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Abstract: Mucosal vaccines can target specific mucosal surfaces, such as the respiratory, genital, or
intestinal mucosa. Conventional systemic immunization, such as intramuscular injections, do not
provide mucosal immunity, including IgA, nor do they prevent pathogens from entering the
mucous membranes. Nasal immunization protects mucosal membranes, but nasal antigen
presentation appears to entail adjuvant to stimulate immunogenicity. Current treatments for
mucosal diseases such as inflammatory bowel disease (IBD) and allergic dermatitis only aimed to
temporarily relieve symptoms. Moreover, these treatments not only have drug resistance or side
effects, but the disease can recur, leading to switching to other treatments. Therefore, there is a need
to develop safe and effective treatments that provide better long-term outcomes to reduce the risk
of recurrence. Regulatory T (Treg) cells have been used to suppress inflammation. To find advances
in mucosal treatment, we investigated the therapeutic effects of intranasal pep27 mutant
immunization. Here, a new method of Treg induction through intranasal immunization without
adjuvant has been developed to potentially overcome allergies and mucosal inflammation of the
lung-gut axis in animal models. The implementation of the pep27 mutant for these therapies should
be preceded by studies of Treg resilience through clinical translational studies of dietary changes.
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1. Introduction

With the advent of the COVID-19, it has become even more important to block pathogens at the
nasal mucosa entrance. Therefore, to prevent the colonisation of respiratory pathogens, the need for
nasal vaccines is prerequisite to overcome the conventional injectable vaccines [1]. Nasal
immunization is considered to be the most effective method of inducing mucosal immunity in the
nasopharynx, lungs, and vagina [2], but whether it can stimulate skin and intestinal mucosal
immunity remains unknown.

Most antigens are not sufficient to induce mucosal immunity and require immune-boosting
adjuvants such as cholera toxin and heat-labile enterotoxin. However, a clinical study found that an
inactivated nasal influenza vaccine containing adjuvants caused facial paralysis (Bell’s palsy) in some
people [3]. Moreover, mucosal adjuvant can impair the olfactory system of mice [4]. Therefore, nasal
immunization should be administered without adjuvants.

Current treatments for allergic dermatitis, rhinitis, and inflammatory bowel disease (IBD) do not
offer a cure, but provide temporary relief; While (3-2 agonists and inhaled corticosteroids can be used
for milder manifestations of asthma, antibodies against type 2-dependent cytokines (IL-4, IL-5, and
IL-13) can be used for severe allergies [5]. However, these treatments often lead to drug resistance or
side effects, resulting in a switch to other therapies [6,7]. Therefore, safe and highly effective
treatments need to be developed.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Regulatory T cells for inflammatory or allergic diseases

The implementation of regulatory T (Treg) cells has been known to suppress inflammatory
responses [8,9]. Treg cells can be utilized to maintain immune homeostasis by relieving excessive
inflammation or preventing autoimmunity after a pathogenic event. In murine models, Tregs can
regulate both low- and high-level inflammation caused by type 2-hypocytokine and type 2-
hypercytokine secretion, respectively, and in human cells, they can alleviate allergic airway
inflammation [5]. Non-toxic Treg cells on the oral and nasal mucosal surfaces are induced similarly
to cells in the gut. Tolerance of intestinal Treg is induced only at low antigen delivered, and at high
antigen doses, anergy is induced [10]. Respiratory tolerance is similar to intestinal oral tolerance
mechanisms [11], but it is not known whether nasal and mucosal tolerance can be regulated within
the nasal cavity.

Currently, novel microbiome approaches to overcome IBD are either fecal microbiome
transplantation (FMT) [12-14] or ingestion of microbial strains that induce Treg function that can
suppress intestinal inflammation [15,16]. However, these methods require antibiotic treatment to
eliminate microbial imbalances prior to bacterial treatments. Vancomycin is administered to purge
out vegetative C. difficile, which produces toxins and causes inflammation and diarrhoea, but it does
not kill the spore-forms that cause germination when treatment is discontinued. This is because
antibiotic treatment causes a lack of beneficial Firmicutes and results in an increase in bile-acid, which
in turn allows germination of C. difficile spores. Therefore, discontinuation of antibiotic therapy
and/or incomptlete sterilization may cause recurrence of C. difficile disease. Recently, oral
administration of SER-109 (from the fecal microbiota of healthy donors) has been shown to
significantly reduce the recurrence rate of C. difficile (12%) compared to the placebo group (40%) [13].
Moreover, SER-109 resulted in a significant improvement in disease-specific quality-of-life scores as
early as week 1 compared to patients treated with placebo, with steady and sustained improvement
continued through week 8 post-dose [14]. Moreover, the gut microbiome is subject to dietary
modifications even after these treatments [17,18]. Therefore, an alternative approach that is not
affected by diet would be preferable, and more efficient methods of Treg induction and maintenance
are required. To date, it is unknown whether nasal immunization can upregulate Tregs in the skin
and gut due to the lack of characterization or vaccination of the nasal mucosa.

