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ABSTRACT

Generalized Modules for Membrane Antigens (GMMA) are outer
membrane vesicles derived from engineered Gram-negative bacteria.
GMMA, resembling bacterial surface, present antigens in their native
conformation and provide self-adjuvanticity, establishing them as a
flexible vaccine platform. Despite previous studies demonstrated that
GMMA-based vaccines, administered intramuscularly in healthy subjects,
elicited a strong specific antibody response, our understanding of how
GMMA-based vaccines influence immune cell function and development,
as well as activation of other cell subsets at the injection-site remains
limited. Using multi-parametric flow cytometry combined with cytokine
detection assays, we define the Mode of Action (MoA) of Shigella and N.
gonorrhoeae (Ng) GMMA-based vaccines on immune cells. Specifically,
we developed in vitro models which recapitulate the peripheral blood,
hPBMCs and a specific subpopulation of innate immune cells, the
dendritic cells (DCs) which are known to drive T cell differentiation and
function. Moreover, to gain insight into the role of GMMA on the cellular
crosstalk occurring at the site of injection, which is instrumental for the
priming of adaptive immunity, a primary muscle cell model (PMCM), which
combines immune cells with myotubes, was developed. Both GMMA-
based vaccines activated immune cells, including hPBMCs and Mo-DCs,
eliciting a strong innate pro-inflammatory response. Furthermore, Mo-
DCs internalized GMMA and secreted factors that skewed naive CD4+ T
cells toward a Th1 phenotype. GMMA-based vaccines also activated non-
immune muscle cells, revealing, in the PMCM cultures, a distinct cytokine
milieu compared to hPBMCs in vitro model. In conclusion, our data

demonstrated that GMMA-based vaccines are internalized by both
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professional antigen presenting cells and muscle cells and promoted the
secretion of pro-inflammatory mediators, thereby shaping the

development and function of T cells independently of the bacterial origin.
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1. INTRODUCTION

1.1 Towards OMV as Vaccine platform against bacterial infectious
diseases

Vaccines are one of the most effective tools in modern medicine, designed
to prevent infectious diseases by training the immune system to recognize
and respond to specific pathogens without causing illness. Despite their
long-standing success, the development of new and effective vaccines
against emerging infectious diseases remains a major challenge (1). The
growing demand for prophylactic vaccines is driven by several factors
among which, the Antimicrobial Resistance (AMR) is the most
predominant (2). Indeed, the global rise of antimicrobial-resistant
pathogens (3-9) and limited efficacy of antibiotic treatments for certain
infections pose a serious threat to healthcare systems (5). In this scenario,
vaccination would be an effective intervention against bacterial infections
due to the induction of immunity before bacterial propagation and
dissemination, reducing the use of antibiotics and, consequently,
decreasing the evolutionary pressures that aid resistant strains.
Furthermore, the possibility to design vaccine against multiple targets not
only reduce potential resistance episodes in the vaccinated population
(10), but also provide multivalent vaccines able to target several infectious
diseases (11). Vaccination can also provide indirect protection (herd-
immunity) to non-vaccinated people, minimizing the spread of the

pathogens and, therefore, the development of infections (10, 12-14).

Additionally, the development of multivalent vaccines is of pivotal

importance for life quality improvement in low- and middle-income
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countries, in which infectious disease are responsible for 91% of deaths
due to the inadequate socio-economic conditions (15).

Over the years, a variety of vaccine platforms have been developed and/or
refined, ranging from traditional inactivated and live-attenuated vaccines
to more advanced technologies as protein/polysaccharide subunit
vaccines, conjugate vaccines, outer membrane vesicles (OMV)-based
vaccines, Virus-like particles (VLPs) and Viral vector, DNA and mRNA
based vaccines (1, 16, 17).

Each vaccine technology offers distinct advantages but also presents
limitations. For example, live-attenuated vaccines elicit robust and long-
lasting immunity but carry the risk of reversion to virulence (18). Subunit
vaccines are safer but often require complex production processes and
adjuvants to enhance immunogenicity (19). mRNA vaccines allow rapid
and scalable production, yet their stability and cold-chain requirements
remain significant hurdles (20). In this scenario, the OMV platform offers a
solution to the majority to these drawbacks, resulting in a promising and
innovative approach for bacterial vaccines. Indeed, OMV, being vesicles
naturally released from gram-negative bacteria and thus, mimicking the
bacterial outer membrane, have innate immunostimulatory properties
(21). Moreover, OMV production is low cost and can be exploited as
carriers for several antigens, giving the possibility for multivalent vaccines
development (22, 23). However, this platform also has some limitations,
as many bacterial strains release low levels of OMV. In the last decades,
this drawback has been addressed by the development of particular OMV
derived from engineered gram-negative bacteria, known as Generalized

Modules for Membrane Antigens (GMMA).
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1.2 Outer Membrane Vesicles (OMV)

1.2.1 OMV biogenesis, structure and composition

During growth, many Gram-negative bacteria naturally release outer
membrane vesicles (OMV), likely because of an imbalance between
cellular expansion and outer membrane synthesis. This imbalance results
in the extrusion of excess membrane material in the form of vesicles (24).
OMV play a multifaceted role in bacterial physiology and pathogenesis:
they contribute to survival under stress conditions, facilitate the delivery
of virulence factors and genetic material to host cells, and are implicated
in biofilm formation as well as in the persistence both within host
organisms and in environmental niches such as soil. Additionally, OMV
enhance bacterial defence mechanisms against antibiotics and
participate in the horizontal transfer of antibiotic resistance genes (24-29).
Naturally secreted OMV resemble the bacterial outer membrane, carrying
several molecules in their native conformation. These include
phospholipids (PLs), Outer Membrane proteins (OMPs), and
lipopolysaccharides (LPS), but also periplasmic proteins and cell wall
components. However, OMV can also contain periplasmic and
cytoplasmic proteins, DNA, RNA, ions, metabolites and signalling

molecules (30-32) (Figure 1).
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Figure 1. Structure and molecular composition of Outer Membrane Vesicles (OMV). OMV
are spherical vesicles naturally released from Gram-negative bacteria, consisting of both outer
and inner membrane components. The outer membrane is enriched in lipopolysaccharides
(LPS), phospholipids, and outer membrane proteins, while the inner membrane contains
phospholipids and integral membrane proteins. In addition to membrane-associated

molecules, OMV encapsulate internal constituents such as DNA, RNA, and periplasmic
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proteins, reflecting their origin from the bacterial envelope and surrounding compartments.

Image adapted from Zahid et al_2025 (1)

1.2.2 OMV features for vaccine development

One of the key features of vaccines is their ability to induce a long-lasting
immune response thatis specifically directed against the target pathogen.
This is achieved by simulating the presence of the pathogen in a safe and
controlled manner, without causing disease. Through this process, both
the innate and adaptive arms of the immune system are activated, leading
to the development of immunological memory and sustained protection
over time. For a vaccine to be considered effective, it must incorporate
three fundamental elements: (1) antigens that are specific to the
pathogen, (2) a diverse array of pathogen-associated molecular patterns
(PAMPs), and (3) a physical size conducive to optimal immune activation
(83). Notably, OMV inherently satisfy all three of the essential criteria for
vaccine efficacy. For this reason, OMV represent a promising interface
between traditional and next-generation vaccine technologies, offering a
versatile platform for the prevention of various infectious diseases (34).
They mimic the bacterial outer membrane showing a wide range of
bacterial antigens (such as lipoproteins) as well as other constituents
(proteins, RNA/DNA, and peptidoglycan) that can be embedded in the
OMV lumen from periplasm and cytoplasm compartments (35-37). These
components are Pathogen-associated Molecular Patterns (PAMPs) and,
interacting with Pattern-Recognition receptors (PRRs), including Toll-like
Receptors (TLRs), on host cells, induce a strong innate and adaptive
immune responses (38), conferring to OMV a self-adjuvanticity feature

(39, 40). Moreover, as OMV are naturally released by Gram-negative
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bacteria, they display antigens in their native conformation, preserving
both antigenic integrity and conserved epitopes, thereby enhancing
immunogenic diversity, addressing antigenic variability, and reducing the
risk of immune escape (1, 22-24). Due to their nanometric size (20-300
nm), they can reach lymph nodes either via lymphatic drainage or being
phagocytosed and transported by antigen-presenting cells (APCs) (38),
promoting systemic distribution and a long-term memory (41). In addition,
they are non-replicative particles and thereby they cannot induce disease
(1). OMV have shown a marked stability under elevated temperatures and
several chemical treatments highlighting their potential as successful
vaccine candidates (42). Furthermore, the ease of the manufacturing
process, which consists of an initial cultivation and fermentation of the
bacteria followed by filtration to collect the OMV released in the culture
supernatant, shows their high potential for low-cost vaccine development
(43-45). Finally, the availability of bioengineering techniques allows the
incorporation of tailored antigens in OMV, thereby amplifying their
immune potential and providing broader protection against various
strains and species of bacteria (22, 46, 47). These features prove that OMV
technology is a suitable platform to design vaccines that can overcome
conventional vaccines’ limitations, especially for disease caused by
bacteria exhibiting complex immune evasion mechanisms or relevant

antigenic variation (1).

1.2.3 OMV-based vaccines and generation of Generalized Modules of

Membrane Antigens (GMMA)

The OMV platform is employed against various pathogens. Currently, there

are two licensed vaccines against N. meningitidis (VA-MENGOC-BC™ and
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Bexsero™) (25) and others in advanced discovery, against
Shigella spp., Salmonella spp., extraintestinal pathogenic E. coli (EXPEC),
and V. cholerae (25, 48). However, spontaneously released of OMV from
several bacterial species occurs at low levels from a vaccine
manufacturing process perspective. Furthermore, the high presence of
LPS with an endotoxic effect can elicit a strong immunogenicity resulting
in a strong reactogenicity. Therefore, designing completely safe vaccines
based on OMV could present significant challenges (25). To overcome
these limitations, several mechanisms and production processes have
been developed. Mechanical disruption methods, such as extraction with
EDTA sonication, or bacteria vortexing can enhance OMV yields while
preserving native membrane characteristics. However, these approaches
also introduce non-membrane components, which may increase
antigenicity but compromise safety. These vesicles are commonly referred
as native OMV (nOMV) (49, 50), while detergent extracted OMV (dOMV) are
obtained following the use of detergents. This process improves OMV
yield and decreases LPS levels, thereby reducing toxicity, but results in the
loss of bacterial antigens and lipoproteins and in the reduction of the
relative adjuvant effect (22).

