokine that is criti-
cal for a variety of processes, including host defense, tissue
repair, the pathogenesis of the inflammatory disease, pso-
riasis, and cancer progression [131, 132]. The IL-17 family
consists of six members, IL-17A, IL-17B, IL-17C, IL-17D,
IL-17E (also called IL-25), and IL-17F [133].

The IL-17 family shows broad heterogeneity of function in
different inflammatory contexts. IL-17B is upregulated dur-
ing intestinal inflammation and promotes neutrophil migration
after intraperitoneal administration, suggesting a pro-inflam-
matory role. However, the same cytokine has anti-inflamma-
tory functions by blocking IL-25 signaling during mucosal
inflammation [134, 135]. IL-17A-producing TH17 cells pro-
tect the integrity of the intestinal mucosa and stimulate the
local maturation of IgA-producing plasma cells, but IL-17A
has a relevant pathogenic role in several diseases where there
is an alteration of the microbiota (dysbiosis), such as obesity,
type 2 diabetes, Crohn’s disease, rheumatoid arthritis, multiple
sclerosis, and systemic lupus erythematosus [136, 137].

IL-17A has been implicated in the immunopathology
of several inflammatory diseases. IL-17A signaling in tar-
get cells bearing IL-17 receptors, including fibroblasts,
epithelial cells, and synovitis, results in the transcription
of pro-inflammatory cytokines (IL-6, TNF, and IL-1). In
addition, IL-17A increases the production and secretion of
granulocyte colony-stimulating factor (G-CSF) and granu-
locyte—-macrophage colony-stimulating factor (GM-CSF),
macrophages, and T cells [136, 138].

In addition to its antiviral responses, IL-17 also has a pro-
eminet role in promoting viral infection. Lahiri et al. [139]
investigated chicken IL-17A-mediated antiviral immune
effects on avian influenza virus (AIV) infection in primary
chicken embryo fibroblast cells (CEFs). The authors used a
strain of L. lactis secreting bioactive recombinant chicken
IL-17A. This activity was confirmed by transcriptional
upregulation of several genes associated with antiviral
host responses, demonstrating that pretreatment of primary
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CEFs cells with sChIL-17A prior to influenza virus infection
induces a pro-inflammatory state and protects the cells from
viral infection [139].

To understand IL-17A in cancer disease, it was con-
structed a recombinant L. lactis producing this cytokine in
a stress-inducible vector (pSICE) and determined its biologi-
cal activity in a bioassay test in a murine fibroblasts 3T3
L1 cell line and a murine model of human papilloma virus
(HPV)-induced cancer. This recombinant L. lactis was able
to expresss a biologically active IL-17A under stress. On
average, 26% of treated mice did not develop the tumors.
These results demonstrate that administration of a geneti-
cally engineered strain of L. lactis secreting IL-17 results in
partial protection against tumors in mice [96].

Production of Cytokines Using Food-Grade
Systems

The broad applications of cytokine production and delivery
are only possible because of the genetic modifications and
molecular tools available. However, only a few recombi-
nant L. lactis have been approved for human clinical trials
[140]. Genetically modified bacteria are considered under
the safety regulations for genetically modified organisms
(GMOs) by regulatory agencies to prevent adverse effects
on human health and the environment [141].

Many of the expression systems developed have anti-
biotic resistance genes (ARGs) as selective markers and
are among the major concerns because the possibility of
transfer ARGs to microbial communities of the host micro-
biota or the environment. To overcome these concerns, the
use of food-grade systems is an alternative strategy that
can be based on auxotrophy, complementary markers, or
the development of biocontainment strategies [8, 142]. In
a pioneering study, the sequence of murine /10 was inte-
grated into the bacterial genome, replacing the thya gene of
Lactococcus lactis which is essential for bacterial growth.
This promoted a biocontainment system in which the recom-
binant strain L. lactis thyA"hIL10% is depends on thymine
for its growth, preventing this GMO from spreading into
the environment. This recombinant strain was tested in a
DSS-induced colitis model, causing a 50% reduction in coli-
tis with less inflammation and also preventing the onset of
colitis in IL10™/~ mice [143]. Following these results, the
authors integrated the human /10 sequence into the bacterial
genome, replacing the thya gene of Lactococcus lactis and
tested this strain in patients with Crohn's disease. The results
of this first phase I clinical trial showed positive effects on
the use of modified strains in terms of containment, toler-
ance, and also safety [94, 144]. In addition, the company
ActoGenix, which is specializedcialized in the development
of LAB strains genetically engineered to secret therapeutic
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molecules, conducted tests in people with ulcerative coli-
tis. The results of this study confirmed that the system is
adequate for biological containment applied in humans, but
there were no significant clinical effects.

Conclusions and Future Prospects

Lactic Acid Bacteria, including Lactococcus lactis, Lac-
tococcus lactis have been widely used in the dairy indus-
try. Currently, the biotechnological tools developed to the
harbor and express therapeutic biomolecules by Lacto-
coccus lactis represent a major advance in bioengineer-
ing, providing efficient expression systems that allow
therapeutic applications with promising results in sev-
eral disease models. The use of L. lactis for delivery of
cytokines is an interesting approach as it can provide
a more straightforward therapeuticl target, focusing on
pathways of the immune system that could be disease-
specific, seeking immunomodulation towards healing
or protection of the organism. As we have described in
this review, the construction of recombinant LAB strains
that secrete or deliver recombinant cytokines has been
widely reported in the literature; however, few disease
models have been tested and even fewer have reached
the clinical trial phase, demonstrating that this field of
researchis only beginning to be explored. In addition, the
use of recombinant LAB in future clinical trials requires
a risk assessment that takes safety guidelines for the use
of genetically modified organisms provided by regula-
tory agencies around the world, which are essential for
understanding and establishing new therapies. Therefore,
future works should focus on ensuring the safety of LAB-
producing therapeutic molecules, the long-term effect of
these recombinant systems on different diseases, and
expanding the applications while deepening the under-
standing of signaling molecules in each disease.
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