3. Lung-gut axis

Interestingly, the alterations in the nasal microbial community including airways also affect the
composition of intestinal microbiota. Numerous studies have shown that 2-5 ul of inoculum
consisting of fluids, particles, or even microorganisms deposited into the nasal cavity of mice can
later be detected in the gastrointestinal tract (GIT) [19]. This indicates that the mucosal immune
system of the GIT may serve as a primary sensor to any foreign antigens that is introduced into the
nasal cavity [20]. For example, manifestations of pneumonia due to Pseudomonas (P) aeruginosa or
multi-drug resistant Staphylococcus. aureus in lungs are believed to trigger gut injury [21]. Other way,
several gastrointestinal disorders have manifestations in respiratory tract, for example, about half of
the IBD patients with known alterations in their intestinal microbiota composition have abnormal
lung function. The COPD patients show the intestinal hyper-permeability with a high prevalence of
IBD [22]. Thus, suggesting the “gut-lung axis” as a bi-directional communication network where
many respiratory infections are often accompanied by gastrointestinal symptoms [23]. The
communication in the gut-lung axis comprises many direct and indirect pathways.

Accumulating evidence suggests that short chain fatty acids (SCFAs) comprising acetate, lactate,
butyrate, and succinate, can be considered as a leading link in the immune axis between the gut and
lungs. Indeed, SCFAs are known to modulate immune homeosis and mucosal defence thus
contributing to barrier functions. Several Lactobacillus species are known to secrete lactate producing
bacteria, a precursor for SCFA producing bacteria. Additionally, SCFA are known to limit mucosal
inflammation by the induction of Tres [24]. Our findings indicates that microbiota composition in
Apep27-immunizaed colitis mice showed positive correlations with the Treg induction and negative
association with the proinflammatory cytokines [25].
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4. Pneumococcal Pep27 induction during invasion and lack of sepsis induction by pep27 mutant

Streptococcus pneumoniae (pneumococcus) is carried asymptomatically in the nasopharynx of
healthy individuals and this serves as a major reservoir for pneumococcal infections [26].
Pneumococcus causes various potentially life-threatening infections such as pneumonia, bacteremia
(sepsis), and meningitis [27]. A prerequisite for invasive pneumonia is that pneumococci must
colonize the nasopharynx before they can progress to invasive pneumonia and disseminate to the
lung, bloodstream, and central nervous system [28]. In pneumococci, bacterial lysis releases cell wall
components and pneumolysin toxin, and subsequently trigger pro-inflammatory responses.
Moreover, mutations in the major autolysin (LytA) reduces pneumococcal virulence [29].

Pep27 is an effector molecule of the vncRS operon that mediates vancomycin resistance and
autolysis [30,31]. However, by microarray analysis, we discovered that a number of pneumococcal
genes were induced upon invasion of the human lung cell line A549. We confirmed that these target
genes were indeed induced upon invasion of A549 cells by real-time PCR, which demonstrated that
not only pep27, but also vncR and vncS were activated by pneumococcal infection. Furthermore, when
we constructed 15 mutants of the genes induced during A549 invasion and tested them for
attenuation of cytotoxicity in vitro after infection with A549 cells and confirmed reduced toxicity in
mice by intranasal infection (pneumonia model) or intraperitoneal injection (sepsis model). Of those
genes, pep27 gene of the vncRS operon was most prominently induced than normal controls.
However, the most significantly induced gene was always pep27 and the pep27 mutant was found to
have the least toxicity and vaccine efficacy. Lysis-resistant pep27 mutant (Apep27) gives rise to
reduced cytotoxicity to host cells resulting in decreased inflammation and death [32,33]. Thus Apep27
makes the pneumococci incapable of invading into the lungs, blood, and brain [28], resulting in a
virtually non-cytotoxic and highly safe agent that did not cause death after injection into the brains
of immunocompromised mice [34]. Furthermore, intranasal immunization with Apep27, without any
adjuvant, demonstrated long-term protective efficacy [28].

Intranasal immunization with an attenuated erythromycin-resistant Apep27 and the inactivated
markerless Apep27 could protect a host from lethal pneumococcal challenge serotype independently;
it also lowered bacterial colonization in the nasopharynx [28,35] suggesting that Apep27 may be able
to provide mucosal immunity against pneumococcal diseases and could represent an efficient
mucosal vaccine.