Recently, a genetic modification of OMV-producing bacterial strains has
been used as a process to increase the OMV blebbing and reduce the LPS
endotoxicity, resulting in the production of mutant-derived OMV
(mdOMV), also called Generalized Modules of Membrane Antigens
(GMMA). In particular, the over blebbing happens thanks to mutations in
genes of the Tol-Pal system which is characteristic of most Gram-negative
bacteria, and it is involved in the crosslinking between outer membrane

and peptidoglycan layer in the periplasm (51-53). Additionally, due to the
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high content of LPS on OMV, further genetic deletion of genes that encode
for acyltransferases such as HtrB or MsbB in Shigella (54, 55), MsbB and
PagP in Salmonella (56), or LpxL1 inN. meningitidis (57) have been
introduced to reduce the lipid A endotoxicity, leading to GMMA
detoxification (22, 39, 49, 58, 59). GMMA can be also manipulated to
increase the expression of relevant antigens and/or eliminate undesirable
ones. Moreover, they can be used as carriers for heterologous
polysaccharides and/or protein antigens as the other type of OMV,
amplifying the immune response and providing broader protection against

various strains and species of bacteria (29, 46, 60, 61) (Figure 2).
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Figure 2. GMMA'’ genetic manipulation and bioengineering. Different genetic manipulations
introduced in bacteria used as a source of GMMA production with the goal of: (A) Increase the
ability of Gram-negative bacteria to bleb. (B) LPS detoxification to moderate the reactogenic
response after GMMA injection. (C) Remove unwanted detrimental antigens for vaccine safety.
(D) Overexpression of antigens to make vaccine more immunogenic. (Image adapted from

Piccioli et al_2022)(46).
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1.3 GMMA immunogenicity

1.3.1 GMMA adjuvanticity and innate response

Adjuvants are fundamental vaccine components that promote adaptive
immunity, by directly activating innate immune cells. They are classified
into two different groups: immunostimulants and delivery systems (62).
The immunostimulants include PAMPs, damage-associated molecular
patterns (DAMPs) and their mimicking molecules. They promote antigen
presentation on major histocompatibility complexes (MHC) and the
upregulation of co-stimulatory molecules such as CD40, CD80, and CD86
on APCs by interacting with PRRs. Moreover, they induce the secretion of
inflammatory cytokines (e.g., IL-6, IL-10, IL-12, TNF-a) resulting in further
presentation to T cells and their activation. Delivery systems comprise
carriers like lipid nanoparticles (LNPs) and poly(lactide-co-glycolide)
(PLGA) which promote antigen presentation by enhancing the
bioavailability of antigen or creating an immune niche and thus,
facilitating the presence of antigens and their potential display on MHC
molecules (62). In this context, considering the GMMA composition, the
most relevant TLRs that are involved in the recognition of GMMA
associated PAMPs are TLR1, TLR2, TLR4, TLR5, TLR6, TLR9 (Figure 3A).
Among them, LPS has a highly potent immunostimulant property and for
this reason it needs particular attention in GMMA-based vaccines
development. Indeed, on one hand, LPS has a key role in GMMA-induced
effective immune response (39, 54). Notably, the genetic modification of
genes encoding enzymes implicated in LPS structures’ definition, in
GMMA, affects the LPS binding to TLR4 resulting in the reduced

immunostimulation.

18



Another relevant TLR implicated in GMMA immune response is TLR2 that
directly binds bacterial lipoproteins. It dimerizes with TLR1 for the
recognition of triacylated lipoproteins, or with TLR6 when binding
biacylated lipoproteins (63). Other receptors play a minor role in the
immunogenicity of GMMA because the PAMPs they recognize, including
flagellin via TLR5 (84), unmethylated CpG motifs via TLR9 (85), and
bacterial ribosomal RNA via TLR13 (86), are scarcely present in GMMA
preparations.

The interaction of GMMA with TLRs expressed by the innate immune
system triggers the release of inflammatory cytokines and chemokines,
including (TNF)-a, IL-183, IL-6, IL-8, and macrophage inflammatory protein
(MIP)-a and -B as a result of the activation of antigen-presenting cells
(monocytes, macrophages and dendritic cells) and human Peripheral
Blood Mononuclear Cells (hPBMCs) (64-67). Additionally, flow cytometry
and transcriptomics analysis on hPBMCs, reveal monocytes and myeloid
DCs as the main cytokine producers (67, 68). GMMA exposure induces the
up-regulation of co-stimulatory molecules (e.g. CD80, CD86) and MHC Il
molecules on APC, increasing their antigen up-take and thus, their ability
to prime both CD4+ and CD8+ T cells (25, 66, 68, 69) (Figure 3B). For
example, Vibrio cholerae OMV have been shown to activate human
Monocyte-derived DCs (Mo-DCs) as evidenced by the expression of co-
stimulatory molecules and to promote the differentiation of CD4+ T cells
toward Th2/Th17 phenotype (70). Moreover, mice treated with Salmonella-
derived GMMA showed that GMMA-primed DCs exhibited Salmonella
antigens, inducing activation of CD4+ T cells that provided help to B cells

for antibody production (71).
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The self-adjuvanticity of GMMA is also boosted by their ability to function
as carriers and due to their nanometric dimensions which should allow
them to reach tissue-drained lymph nodes from the site of injection
directly as well as through dendritic cells (DCs) (1, 69). Indeed, this has not
been confirmed yet in GMMA context, but it is known that OMV drive DCs
maturation (1, 69). For instance, it has been demonstrated that OMV
derived from Salmonella typhimurium induce maturation of human Mo-
DCs, murine bone marrow-derived DCs and CD11c+ splenic DCs (72).
Additionally, nOMV derived from Burkholderia pseudomallei drive the

DCs’ maturation and activation both in vitro and in vivo in mice (73).
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Figure 3. Employing OMV for vaccination: innate and adaptive immunity connection. (A)
OMV-related pathogen-associated molecular patterns (PAMPs) are recognized by specific Toll-
like receptors (TLRs) which are pattern recognition receptors (PRRs). (B) Upon delivery, OMV
vaccines are sensed and engulfed by immature dendritic cells following the recognition of
OMV’ PAMPs by TLRs. The OMV identification and uptake by dendritic cells promote their
development, defined by the production of co-stimulatory molecules (activation markers) and

cytokine release, as well as antigen presentation.

Although these findings suggest that GMMA is a unique antigen and
delivery system, the mechanism of action of GMMA is still not fully
elucidated. First, limited evidence is available about the specific immune
events occurring at the site of injection. The role of tissue-resident
immune cells as well as non-immune cells such as muscle cells and their
crosstalk, local cytokine environments, and early APCs recruitment need
to be deeply investigated to better characterize factors that shape the
GMMA innate immune response.Recently, it has been reported that
skeletal muscle cells actively participate in several processes such as
tissue repair and immune response. They produce cytokines (e.g. IL-6, IL-
8, IL-1B) and chemokines (e.g. CCL2 or MCP-1, CCL3 or MIP-1a, CXCL10 or
IP-10), known as myokines, mainly in response to pro-inflammatory
stimuli like IFN-y or TLR ligands (e.g. LPS, CpG), thereby shaping the local
immune microenvironment (74). In the context of an intramuscular
vaccine injection, this local response contributes to the recruitment and
activation of several immune cells like monocyte, neutrophils, and
dendritic cells boosting antigen uptake and presentation (75). Overall,
these insights indicate that skeletal muscle tissue can influence both the
magnitude and quality of GMMA-based vaccine immune response.

However, despite GMMA self-adjuvanticity features, GMMA-based
vaccines are formulated in the presence of Alum hydroxide, also known as
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Alhydrogel (AH). Aluminium salts are the first licensed adjuvants for
human vaccines, generally used for their broad recognized safety and
reliability (62, 76). Indeed, the addition of Alum to GMMA-based vaccines
(77) has been correlated with reduced pyrogenicity in preclinical models,
and it was ascribed to the retention of GMMA at the injection site and the
reduced systemic dissemination (78, 79). In contrast, no substantial
differences in systemic reactogenicity have been reported between alum-
adsorbed and non-adsorbed GMMA formulations in human trials (79).
Although alum (Alhydrogel) is used in GMMA-based vaccines to retain the
vaccine at the injection site, how Alum influences immune cell

recruitment and activation in GMMA formulations remains unexplored.

1.3.2 Adaptive immune response to GMMA

GMMA-induced innate immune response has an important role in the
development of a pathogen-specific adaptive immunity via T and B
lymphocytes and memory generation. Indeed, the presence of several
PAMPs in their native conformation on GMMA’ surface, along with their
size, facilitates interaction with immune cells, particularly with APCs, that
in turn trigger the T-cell response and the development of an effective
immunity (39, 46, 49, 80, 81). Indeed, in vivo preclinical studies and
clinical studies have demonstrated that GMMA-based vaccines elicit a
strong adaptive immune response, including both humoral and cellular
responses. In mouse models, GMMA vaccination induces both T-cell-
dependent and T-cell-independent IgG responses in mouse (66, 82). For
instance, in a Salmonella GMMA model, mice exhibited strong anti-O-
polysaccharide-specific 1gG titres with high complement-mediated

bactericidal activity conferring protection (83) that also correlated with
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long-lived plasma/memory B cells presence (84). Clinical data support
these findings. Phase | and Il clinical trials for S. sonnei GMMA vaccines
have demonstrated that vaccines are well tolerated and immunogenic and
correlate with a protective profile as resulted by the substantial increase
of anti-LPS IgG titers with an high complement-mediated bactericidal
activity (69). T-cell responses are less frequently quantified directly.
However, murine models showed that there is indirect evidence of T cell
involvement for Shigella GMMA-based vaccine (66) , while a flow
cytometry analysis of the frequency and quality of antigen-specific CD4+
T cells have been evaluated for Neisseria gonorrhoeae GMMA-based
vaccine demonstrating that the immune response is mainly driven by a ThO
profile (producing IL-2 and TNF-a), with rare frequencies of Th2 and Th17
profiles (85). Moreover, evidence from transcriptomic profiling suggested
the involvement of Th1 and Th17 pathways in human PBMC models
stimulated with GMMA (68). Additionally, some OMV vaccines such as
those based on Neisseria meningitidis, showed the activation of both
CD4+ and CD8+ T cells, suggesting the OMV vaccine potential in
supporting a broad adaptive profile (73, 86). However, The studies on
GMMA-based vaccines focus mainly on antibody outcomes and there are
few data on theirimpactin T cell responses including (66) T cell activation
and differentiation (69). Overall, despite considerable evidence on GMMA-
based vaccines as a promising, self-adjuvanted platform, efficient in
inducing strong innate and adaptive immune responses, there are still
several open questions about their mechanism of action which needs

further and deep investigation.
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1.4 GMMA-based Vaccines Against Shigella and Neisseria
gonorrhoeae: Prototypical Therapeutic Strategies for Gram-Negative
Pathogens

Shigella and Neisseria gonorrhoeae GMMA-based vaccines are selected
as models to study the GMMA platform. These pathogens represent urgent
vaccine exigencies due to antimicrobial resistance and antigenic
variability, while also providing an opportunity to dissect how GMMA
structure and origin influence innate immune responses. Insights
obtained from these models may support the broader application of

GMMA technology.
1.4.1 Shigella spp.