Mechanistically, vncRS is activated by lactoferrin in serum and is required for the development
of pneumonia and sepsis. When the VncS sensor is exposed to lactoferrin, it is phosphorylated and
the phosphate group is transferred to the VncR response regulator, allowing the VncRS operon to be
induced, which in turn secretes the effector Pep27, which is thought to cause bacterial lysis and
release, leading to host lung inflammation. Deletion of the effector Pep27 does not induce lysis and
is incompetent to invade into lung and blood, confirming that pep27 is essential for inflammatory
response and sepsis [34].

5. Intranasal immunization of Apep27 protects against pathogens and influenza virus infection

During our approach to intranasal immunization using Apep27 for prevention of pneumococcal
diseases, microarray and system biology analyses of human lung cells after a Apep27 infection
unraveled unexpected features predicting preventive effect of influenza virus infection and intestinal
abnormality. Thereafter, a series of experiments on this prediction were performed and show that the
prediction is true [25,36,37].

Apep27 provides transient non-specific protection from heterologous bacteria through non-
canonical Wnt upregulation. Nasal immunization with Apep27 can inhibit colonization of
Staphylococcus aureus and Klebsiella pneumoniae, indicating non-specific resistance to respiratory
pathogens [38].

Injectable pneumococcal vaccines, including the 23-valent polysaccharide vaccine and the 13-
valent conjugate vaccine, do not provide mucosal immunity and do not provide complete protection
against secondary pneumococcal infection following primary influenza virus infection [39]. To
address these challenges, we determined whether Apep27 could protect mice against secondary
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pneumococcal infection following influenza virus infection. Surprisingly, Apep27 protected mice
against secondary pneumococcal infection after influenza virus infection by lowering the influenza
virus burden in the lungs. In contrast, the unimmunized group of mice had a nearly 60% higher
mortality rate following pneumococcal infection due to higher bacterial loads. Apep27 vaccination
alone can prevent influenza and pneumococcal infections by reducing viral titers in the lungs after
infection. Overall, Apep27 immunization is a novel and safe method to overcome both invasive
pneumococcal disease and serious secondary infections following influenza infection during
influenza epidemics [37].

During pneumococcal pneumonia, phagocytes produce H202 and reactive oxygen species (ROS)
for bacterial removal, nonetheless, lung is vulnerable to these oxidative stresses, resulting in extensive
cellular and lung damage [40]. Thus we investigated the therapeutic effect of Apep27 immunization
on antioxidant Small Proline-Rich Repeat (SPRR) genes in the lungs and its associated consequences
on the gut dysbiosis. We observed that Apep27 significantly increased the levels of the SPRR genes
in the lungs suggesting a strengthened alveolar barrier and enhanced resistance to external stressors
resulting in a robust regenerative and oxidant stress-relieving mechanism to re-establish
immunological tolerance [36,41]. Additionally, SPRR genes are involved not only in the establishment
of the physical barrier but also in cell migration and wound healing [41,42]. Apep27 on the other hand
significantly increased SPRR genes resulting in a more strengthened alveolar barrier and enhanced
resistance to external [41] including pneumococci suggesting that Apep27 immunization blocks ROS
and oxidative stresses [36].

Macrophages are classified into M1 and M2 macrophages, which produce inflammatory and
anti-inflammatory cytokines, respectively [43]. Adoptive transfer of M2 macrophages or inducing M2
polarization has been shown to suppress experimental colitis [44]. M2 macrophages aid in the
resolution of inflammation by downregulating inflammatory cytokines and secrete copious amounts
of IL-10 and TGF-{ thereby protecting against colitis to promote tissue repair and by driving
epithelial cell regeneration [43]. Intranasal Apep27 immunization upregulates colonic M2
macrophages thereby inhibiting inflammatory milieu [36].

6. Intranasal immunization of Apep27 protects allergic diseases

Inactivated serotype 3 S. pneumoniae has been reported to be effective against allergic diseases,
including asthma, via Treg upregulation. These inactivated strains in a mouse model significantly
suppressed the allergic inflammatory responses that are pivotal in the development and progression
of asthma, including Th1l and Th2 cytokine production and eosinophil recruitment to the airways
during or after ovalbumin sensitization [45,46], but they are toxic and cannot be used as a vaccine.

Intranasal Apep27 immunization before or after allergen exposure could restore the necessary
balance of Th1/Th2 cells by reducing Th2 activity and maintaining Th1 and Treg activity that was
disturbed during asthma. Additionally, allergic airway inflammation in the lung was significantly
reduced by Apep27 immunization. Apep27 immunization may provide long-term protection against
asthma without any toxicity [47].