Shigella species (spp.) are facultative anaerobic, non-motile, rod-shaped
Gram-negative bacteria belonging to the family Enterobacteriaceae (87).
These pathogens are responsible for shigellosis, an acute diarrheal
disease characterized by a spectrum of clinical manifestations, including
watery or bloody diarrhoea, abdominal pain, and fever (88). Shigellosis
remains the leading bacterial cause of diarrheal mortality worldwide,
accounting for approximately 212,438 deaths annually. Notably, around
30% of these fatalities occur in children under the age of five,
predominantly in low- and middle-income countries (LMICs) (88-90).
Shigella comprises four distinct species, S. dysenteriae, S. flexneri, S.
boydii, and S. sonnei, which are further classified into over 50 serotypes
based on the structural variability of the outer polysaccharide antigen (O-
antigen, OAg) present on the lipopolysaccharide (LPS) of the bacterial
surface (88).Shigella flexneri and Shigella sonnei are responsible for nearly
90% of shigellosis cases worldwide, with S. flexneri predominating in
LMICs, and S. sonnei being more prevalent in high-income settings (91-
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94). Currently, no licensed vaccines against Shigella are available.
However, several promising candidates are under clinical development,
aiming to address the global burden of shigellosis (95).

One of the primary challenges in developing an effective vaccine against
Shigella is the need to achieve broad coverage across the most
epidemiologically relevant serotypes. Several studies have demonstrated
that the protection against Shigella spp. is primarily serotype-specific, and
it correlates with antibodies primarily against Shigella OAgs (96-99). As a
result, several OAg-based vaccine strategies like live attenuated oral,
killed oral, and subunit parenteral vaccines have been evaluated (100).
However, no effective vaccine has been licensed, mostly due to limited
extent of protection considering the presence of 50 different serotypes of
Shigella (100). Given these limitations, alternative approaches are being
investigated to overcome the challenges of serotype diversity. Among
these, GMMA platform has emerged as a promising strategy for the

development of broadly protective and cost-effective Shigella vaccines.

1.4.2 Shigella GMMA-based vaccine

The development of a tetravalent Shigella vaccine, known as altSonflex1-
2-3, represents a significant advancement in the fight against shigellosis
(101). Since this disease is caused by different serotypes of Shigella,
researchers wanted to develop a broadly effective vaccine, covering the
most epidemiologically relevant serotypes (102). The four-component
candidate builds upon bases laid by the first-generation S. sonnei GMMA
vaccine, called 1790-GMMA (54). The initial S. sonnei GMMA vaccine
consisted of a single component, 1790-GMMA, derived from the

genetically modified S. sonnei strain (54). These modifications included
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the deletion of tolR and htrB or msbB genes to respectively improve the
release of membrane vesicles and reducing reactogenicity (44, 101). The
tolR gene encodes for a protein that anchors the outer membrane and the
peptidoglycan or inner membrane; its disruption weakens this
connection, thereby promoting vesicle blebbing. In contrast, htrB and
msbB genes encode two late acyltransferases, specifically HtrB (also
known as LpxL) and MsbB (also known as LpxM)- involved in the acylation
of lipid A within LPS. Their deletion results in a penta-acylated LPS
structure, resulting in a GMMA with reduced endotoxicity (1790-GMMA
penta). Consequently, 1790-GMMA (penta-acylated) exhibits lower
reactogenicity compared to 1859-GMMA, which retains the wild-type
hexa-acylated lipid A structure (59, 91, 92). In agreement with a reduced

reactogenicity of 17790-GMMA compared with 1859-GMMA the production
of pro-inflammatory cytokines (TNF-a, IL-1B, IL-6, IL-8, IFN-y, IL-10 and IL-
12p70) from hPBMCs after an in vitro stimulation with 1790-GMMA penta
is lower respect to those elicited by 1859-GMMA (54, 67, 103). A similar
behaviour is also observed for additional cytokines like IL-10, IL-13, IL-4,
MIP-1a, MIP-1b, IL-2, MCP-1, GM-CSF and IL-12p40. This pro-inflammatory
innate response depends on TLR2 and TLR4 activation and, in particular,
the immunogenicity given by 1790-GMMA penta is related to TLR2 as
demonstrated by blocking of TLRs, alone or in combination, in hPBMCs
(55, 56). Indeed, despite the Lipid A modification on LPS, 1790-GMMA
penta has still several components of the outer membrane that can act as
PAMPs inducing a S. sonnei GMMA specific innate response without any
possibility to trigger the related disease (104). Moreover, advanced flow
cytometry analysis on hPBMCs shows that 1790-GMMA penta activates

specific immune cell populations including monocytes, plasmacytoid
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dendritic cells (pDCs), B cells, gamma delta (y6) T cells, NK cell (67).
However flow cytometry analysis together with confocal microscopy show
monocytes as the primary target population and transcriptomic defines a
molecular signature associated with inflammatory response (IFN
responses, processes induced by IL1B/TNFa/IL15, and inflammasome
activation) but also with antigen-presenting cell differentiation and the T
cell regulation (68). The 1790-GMMA penta has been used for the first-
generation S. sonnei GMMA vaccine candidate known as 1790GAHB
which demonstrated to be highly immunogenic with the production of
anti-LPS specific 1gG and IgM but also antibodies (54, 105). Moreover,
Phase | and Il clinical trials conducted in healthy European and African
adults demonstrated that intramuscular administration of 1790GAHB was
well tolerated and elicited a substantial increase in serum IgG levels
specific for Shigella (106-108). Importantly, the antibodies generated
could mediate bacterial killing in vitro in the presence of complement.
However, a Phase llb human challenge study using higher doses of O-
antigen (OAg) revealed that increased OAg content is likely necessary to
achieve clinical protection (109). This finding led to the development of a
novel S. sonnei GMMA construct, 2929-GMMA, generated through the
deletion of the msbB and tolR genes from the parentalS. sonnei
strain. This new construct contains approximately ten times OAg (relative
to protein and lipid A content) than the original 1790-GMMA formulation
(102). Despite this difference, both 2929-GMMA and 1790-GMMA,
compared at the same protein dose, induced similar level of IL-6 from
hPBMCs in a monocyte activation test (MAT) assay. In contrast, in vivo
study on mice showed that 2929-GMMA induced higher levels of anti-S.
sonnei LPS I1gGs and SBA titres than 1790-GMMA coherently with the
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higher amount of OAg on its surface (102). The newly developed construct
has been incorporated in a 4-component formulation, called altSonflex1-
2-3, which includes GMMA derived from three S. flexneri strains 1b, 2a,
and 3a adsorbed onto Alhydrogel (102). These S. flexneri strains were
selected based on their epidemiological relevance and their ability to
induce cross-reactive antibodies, with the potential to confer broad
protection against the most prevalent Shigella serotypes (110). The S.
flexneri strains underwent the same genetic modifications as the S. sonnei
strain (AtolR AmsbB), resulting in GMMA containing penta-acylated LPS.
Additionally, S. flexneri GMMA exhibited a distinct subpopulation of hexa-
acylated, non-wild-type lipid A species, attributed to the activation of the
palmitoyl transferase enzyme PagP, which catalyses the palmitoylation of
the penta-acylated lipid A (102). Despite these structural differences, the
immunogenic profile of S. flexneri GMMA closely mirrored that of 1790-
GMMA, demonstrating robust safety and immunogenicity (108, 111). A
preclinical immunogenicity study assessed on mice and rabbits
demonstrated that the combination of the four components didn’t impact
on the immune response related to each single component resulting in
higher anti-OAg 1gG response and SBA titres in four-component
formulation than single GMMA formulations, also at low doses (66). Of
note, sera from vaccinated mice and rabbit elicited a robust, dose-
dependent production of functional antibodies against OAg of all
serotypes inside the vaccine as well as additional S. flexneri serotypes
with an epidemiological relevance (namely S. flexneri serotypes 4a, 5b, 6,
X, Y) suggesting broad protective potential (66). Remarkably, toxicology
studies where rabbits are treated with the full human dose demonstrated

a mild inflammatory response supporting the vaccine’s safety (66). These
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findings were also reinforced by in vitro assays including the monocyte
activation tests (MAT) assay which showed that the IL-6 amount from
hPBMCs was comparable to that observed for 1790GAHB (66).

These promising preclinical results allowed to proceed to clinical trials
(clinicaltrial.gov NCT05073003). The altSonflex1-2-3 was administrated
intramuscularly in three different doses firstly in European adults (stage 1)
and subsequently in a shigellosis-endemic population in Kenya (stage 2)
following an age-descalation strategy (first in adults 18 to 50 years of age,
secondly in children 24 to 59 months of age and finally in infants 9 months
of age) with the aim to define immunogenicity and safety of the vaccine
candidate but also to define the optimal dose for vaccine administration
in 9 month of age target population. Data from stage 1 showed excellent
tolerability with mild reactogenicity (e.g. pain and headache) (112) similar
to prior formulation 1790GHAB (113). Immunogenicity data reported a
strong immune response with the production of functional antibodies
titres against all vaccine serotypes, particularly S. flexneri 2a and S.
sonnei, with a bactericidal activity. A recapitulation of immune responses
was observed with additional doses highlighting the vaccine's potent
initial effects and sustained antibody levels post-vaccination (112).
Accordingly with preclinical results, data reported a higher response to S.
sonneij for altSonflex1-2-3 than 1790GHAB (102, 107, 109). These findings
permitted the progression toward the currently ongoing stage 2 of the
clinical stage that consist in the vaccination of shigellosis endemic
population in Africa with a age de-escalation to finally test the vaccine in
a younger population which is the target one (102).

Altogether, these findings support the continued clinical development of

altSonflex1-2-3 as a promising vaccine candidate with the potential to
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provide broad, safe, and effective protection against the most
epidemiologically relevant Shigella serotypes. However, despite the
encouraging preclinical and clinical results, the underlying mechanisms
by which GMMA-based vaccines elicit immune responses remain

incompletely understood and warrant further investigation.
1.4.3 Neisseria gonorrhoeae

The gram-negative bacterium Neisseria gonorrhoeae (Ng) poses a
significant global health threat, contributing to invasive gonorrhoea, a
sexually transmitted infection (STI) that likely affected 86.9 million people
among 15-49 years of age, globally in 2016 (114). Gonorrhoea triggers
mostly urethritis in men and cervicitis in women but usually remains
asymptomatic, mainly in women, provoking an underdiagnosis and
consequently the progression of the disease, which can be characterized
by pelvic inflammatory disease (endometritis and/or salpingitis), infertility
(115, 116) and increased risk of HIV acquisition (117). Alarmingly, in recent
years, gonorrhoea case rates have notably risen even in industrialized
countries (7). Gonorrhoea cases increased by 67% from 2013 to 2017 in
the USA (7, 118) and by >200% from 2008 to 2017 in the European
Union/European Economic Area (EU/EEA) (8). Following a historic low in
2009, gonorrhoea incidence increased by 82.6%, rising from 98.1 cases
per 100,000 population in 2009 to 179.1 cases per 100,000 in 2018,
corresponding to a total of 583,405 reported cases (119). Effective
antimicrobial therapy remains critical for the prevention and control of
gonorrhoea. The Centers for Disease Control and Prevention (CDC)
currently recommend a dual therapy regimen consisting of 250 mg
intramuscular ceftriaxone and 1 g oral azithromycin for the treatment of

uncomplicated gonorrhoea. However, the emergence of strains with
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reduced susceptibility to ceftriaxone and azithromycin has raised
concernsregarding the potential for untreatable infections. Consequently,
novel strategies are urgently needed to prevent gonorrhoea and address
the growing threat of antibiotic-resistant N. gonorrhoeae (119).

One promising approach is the development of a gonococcal vaccine.
Although no licensed vaccine currently exists and past efforts have been
unsuccessful, recent evidence suggests that serogroup B meningococcal
vaccines containing Neisseria meningitidis-derived outer membrane
vesicles (MenB OMV) may confer modest protection against gonorrhoea
(120). These findings have revitalized research efforts and provided a
foundation for the rational design of gonococcal vaccine candidates.
However, N. gonorrhoeae has a remarkable ability to evade the immune
system through antigenic and phase variation, molecular mimicry, and
immune suppression (115, 121-125). These mechanisms enable repeated
infections in previously exposed individuals. Especially, virulence surface
factors such as Type IV pili, opacity-associated (Opa) proteins, and lipo-
oligosaccharides (LOS), which, together with the abundant outer-
membrane protein PorB, correspond to the main vaccine targets for N.
gonorrhoeae, undergo frequent genetic mutations, resulting in immune
avoidance and limiting the development of a stable protective immunity
(115, 125). The bacterium also binds complement-regulatory proteins
(FHbp and C4bp), suppressing complement activation and enhancing
serum resistance. Additionally, Neisserial porins contribute to immune
evasion by inducing programmed cell death in human antigen-presenting
cells, thereby impairing antigen presentation. They also inhibit dendritic
cell-mediated T-cell proliferation and suppress both Th1- and Th2-driven

adaptive immune responses, ultimately dampening host immunity and
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complicating vaccine development efforts (126). These sophisticated
evasion tactics present major obstacles to gonococcal vaccine
development. Furthermore, the absence of a protective immune response
after a natural infection as well as lack of an efficient animal model that
can be predictive of N. gonorrhoeae pathogenesis are considerable
challenges in vaccine development (127). Several vaccine candidates
and/or different formulations, such as DNA-based platforms (128), viral
replicon particles (129), and outer membrane-derived formulations (130),
have been developed but only three vaccine candidates reached clinical
trial phases, all of which ultimately failed. These included a heat-killed
whole-cell vaccine (131), a pilin-based formulation effective only against
homologous strains(132), and an outer membrane vaccine enriched in
antigens like PorB and LOS, which also failed to protect (133). A key
development in the N. gonorrhoeae vaccine development came with
retrospective studies of MeNZB, an OMV vaccine developed for N.
meningitidis serogroup B. These studies reported a cross-protection of
31% against N. gonorrhoeae infection in the vaccinated individuals (120),
a finding subsequently corroborated by several ecological data from
several countries (120, 134, 135). Further investigations with 4CMenB
(Bexsero), a more forward OMV-containing vaccine, demonstrated 33-
46% efficacy against gonorrhoea (136-138). This cross-protection is likely
due to the identity between N. gonorrhoeae and N. meningitidis protein
antigens, most of which are present on OMV incorporated in the MeNZB
and 4CMenB vaccines (139, 140). Despite the evidence about the
significant4CMenB’s impact on gonorrhoea infection, thereis no evidence

of effective and durable protection against N. gonorrhoea.
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1.4.4 Neisseria gonorrhoeae (Ng) GMMA-based vaccine

N. gonorrhoeae-specific OMV vaccines are under preclinical and clinical
investigation (141). These include NGoXIM (142) and dmGC_0817560
(143) vaccines based on nOMV, in late preclinical phases, and a N.
gonorrhoeae (Ng) GMMA-based vaccine currently in phase 1/2 trials in
healthy adults aged from 18 to 50 years old (NCT05630859). The Ng GMMA
vaccine candidate is based on GMMA derived from N.
gonorrhoeae FA1090 strain in which genes for Rmp and LpxL1 have been
deleted. The reduction modifiable protein (Rmp) is a protein involved in
immunosuppression processes (144). Indeed, subsequent studies about
the first Ng OMV vaccine demonstrated that anti-Rmp antibodies
generated after vaccination induced a decrease in SBA activity by anti-LOS
and anti-Por with a reduction of protection (116, 144). Therefore, its
deletion improves the immunogenicity of Ng GMMA. The [pxL gene
encodes for the late acetyltransferase LpxL implicated in the acetylation
of the Lipid Ain LPS, and its deletion leads to a detoxification (145) of LOS
as happened in Shigella spp. GMMA. Indeed, in vitro studies on hPBMCs
have demonstrated that the production of pro-inflammatory cytokine IL-6
is highly reduced following stimulation with GMMA prepared from FA1090
AlpxL1Armp (Ng GMMA) compared to the response elicited by FA1090 WT
nOMV. Moreover, in vivo studies on mice have shown that Ng GMMA
immunization triggered a CD4+ T cells response against various types of
gonococcal GMMA and bacteria. Specifically, the CD4+ T cells population
is cross-reactive against MenB OMV and GMMA from FA1090 and SK92-
679 as well as heat-killed (HK) FA1090 and SK92-679 bacteria, while a
slight response has been observed against Salmonella GMMA. The quality

of the cellular-mediated immune response is dominated by a ThO profile
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characterized by the production of IL-2 and TNF-a, while low frequencies
are observed for Th2 and Th17 profiles defined by the low levels of IL-17
and IL-4/13 respectively. Moreover, Ng GMMA immunization induced also
higher levels of IgG and IgA in both sera and vaginal washes compared to
those elicited by the 4CMenB showing stronger immunogenicity and
antibody activity. Using a human serum bactericidal assay (hSBA) and a
bacterial adhesion inhibition (BAl) assay, it has been demonstrated that
sera from mice immunized with Ng GMMA showed a higher bactericidal
activity against a panel of 11 gonococcal strains compared to those
immunized with 4CMenB or alum and inhibited the bacterial adhesion to
human urogenital epithelial cell lines (SV-HUC1 ureteral cells as male
representative epithelial cell line and Ect1 ectocervical cells as female’s
one), rising up to 67-92% inhibition for both homologous FA1090 and
heterologous SK92-679 strains. No relevant inhibition activity was
observed for 4CMenB-immunized mice sera, suggesting the superior
effectiveness of Ng GMMA. The antibodies generated after the Ng GMMA
vaccine immunization are against both proteins and LOS which
correspond to the major target antigens since it has been demonstrated
that anti-LOS antibodies can activate the complement system to kill Ng
(146) and had the potential to prevent re-infection by homologous strains
as shown in male urethral experimental gonococcal infection model (147).
Anti-LOS antibodies showed a predominant bactericidal activity against
several gonococcal strains while anti-protein antibodies inhibited FA1090
homologous strain adhesion suggesting an extensive functional
protection exceeding that observed with 4CMenB-immunization (85).
Overall, the promising results supported the investigational NgG vaccine

as a potential vaccine candidate against N. gonorrhoeae and it has
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entered the clinical development phase. Specifically, it is in Phase 1/2
clinical trial with the aim of assessing the safety, reactogenicity,
immunogenicity, and efficacy of the NgG vaccine candidate in eight
countries: the USA, the United Kingdom, France, Germany, Spain, Brazil,
the Philippines and South Africa (NCT05630859). So, these results
demonstrated that GMMA represent a relevant platform in the

development of a suitable and effective vaccine against N. gonorrhoeae.

1.5 Aim of the project

GMMA technology is considered as a qualified vaccine platform since
GMMA vaccines can be defined as a low-cost multivalent vaccine (61).
Moreover, GMMA, resembling the bacterial outer membrane, show several
antigens in their native conformation conferring a strong self-adjuvanticity
propriety and can also be used as a carrier for antigens from different
bacteria (46). Preclinical and clinical studies have demonstrated the
GMMA vaccines ability to induce strong innate and adaptive immune
responses (69). However, multiple variables including antigenic
composition, both in terms of serotype diversity and bacterial origin,
presence of adjuvants like alum and route/site of administration can
influence the quality, magnitude, and nature of the immune response (69).
This project aims to elucidate the mechanism of action of GMMA-based
vaccines, focusing on how GMMA, through their inherent self-
adjuvanticity, interact not only with immune cells but also with non-
immune cells such as muscle cells at the injection site. Such interactions
are likely to shape the innate immune response, a critical step for the
downstream adaptive immunity and thus, an effective vaccination.