In addition, Apep27 immunization alleviated allergic symptoms such as sneezing and rubbing
frequency and reduced TLR2 and TLR4 expression, Th2 cytokines, and eosinophil infiltration in the
nasal mucosa of an ovalbumin (OVA)-induced allergic rhinitis mouse model [48] (Figure 1).
Mechanistically, Apep27 reduced the activation of NLRP3 inflammasome in the nasal mucosa by
downregulating the TLR signaling pathway and subsequently prevented allergic reactions [48].
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Figure 1. Therapeutic effect of pep27 mutant vaccine in various inflammatory diseases. Apep27
immunization via the intranasal route alleviated disease development by suppressing aberrant gene
expression and dysregulated immune responses in various organs in mice. Theses disorders deplete
Treg cells and subsequently induce inflammatory cytokines. In contrast, Tregs elicited by Apep27
induce a robust anti-inflammatory mucosal immune homeostasis and maintain the barrier integrity,

offering the possibility of preserving mucosal integrity.

Prophylactic and therapeutic analysis showed that Apep27 could elicit anti-inflammatory Treg-
relevant factors and epithelial barrier genes (filaggrin, involucrin, loricrin, and SPRR proteins).
Accordingly, pneumococcal Apep27 immunization upregulated Treg activity, suppressing epidermal
collapse, IgE, and TSLP. On the other hand, Treg suppression worsened atopic dermititis through
upregulation of TSLP and Th2 and repression of epithelial barrier function compared to the non-
suppressed pneumococcal Apep27 group. In summary, pneumococcal Apep27 immunization
alleviated allergic dermatitis symptoms by upregulating Tregs and epithelial barrier functions and
suppressing TSLP and Th2 to relieve allergic dermatitis symptoms [49].
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7. Intranasal immunization of Apep27 protects IBD potentially by anti-oxidative SPRR and anti-
inflammatory M2 upregulation via Treg induction

Intranasal Apep27 immunization prevented dextran sulfate sodium (DSS)-induced colitis.
Apep27 significantly mitigated oxidative stress parameters and down-regulates pro-inflammatory
cytokines, and Wntba expressions via Treg induction in gut. Moreover, Apep27 induces upregulation
of the anti-inflammatory-genes IL-10 and TGF-[31, as well as M2 macrophages via Treg induction and
tight junction genes. Apep27 also suppresses DSS-induced caspase-14 expression and upregulates
Tregs, resulting in healthy microbiota. Inhibition of Treg function confirmed that Apep27 has
therapeutic effects on gut inflammation and caspase-14 via Treg upregulation. Overall, intranasal
immunization with Apep27 can attenuate colonic inflammation via Treg induction and could be a
highly pragmatic way to re-establish immunological tolerance [25,36] (Figure 1).

8. Conclusion

To date, treating allergic diseases as well as recurrent inflammatory diseases, including IBD, remains
a challenging task. Moreover, the causes of these diseases are not fully understood. Although there have
been many attempts to use Tregs, which are effective for hypersensitivity reactions such as excessive
inflammation or allergies, there were many limitations in terms of functionality. In this study, it was
confirmed that Tregs induced by intranasal immunization were stably expressed not only in the
nasopharynx and lungs, but also in the skin and intestines, making them effective against
inflammation/hypersensitivity reactions. Mechanistically, Apep27 suppresses oxidative stress levels,
which are closely linked to gut dysbiosis, potentially by increasing the SPRR family in the lungs,
suggesting that the gut-lung axis is a bi-directional communication network. Furthermore, analysis of key
genes in the lungs induced by Apep27 immunization highlighted mucosal protection, particularly in the
lungs and gut, and this mechanism of immune tolerance included normal defense against gut dysbiosis
by Tregs. Furthermore, Apep27 immunization induced M2 macrophages, an antioxidant milieu to
mitigate the stress response, and Treg attenuated caspase-14 and Wnt5a expression independent of the
inflammatory environment through the lung-gut axis, suggesting a robust anti-inflammatory mucosal
tolerance and subsequent restoration of the gut microbiota, ensuring that barrier integrity is maintained
to ensure intestinal immune homeostasis. Apep27 immunization accelerated appears to promote the
development and restoration of functional Treg cells in the skin, internal and respiratory organs as well
as in the intestines, perhaps through mucosal Treg infiltration or induction. Therefore, Apep27 may be a
promising mucosal vaccine candidate treatment in the field of clinical application for allergic and
inflammatory diseases. However, inflammatory bowel disease is an intractable multifactorial disorder,
and there have been no clinical trials using Apep27 in allergic and inflammatory bowel disease, so further
studies on optimizing the parameters regulated by Apep27 and the resilience of food-induced changes in
Treg expression are needed to confirm its effectiveness in these diseases.
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