Notably, being a GMMA-based vaccine formulated with alum hydroxide, |
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also investigate how the GMMA-induced activation of innate immune cells
is influenced by alum to clarify the relative contribution of GMMA’s self-
adjuvanticity as well as the alum’s immunoregulatory role. Another
important variable that can influence GMMA-induced innate response is
the bacterial origin of GMMA. Indeed, the species of origin defines GMMA’s
specific antigenic composition which may shape their immunological
profile, influencing the type and quality of innate immune response and
thereby the further adaptive response they promote. For this reason, |
study the mechanism of action of Shigella and N. gonorrhoeae GMMA-
based vaccine, as models, evaluating whether their ability to activate
innate immune cells or muscle cells is linked primarily to their self-
adjuvanticity and structural platform features, or to their bacterial origin.
Moreover, since the adaptive immune response, including firstly the
activation and differentiation of T cells and further of B cells, is dictated
by signals provided during the innate phase | want also to investigate how
innate immune cells treated with these model vaccines guide T cell
polarization, providing insights on the influence of GMMA-based vaccines
on the type of T cell response triggered. Additionally, by developing a
primary muscle cell model (PMCM), which combines immune cells with
myotubes to recapitulate the cellular crosstalk between immune and non-
immune cells, including muscle cells atthe injection site, this project aims
to deepen the current knowledge about GMMA's local immunological
impacts, bringing new insights of the Mode of action (MoA) of GMMA-
based vaccines in a more physiological context. Altogether, this project
will provide a comprehensive overview of GMMA-based vaccines’ MoA,
enhancing the rational design of future GMMA-based multivalent

vaccines.
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2. MATERIALS AND METHODS

2.1 hPBMCs in vitro stimulation

2.1.1 hPBMCs thawing

Frozen hPBMCs from healthy donors were obtained from Tivoli Hospital
(Belgium). The study was approved by local Ethics Committees and
conducted according to good clinical practice in accordance with the
declaration of Helsinki (1975). Cryopreserved hPBMCs were thawed at
37°C and washed twice (1200 rpm, 10 min RT) with a pre-warmed “thawing
solution” (PBS w/o Ca++ Mg++, Gibco Life Sciences, 2.5 mM EDTA,
Euroclone, and 20 pg/ml DNAse, Sigma Aldrich). hPBMCs were then
resuspended in “complete medium” (RPMI-1640 supplemented with 1%
non-essentialamino acids and 1% sodium pyruvate (Gibco Life Sciences),
1% Penicillin/Streptomycin/Glutamine (Euroclone), and 10% heat-
inactivated FBS (Hyclone), and counted to assess cell viability based on
Trypan blue dye exclusion (Vi-Cell-blue, Beckman Coulter). The viability of

thawed hPBMCs was between 90 and 98% of total cells.
2.1.2 hPBMCs stimulation

After thawing, 1x10° live cells/well were seeded in round-bottom 96 wells
plates (Corning) and then stimulated for the immune characterization’s
experiments with the following stimuli: 1) Shig 4vForm+alum (Shigella
GMMA-based vaccine or altSonflex1-2-3), 2) Shig 4vForm (the Shigella
GMMA 4 valent formulation), 3) single GMMA : S. sonnei 2929 GMMA
penta, S. flexneri 1b, S. flexneri 2a, S. flexneri 3a GMMA (GSK Vaccines
Institute for Global Health, GVGH), 4) N. gonorrhoeae (Ng) GMMA, 5) Ng

GMMA + Alum (Ng GMMA-based vaccine),6) S. sonnei GMMA esa as

positive control, 7) Alum alone, 8) Medium alone (MED) as negative
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control. All stimuli are used at 1 pg/mlfor both flow cytometry experiments
and cytokine detection in cell culture supernatants (SN); hPBMCs were

incubated for 4 hours at 37°C, 5% CO..

2.1.3 Flow cytometry analysis: Immunophenotyping and Activation

Markers Expression by stimulated hPBMCs

Following 4 hours of stimulation, hPBMCs were centrifuged at 1700 rpm
for 5 min at RT to pellet them. Cell-free SN was collected from each well
and stored at -20°C for cytokine quantification assay. Cells were stained
with Fixable Viability Stain 440UV (cat. 566332, Invitrogen) for 20 minin the
dark at room temperature (RT). After washing twice with 150ul/well of 1X
PBS (1700 rpm, 5 min, RT), cells were incubated with 2% rabbit serum
(Gibco) for 20 minutes at 4°C to saturate Fc receptors present on hPBMCs
thus avoiding unspecific binding of antibodies through their Fc portion.
Cells were then washed twice with 1X PBS and stained on the surface for
20 minutes on ice for phenotypic characterization of cells subsets. The
following mix of mouse monoclonal anti-human mAbs (BD Biosciences)
were used: anti-CD3 (APC-H7), anti-CD11c (PE Cy- 5.5), anti-HLA-DR
(BV570), anti-CD4 (BUV395), anti-CD8 (BUV737), anti-CD14 (BUV496),
anti-CD16 (BV786), anti-CD19 (BB790), anti-CD56 (APCR700), anti-CD69
(BB750), anti-CD86 (PE Cy-7), anti-CD123 (BUV615), anti-CD32 (BUV563),
anti-CD1c (BV421), anti-CD40 (BV650), anti-TCRyd (BUV661), anti-CD64
(Bv480), anti-CD83 (PE -Cy5) (BD Biosciences). Following incubation,
cells were washed twice with PBS and fixed with Cytofix (BD Bioscience)
for 20 minutes at +4°C. Finally, cells were washed twice with PBS and
resuspend to 150 pg PBS-EDTA 2,5 mM. Samples were acquired on BD
FACSymphony A3 Analyzer. Data were analyzed using FlowJo 10 software

(Becton, Dickinson and Company).
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2.1.4 Gating strategy identification of immune hPBMC populations

The flow cytometry gating strategy applied is shown in Figure 4. The
analysis of hPBMCs form a healthy donor stimulated for 4 hours with Alum
is shown as an example. (Panel A) Discrimination between live (gated
region) and dead cells was assessed by Live/Dead staining. Then the
leukocytes cells were selected using forward scatter (FSC) and side
scatter (SSC); (3) the cellular aggregates were excluded gating for singlets
based on their width (side scatter area, SSC-A, versus side scatter width
SSC-W). (Panel B) Among live singlet cells, the T cells were identified
gating on CD3+: CD4 cells were identified as CD4+CD8- cells, CD8 cells
were CD8+CD4-, whereas TCRyd were discriminated as TCRyd on CD4-
CD8-. (PanelC) (4) Among CD3- cells, the B cells population was identified
as CD19+, (5) NK cells were identified as CD19-CD56+. NKs dim were
distinct from NK bright as CD16+CD56- since NKs bright were CD16-
CD56+. Among CD3- also monocytes and dendritic cells were
discriminated (6). Non classical monocytes were identified as HLA-DR+
gating first and then CD16+CD14-, whereas classical as CD14+CD16-
Intermadiate monocytes were selected as CD14+CD16+. (7) Dendritic
cells were identified as HLA-DR+ cells gating first on CD14- cells, then as

CD123+CD11c- for pDCs and CD123lowCD11c+ for mDCs.

39



SSC-A

Single Cells
820 .

TCRyd T cells

81.0

B /
"l cos ¥ coae

321 67.8

SSC-A

“1 cote- cD1g+

.. 90 B cells2#
N

SSC-A
CD56

1 CD14, HLA-DR+-1
| 1.1

Activation Markers

£
cons® © @

CD40
cD83 .
CD86

Figure 4. Representative gating strategy used to define PBMCs’ cell subsets
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2.2 Monocyte-derived dendritic cells (Mo-DCs) generation and in

vitro stimulation

2.2.1 Monocyte Isolation from healthy donors’ hPBMCs

Following hPBMCs thawing (refer to paragraph 3.1.1), monocytes were

isolated using the EasySep™ Human Monocyte Isolation Kit (cat. 19359,

Stemcell Technologies). This kit enables immunomagnetic negative

isolation of untouched human CD14+CD16- monocytes. The isolation

process was carried out in accordance with the manufacturer’s protocol.

The yield of monocyte isolation was evaluated by flow cytometry (refer to

paragraph 3.1.3). In particular, the percentage of monocytes detected in

pre-isolation samples were compared to that detected in post-isolation

samples as shown in Figure 5.
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2.2.2 Monocyte-derived Dendritic Cell (Mo-DC) generation and

stimulation

Monocytes isolated from hPBMCs were differentiated in vitro into
immature monocyte-derived dendritic cells (iMo-DCs). Following
isolation, monocytes were seeded in 6 well plate (Corning) at a density of
2 x 10° cells per wellin 4 ml of a commercially available monocyte-derived
dendritic cell differentiation medium (Miltenyi Biotec, cat. 130-094-812).
After six days of incubation (37 °C, 5% COQO.), the differentiated cells were
harvested, pooled, and assessed for viability and concentration using the
Vi-CELL automated cell counter. On day 6, 0,25 x 10° cells live iMo-DCs
were plated into round-bottomed 96 well plates (Corning) and stimulated
for 48h at 37°C, 5% CO; with 1 pg/ml of: 1) Shig 4vForm+alum, 2) Shig
4vForm, 3) single GMMA : S. sonnei 2929 GMMA penta, S. flexneri 1b, S.
flexneri2a, S. flexneri3a GMMA 4) Ng GMMA, 5) Ng GMMA + Alum, 6) Alum,
7) S. sonnei GMMA esa (0,001 pg/ml) as positive control, 8) complete

medium (MED) as negative control.

2.2.3 Flow cytometry: Immunophenotyping and Activation Markers
Expression by stimulated hPBMCs, Monocytes, iMo-DCs and mMo-
DCs

To evaluate monocyte isolation yield (see paragraph 3.2.1), iMo-DC
differentiation, mMo-DCs maturation and quantification of activation
markers following Mo-DCs stimulation, the following surface staining
protocol was applied. Briefly (detailed surface staining protocol is
reported in paragraph 3.1.3), samples were centrifuged at 1700 rpm for 5
minutes RT. Cell-free SN was collected from each well and stored at -20°C

for cytokine quantification assay. Cells were stained using Fixable Viability
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Stain 440UV and then incubated with 2% rabbit serum for 20 minutes at
4°C, preventing unspecific antibody binding. Then cells underwent
surface staining for 20 minutes on ice for phenotypic characterization. The
following mix of mouse monoclonal anti-human monoclonal antibodies
(mAbs) from BD Biosciences was used: anti-CD3 (APC-H7), anti-CD11c
(PE Cy5.5), anti-HLA-DR (BV570), anti-CD4 (BUV395), anti-CD8 (BUV737),
anti-CD14 (BUV496), anti-CD16 (BV786), anti-CD19 (BB790), anti-CD56
(APCR700), anti-CD69 (BB750), anti-CD86 (PE Cy-7), anti-CD123
(BUV615), anti-CD32 (BUV563), anti-CD1c (BV421), anti-CD40 (BV650),
anti-TCRyd (BUV661), anti-CD64 (BV480), anti-CD83 (PE -Cy5) (BD
Biosciences). Cells were then washed and fixed with Cytofix for 20
minutes at +4°C. Finally, cells were washed twice with PBS and resuspend
to 150 ul PBS-EDTA 2,5 mM for the acquisition by BD FACSymphony A3.
Analysis was done using FlowJo Software version 10 (Becton, Dickinson

and Company).
2.2.4 Gating strategy for Mo-DCs definition

The flow cytometry gating strategy applied is shown in Figure 6. The
analysis of Mo-DCs from a healthy donor without any stimulation is shown
as an example. (Panel A) Live cells, Mo-DCs morphology and single cells
were defined as reported in paragraph 3.1.3. for monocytes, immature and
mature Mo-DCs. (Panel B) Among live singlet cells, the up-regulation of
Mo-DCs population markers CD1c, CD11c and HLA-DR alongside the
downregulation of monocytes’ marker CD14, were evaluated to check the
effective differentiation of monocyte to immature Mo-DCs. (Panel C) The
maturation of Mo-DCs upon 48 hours stimulation was evaluated

measuring the up regulation of activation markers CD40, CD83, CD86.
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Figure 6. Representative gating strategy and flow cytometry analysis for differentiation

and maturation of Mo-DCs.
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2.3 Human Skeletal Muscle Cells: in vitro culture, differentiation
from myoblast to myotube, stimulation and generation of the muscle
cellin vitro model

2.3.1 Culturing of Skeletal muscle myoblasts

Commercial human primary skeletal muscle myoblasts (HSMM, CC-
2580, Lonza, Basel, CH) were propagated using Skeletal Muscle growth
medium (SkGM Medium, CC-3246, Lonza) supplemented with SkGM-2
Single Quots kit (CC-3244, Lonza) which included human Epidermal
Growth Factor (hEGF), Dexamethasone, L-glutamine, Fetal Bovine Serum
(FBS), and Gentamicin/Amphotericin-B (GA). Cells were maintained at
37°C with 5% CO, in T175 flasks and upon reaching and 50-70%
confluence, cells were detached using the ReagentPack subculture
reagents (CC-5034, Lonza) which includes HEPES buffered saline for cell
wash, Trypsin/EDTA and trypsin neutralizing solution for cell detachment.
Cells viability was assessed by Trypan blue dye exclusion assay on TC20
automated cell counter (BIO-RAD). The viability was between 70 and 80%

of total cells.

2.3.2 Differentiation of myoblast into myotubes and generation of the

muscle cells in vitro model

To obtain myotubes, myoblasts were first detached as described in
Paragraph 3.3.1. Subsequently, 0.1 x 1076 cells per well were seeded into
24-well plates (Corning) pre-coated with Cultrex 3-D Culture Matrix. The
coating process involved diluting Cultrex 3-D Culture Matrix (cat. 3533-
010-02, R&D System) at a 1:100 ratio in SkKGM medium, incubating 1 hour
at RT. Cells were initially incubated for 24 hours at 37°C with 5% CO2.
Following this initialincubation, they were cultured for an additional 5 days

under the same conditions using differentiation medium, composed of
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DMEM F12 Glutamax (cat. 31331-028) supplemented with 2% horse
serum (HS, cat. 26050070, Gibco Life Sciences). The medium was
refreshed every two days. (cat. 3533-010-02, R&D System). After 5 days,
differentiated myotubes, refreshed in 150 ul of RPMI per well, were
stimulated with 50 pl per well of complete RPMI supplemented with 50 pl
of: Shig 4vForm + Alum, Shig 4vForm, Ng GMMA + alum, Ng GMMA, alum,
S. sonnei GMMA concentrated 5X (final concentration 0,1 pg/ml).
Subsequently, 1x 10° thawed hPBMCs were added in 50 pl per well to a
finalvolume of 250 pl per well. The Myotube and PBMCs cultures were also
stimulated with the same stimuli. For all 3 conditions, complete medium
RPMI was used as negative control (MED). Myotubes, PBMCs and the
Myotubes/PBMCs co-culture were incubated overnight (O/N) at 37°C, 5%
CO2 and at the end of incubation, SN were collected and stored at -80°C
for further Luminex and O-link analysis, while cells were analysed by flow
cytometry to evaluate cellular activation.

2.4 Optimization of an in vitro model for polarizing naive CD4+ T
Helper (Th) cells

2.4.1 Isolation of Naive CD4 T helper (Th) cell

Naive CD4 T helper (Th) cell subsets were isolated from frozen hPBMCs
from healthy donors using EasySep Human Naive CD4+ T Cell Isolation Kit
Il (cat.17555, STEMCELL). This kit facilitates immunomagnetic negative
isolation, ensuring the collection of untouched naive CD4+ Th cells. The
isolation process was conducted in accordance with the manufacturer's

protocol. The isolation yield was assessed via flow cytometry by
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Figure 7. Representative gating strategy for Naive T helper cell isolation check.

comparing the percentage of naive CD4+ Th cells present in samples
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2.4.2 In vitro polarization of naive CD4+ T cells

Following isolation, 0.1 x 10° naive CD4" Th cells per well were seeded into
a flat-bottomed 96-well plate (Corning) in complete medium (100 pl). To
induce Th cell activation, polarization, and expansion, Dynabeads Human
T-Activator CD3/CD28 (bead-to-cell ratio of 1:1, cat. 11132D, Invitrogen)
were added to the culture. A schematic workflow outlining the in vitro

polarization process of naive CD4* Th cells is shown in Figure 8.
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Figure 8. Schematic workflow for the Naive CD4+ Th polarization in vitro model.

Th1, Th17 and Th2 polarization cocktails were used as positive control of
the naive CD4+ Th cells in vitro polarization system. The final
concentrations of polarizing cytokines and neutralizing antibodies for

each Th subsets are detailed in the Table 1:
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Table 1. Polarization cocktails for naive T cell polarization towards Th1, Th2 and Th17 cell

subsets.

Th Polarization cocktail
subset

rlL-12 - 2 ng/ml (Peprotech)

Th1 mAb anti-IL-4 - 5 pg/ml (R&D System)
rlL-4 22,5 ng/ml (Peprotech)

Th2 mAb anti-IFNy = 5 ug/ml (R&D System)
rlL-6 =10 ng/ml (Peprotech)
rlL-23 = 20 ng/ml (Peprotech)
riL-18 = 10 ng/ml (Peprotech)
TGF-B > 5 ng/ml (Myltenyi)
anti-IL-4-> 5 ng/ml (Myltenyi)

Th17

anti-IFNy - 5 ng/ml (Myltenyi)

NaCl - 40 mM (cat. S9888-25G, Sigma-
Aldrich). The addition of NaCl has been
shown to markedly induce the naive CD4+ Th

cell polarization into Th17 cell subsets (148).

In parallel to the positive control, to evaluate the polarization potential of

GMMA-based vaccines, naive CD4+ Th cells were stimulated with 100 pl

of undiluted supernatants (SN) derived from Mo-DC stimulated with Shig

4vForm + Alum, Ng GMMA + Alum, Alum, S. sonnei GMMA esa (positive

control), complete medium RPMI (MED) as negative control. After three
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days of incubation at 37°C with 5% CO,, Th2, Th17, and SN-stimulated

cells were boosted as outlined in Table 2:

Table 2. Boosting cocktails for Th cell subsets.

Stimulation Boost
condition
Th1 e Complete medium
e rlL-4 212,5 ng/ml (Peprotech)
Th2 e mADb anti-IFNy 2 25 pg/ml (R&D System
e rlL-2 >100 U/ml (R&D System)
e rlL-6 250 ng/ml (Peprotech)
e rlL-23 = 100 ng/ml (Peprotech)
e rlL-1B = 50 ng/ml (Peprotech)
Th17 o TGF-B - 25 ng/ml (Myltenyi)
e anti-IL-4-> 25 ng/ml (R&D System)
e anti-IFNy =2 25 ng/ml (R&D System)
SN-treated T e Culture supernatants for each stimulus = 50 pl
cells e Complet medium = 50 pl

Cells were then incubated for additional two days at 37°C, 5% CO..
Following incubation, cells were restimulated with 200 pl per well of RPMI
supplemented with PMA (10 ng/ml) and lonomycin (1mM) (Sigma Aldrich)
for 4 hours. At the end of the incubation, SN were transferred in round-

bottomed 96 well plates and stored at -80°C for a further cytokine analysis;
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cells were stained to for transcription factors upregulation by flow

cytometry.
2.4.3 CD4+ T helper (Th) subsets characterization

Phenotypic characterization of naive CD4* T cell samples (pre- and post-
isolation) as well as stimulated polarized naive CD4" T cells was
performed using surface and intracellular staining of transcription factor.
In particular, cells were washed twice with PBS and then stained with
Fixable Viability Stain 440UV for 20 minutes in the dark and washed twice
with PBS. Next, cells were incubated with 2% rabbit serum in PBS for 20
minutes at RT to block nonspecific binding of the antibodies. Cells were
stained for surface markers with anti-CD45RA (BUV563), anti-CCR7
(BV711) for 20 min at RT. Next, cells were washed twice with PBS and
permeabilized with Fixation/Permeabilization Concentrate (cat. 00-5123-
43) diluted 1:4 in Fixation/Perm diluent (cat. 00-5223-56) (eBiosciences) at
RT for 30 minutes. After two washes with Permeabilization Buffer
(PermBuffer) (cat. 00-8333-56, eBiosciences), cells were stained with 2%
rabbit serum in PermBuffer for 20 minutes at RT to avoid the intracellular
a-specific binding of antibodies and then, stained with anti-CD3 (APC-H7),
anti-CD4 (BUV395), anti-CD8 (BV605), anti-Tbet (R718), anti-GATA3
(BV421), anti-RORgt (PE-CSF594). For each stimulated sample, a control
population was stained with related isotype antibodies for transcription
factors (BV421-conjugated and R718-conjugated mouse IgG 1K
monoclonal isotype standards, PE-CSF594-conjugated mouse IgG2b
monoclonal isotype standard (BD Biosciences). After an incubation of 20
min at RT, cells were washed firstly in PermBuffer and secondly in PBS.

Finally, cells were resuspended to 150 ul of PBS and were acquired at BD
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FACSymphony A3. Raw data were processed by FlowlJo10 Software

(Becton, Dickinson and Company).
2.4.4 Gating strategy for CD4+ T helper (Th) subsets characterization

The flow cytometry gating strategy applied is shown in Figure 9. The
analysis of Th cell from a healthy donor stimulated for 5 days with the Th1
polarizing cocktail is shown as an example. (Panel A) Live cells (gated
region) are discriminated from dead cells by Live/Dead staining. Then the
leukocytes cells were selected using forward scatter (FSC) and side
scatter (SSC) and single cells (gated region) are distinguished from
aggregates based on their width (side scatter area, SSC-A, versus side
scatter width SSC-W). (Panel B) On single cell population, the up-
regulation of the transcription factors (TFs) T-bet, GATA-3 and RORgt was
evaluated to assess the polarizing process compared to the TFs
expression of unpolarized Th cell (control). The TFs positive population

gate is defined on the base of Isotype control for each TFs.
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Figure 9. Representative gating strategy used to define CD4" T helper cell polarization
based on transcription factor expression. Gates for each transcription factor were set

according to isotype controls.
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2.5 Cytokine and chemokine quantification

Cytokines profiles were defined analyzing culture supernatants (SN) by

different technologies: Mesoscale, Luminex and O-link.
2.5.1 Mesoscale Technology for cytokine detection

Cytokine and chemokine levels in 4h-treated PBMCs, 48h-treated MoDC

and 6days-stimulated naive CD4+ T cells culture supernatants (SN) were

assessed using different kits (Mesoscale technology):

e U-PLEX Custom Biomarker (hu) Assay containing 10 analytes: IFN-y, IL-
10, IL-12p40, IL-1a, IL-1B, IP-10, MCP-1, MIP-1a, MIP-13, TNF-a

e V-PLEX Human 30-Plex Kit containing 29 analytes : IFN-y, IL-10, IL-
12p70, IL-13, IL-1B, IL-2, IL-4, IL-8, TNF-a, Eotaxin, Eotaxin-3, IP-10,
MCP-1, MCP-4, MDC, MIP-1a, MIP-13, TARC, GM-CSF, IL-12p40, IL-15,
IL-16, IL-17A, IL-1q, IL-5, IL-7, TNF-B, VEGF

e U-PLEX Custom Biomarker (hu) Assay containing 20 analytes : GM-CSF,
IL-13, IL-18, IL-2, IL-21,  IL-22,1L-29,MIP-1a, MIP-1B, TNF-a, IFN-a2a,
IFN-B, IFN-y, IL-10, IL-12p70, IL-17A, IL-1B, IL-6, IL-8, IP-10

Cytokine and chemokine quantification assays were performed in

accordance with the manufacturer’s instructions. Mesoscale Technology

combines electrochemiluminescence and multi-array technology. The

multi-array MSD plates’ wells have ten independent spots coated with

capture antibodies which bind specific analytes. The detection is done

using the electro-chemiluminescent label SULFO TAG conjugated to

detect antibodies which bind analytes, giving a sandwich immunoassay.

The MSD instrument applies electricity to the plate electrodes with a

subsequent SULFO TAG labels light emission which is measured to

quantify analytes in the sample. MSD plates were read using MESO
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QuickPlex SQ 120 and analyzed with the DISCOVERY WORKBENCH
software. Cytokine and chemokine concentrations were expressed as
pg/mL and were calculated based on the standard curve provided by the
kits. All values within the detection range were accepted and considered
as such. Values above the detection range were replaced with twice the
upper limit of detection (2X ULOD); values below the detection range were
replaced with half of the lower limit of detection (1/2 LLOD). GraphPad
Prism v10 (GraphPad Software, San Diego, California USA,
www.graphpad.com) was used to generate boxplots and linear graph to

define an immune profiling.
2.5.2 Luminex technology

Cytokine and chemokine levels in the culture SN collected after the
stimulation of myoblasts, myotubes, PBMCs, and the myotube/PBMC co-

culture system were quantified using a Luminex assay.

The Luminex assay is a sandwich immunoassay designed for the precise
quantification of multiple analytes within a single sample. Utilizing bead-
based technology, the assay enables multiplex detection of up to 500
analytes simultaneously. The system employs color-coded microspheres,
internally dyed with varying proportions of red and infrared fluorophores,
each corresponding to a unique spectral signature or bead region.
Antibodies specific to the target analytes are conjugated to distinct bead
regions and incubated with the sample. Following the removal of unbound
materials through washing, the beads are incubated with biotinylated
detection antibodies and a streptavidin-phycoerythrin (PE) reporter
molecule. The Luminex instrument uses one laser to excite the beads,

identifying the bead region and its associated analyte, while a second
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laser measures the PE-derived fluorescence signal, which is proportional
to the concentration of the bound analyte. Multiple readings are taken for

each bead region, ensuring reliable and robust detection.

The analysis was performed with the Custom Human ProcartaPlex
Mix&Match 21-plex kit (Thermo Fisher Scientific), which enabled the
simultaneous detection of multiple analytes, including IFN-a, IFN-y, IL-10,
IL-12p70, IL-17A, IL-2, IP-10, GM-CSF, IL-1q, IL-13, IL-18, IL-21, IL-22, IL-4,
MCP-1, MIP-1a, VEGF-A, IL-6, IL-8, IL-1B, and TNF-a. Specifically, the
quantification of IL-6 and IL-8 in SN collected from 4-hour stimulated
hPBMCs was performed after diluting the SN 1:10 in complete medium. In
contrast, for all other cytokines, the supernatants were analysed without
dilution. Assay was performed in accordance with the manufacturer’s
instructions. Luminex plates were read using Luminex TM 200TM and
analysed with the Bio-Plex Manager 6.1 software. Cytokine and
chemokine concentrations were expressed as pg/mL and were calculated
based on the standard curve. All values within the detection range were
accepted and considered as such. Values above the detection range were
replaced with twice the upper limit of detection (2X ULOD); values below
the detection range were replaced with half of the lower limit of detection
(1/2 LLOD). GraphPad Prism v10 (GraphPad Software, San Diego,
California USA, www.graphpad.com) was used to generate boxplots and

linear graph to define an immune profiling.
2.5.3 O-link technology

The levels of cytokines and chemokines in the culture supernatants,
collected following in vitro stimulation with GMMA-based vaccines, were

quantified using O-link technology, Inflammation kit (92 analytes).
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Specifically, as detailed in paragraph 3.3.2, supernatants were harvested
following an O/N stimulation in cultures consisting of muscle cells alone,
human peripheral blood mononuclear cells (hPBMCs) alone, and co-
cultures of muscle cells and hPBMCs. O-link technology is based on the
Proximity Extension Assay (PEA) technology that combines antibody-
based immunoassay with the powerful properties of polymerase chain
reaction (PCR). Indeed, 92 capture antibody pairs which are labelled with
92 unique oligonucleotides, can bind the target protein (immunoassay
step). The specific target protein binding allows the DNA oligos
hybridization and subsequently their extension by proximity-dependent
DNA polymerization event resulting in a DNA barcode for each target
protein (Extension step). Then, DNA barcodes are amplified and detected
using real-time PCR by O-link Signature Q100. O-link provides internal and
external controls for data normalization and quality control of both each
step of the assay and individual samples. Internal controls are included in
each sample and consist of two Immunoassay controls, an Extension
control and a Detection control. The immunoassay controls are two non-
human antigens (phycoerythrin (PE) and green fluorescent protein (GFP)
with matching antibodies/assays and monitor all steps of Olink assay.
Extension control is an antibody linked to two matched oligonucleotides;
it is important for monitoring the extension and readout steps
independently of antigen binding and it is used for data normalization
across samples. Lastly, the Detection control is a synthetic double-
stranded template and checks the readout step. Sample for which any of
these controls are not in a pre-determined range will be flagged and are
not considered in statistical analysis. The external controls comprise the

Inter-plate control (IPC) that is use for a second normalization step
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between different acquisition plates; the negative control consistingin the
running buffer to monitor the background noise and itis used to calculate
the limit of detection; the positive control that consists of a pool of plasma
samples, useful to assess the variation within plate. Data analysis is
performed starting from a pre-processing normalization. For each sample
and data point the related Cqg-value (cycle threshold) for the Extension
control is subtracted, normalizing samples for technical variation within a
run. Next, these values are adjusted based on an Olink-defined correction
factor. The normalization process gives values in the Normalized Protein
Expression (NPX) unit that is expressed on a log2 scale where higher

numbers indicate huge level of proteins, with the background around zero.

2.6 Analysis of GMMA localization in Mo-DCs and Myotubes by
microscopy

To visualize the localization and the interaction of GMMA with different cell
subsets, specifically iMo-DCs and Myotubes, we employed live imaging
using OPERA Phenix system. For iMo-DCs, live imaging was conducted
O/N, while myotubes underwent staining following an O/N incubation.

iMo-DC at a concentration of 0.1 x 10° cells/well, differentiated as
described in paragraph 3.2-1, were seeded into flat-bottomed 96-well
polylysine-coated plates (cat. 655090, Greiner bio-one). The cells were
then stimulated with 5 pg/ml of pHrodo-conjugated Shigella flexneri 2a
GMMA (pHrodo-S. flex 2a GMMA). Plates were immediately loaded onto
the OPERA Phenix instrument (PerkinElmer) for O/N acquisition using live
imaging. pHrodo Red is pH-sensitive dye that allows to evaluate the
phagocytosis ability of cells. Indeed, it becomes fluorescent only inside
the cells, specifically in phagosomes where the pH is lower than that

observed outside the cell.
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In the case of muscle cells, myoblast differentiation into myotubes was
carried out as described in paragraph 3.3.2 but using Cell Imaging 24-well
plates (cat. 0030741021, Eppendorf), which are suitable for acquisition
with the OPERA Phenix instrument.

On day 5, myotubes were stimulated with 5 pg/ml Alex488 dye-conjugated
S. flex 2a GMMA (A488- S. flex 2a GMMA). Following an O/N incubation at
37°C 5% CO., cells were fixed with 4% Formaldehyde for 30 minutes at RT.
Then, cells were washed once with PBS and incubated with rabbit anti-
GMMA S. flex 2a polyclonal antibody diluted 1:1000 in 1% BSA for 1 hour
at RT. Thereafter, cells were washed twice with PBS and incubated 30
minutes at RT in the dark with a mix of: secondary antibody Alexa Fluor 568
goat anti-rabbit IgG (Invitrogen, cat n® A11011), DAPI (Thermo Scientific,
cat. 62248) and Cell Mask Deep Red Plasma Membrane (Invitrogen, cat.
C10046) diluted 1:1000 in 1% BSA. Then, cells were washed twice with
PBS and resuspended in a final volume of 200 pl of PBS. Cells were then

acquired on Opera Phenix instrument.

2.7 Statistical analysis

RM One-way ANOVA parametric test was used to compare results
obtained from stimulated and unstimulated (control) samples as well as
those derived from different stimuli in the experiments on hPBMCs and
Mo-DC immune characterization and on in vitro T cell polarization.
Specifically, Holm-Sidak's and Tukey’s multiple comparisons tests were
used to compare cytokine production among different experimental

conditions.
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3. RESULTS

3.1 Unveiling the immune signature induced by GMMA-based
vaccines in human PBMCs and Mo-DCs

3.1.1 Individual Shigella vaccine components and their combination

induced a similar response in both hPBMCs and Mo-DCs

The next generation Shigella GMMA-based vaccine comprises four
different Shigella GMMA: S. sonnei 2929-GMMA penta derived from a
mutated Shigella sonnei strain, and S. flexneri 1Tb GMMA, S. flexneri 2a
GMMA and S. flexneri 3a GMMA derived from S. flexneri 1b, 2a, 3a
respectively, all having the same mutations, which confer higher blebbing
(AtolR) and reduced endotoxicity (AmsbB). In this vaccine formulation,
called Shig 4vForm + Alum, the four different Shigella GMMA are adsorbed
on Alum hydroxide or Alhydrogel (AH) to retain GMMA at the site of
injection decreasing systemic dissemination (78, 79). As described by
Tondi et al. (67) the response of immune cells following the treatment with
S. sonnei 1790-GMMA penta was previously characterized by integrating
data obtained from cytokine production and expression of cellular
activation markers in hPBMCs (67). In this study, | therefore investigated
whether the immune cell response elicited by the four-component
combination of GMMA variants (Shig 4vForm) differs from that induced by
the individual vaccine components, namely S. son 2929-GMMA penta, S.
flex 1Tb GMMA, S. flex 2a GMMA, and S. flex 3a GMMA. To this end, hPBMCs
and monocyte-derived dendritic cells (Mo-DCs) were stimulated in vitro
for 4 hours with 1 pg/ml of both individual GMMA components and their
combination; following stimulation, the quantification of cytokines
secreted in supernatants was evaluated, alongside the cellular activation

by flow cytometry. In hPBMCs samples, results showed that each Shigella
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species (spp.) GMMA and their combination, Shig 4vForm, induced
comparable levels of pro-inflammatory cytokines, including IL-1a, IL-18,
TNF-q, IL-6, IL-8, alongside chemokines such as MCP-1 and MIP-1qa, and
the anti-inflammatory cytokine IL-10. Additionally, IFN-y, MIP-13 and IL-12
are also similarly produced but in lower concentrations, while IP-10 is not
produced either by individual GMMA components or their combination.
Moreover, applying a flow cytometry gating strategy on the heterogeneous
hPBMCs population, several cellular subsets were identified and for each
cell subset population, the up-regulation of population-specific markers
was evaluated. Cellular activation results showed that both individual
components and the four-component formulation led to the upregulation
of CD83, an activation marker of monocytes and myeloid dendritic cells
(mDCs) as well as of CD83 and CD86, which are usually upregulated on
activated plasmacytoid dendritic cells (pDCs). Furthermore, both single
GMMA components and their four-valent formulation similarly induced a
modest activation of natural killer (NK) cell subsets (NK dim and NK bright)
and CD4+ T cells, assessed by measuring up-regulation of CD69 (Figure
10). Notably, the activation of NK and T cells could be the result of a
bystander effect due to the nearby activated cells rather than a direct
activation by GMMA. Thus, both the individual components and their
combination activated different cell subpopulations of hPBMCs, triggering
the production of pro-inflammatory cytokines and chemokines, without

notable differences in the response magnitude.

61



Cytokines secretion Cellular activation

w
=

=+
4 B cells =
o

cD8

ionocytes mDC pDC

NK bright

£
=
4
zZ

Log10 FC
(stimulated/unstimulated)
i

-1 I I I I I I
S son GMMA p 25
S flex GMMA 1b 2.0 (8
S flex GMMA 2a 1.5 2
S flex GMMA 3a 10 4
Shig 4vForm 05 O
taglididtlagda
£13iligidsss
=9 s
=]
NK
B cells T cells Monocytes mDC pDC
cells
—=—  Shig 4vForm —— SsonGMMAp —— Sflex GMMA 1b —— S flex GMMA2a - S flex GMMA 3a

Figure 10. Cytokine secretion and cellular activation profiles in hPBMCs stimulated with
four-component GMMA formulation (Shig 4vForm) and its individual components (S. son
2929-GMMA penta, S. flex 1b GMMA, S. flex 2a GMMA and S. flex 3a GMMA). hPBMCs of
eight healthy donors were stimulated in vitro for 4 hours with 1 pg/ml of the following GMMA
formulations: S. sonnei GMMA penta, S. flexneri GMMA 1b, 2a, 3a, and the combined four-
component formulation (Shig 4vForm). Results are expressed as the Log10 of the average fold
change (Log10 FC) across the eight donors, relative to unstimulated controls incubated for 4h
with medium. The upper panel displays line graphs representing the average Log10 FC =
standard deviation for each formulation: S. sonnei GMMA penta (green line), S. flexneri GMMA
1b (brown line), 2a (pink line), 3a (light cyan line), and the Shig 4vForm (orange line). The lower
panel presents a heatmap of the average Fold change values (Log10 FC) (relative to
unstimulated controls incubated for 4 hours with medium) for the same cytokines and
formulations, with colour intensity ranging from dark purple to bright yellow, indicating the

magnitude of the immune response.

| then investigated whether the results observed in the total hPBMCs
population were also confirmed in the individual antigen presenting cell
(APCs) subpopulation. To this end, the Mo-DCs model was used as a

simplified in vitro system to evaluate the direct effect of Shig 4vForm on
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this cell population which | previously identified as one of the two main
Antigen Presenting Cells (APCs) subpopulations, along with monocytes,
directly targeted by 1790-GMMA (67). Quantification of an extensive panel
of pro-inflammatory cytokines and chemokines compared with that used
to assess hPBMCs response to GMMA, along with the upregulation of Mo-
DCs-specific activation markers, revealed a comparable immune profile
in Mo-DCs treated with the individual components and their four-valent
combination (Figure 11). Indeed, all single GMMA components as well as
their combination induced comparable levels of IFN-y, IL-1a, IL-1B, IL-
12p40, IL-8, IL-6, TNF-a, IL-10 and chemokines like MIP-1a and MIP-13 and
IP-10. Moreover, for both individual components and their combination, a
comparable slight secretion of MCP-1, IL-13, IL-15, IL-17A, IL-12p70, IL-5,
IL-7, IL-2, Eotaxin and TGF-B was also observed; VEGF appeared to be
higher induced upon stimulation with the four-valent combination
compared to single components, but is not statistically relevant, owing to
high variability between donors for that cytokine. MDC, MCP-4, TARC,
Eotaxin-3, GM-CSF, IL-16, IL-4 were not produced either upon stimulation
with single components or their combination. These cytokines and
chemokines are involved in pro-inflammatory processes which can be
triggered after vaccine injection and thus, providing an insight of the
activation of APCs. Furthermore, flow cytometry analysis revealed that
both single components and their combination induced a comparable up
regulation of HLA-DR, and co-stimulatory molecules CD40 and CD86 on
Mo-DCs, demonstrating that both stimulations induced the maturation

and activation of Mo-DCs.
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Figure 11. Cytokine secretion and cellular activation profiles in monocyte-derived
dendritic cells (Mo-DCs) stimulated with four-component GMMA formulation (Shig
4vForm) and its individual components (S. son 2929-GMMA penta, S. flex1b GMMA, S. flex
2a GMMA and S. flex 3a GMMA). Mo-DCs were first differentiated in vitro from monocytes
isolated from hPBMCs of six healthy donors and subsequently stimulated for 48 hours with 1
ug/ml of the following GMMA formulations: S. sonnei GMMA penta, S. flexneri GMMA 1b, 2a,
3a, and the combined four-component formulation (Shig 4vForm). Results are expressed as
the Log10 of the average fold change (Log10 FC) across the five donors, relative to
unstimulated controls incubated for 4h with medium. The upper panel displays line graphs
representing the average Log10 FC * standard deviation for each formulation: S. sonnei GMMA
penta (green line), S. flexneri GMMA 1b (brown line), 2a (pink line), 3a (light cyan line), and the
Shig 4vForm (orange line). The lower panel presents a heatmap of the average Fold change
values (Log10 FC) (relative to unstimulated controls incubated for 4 hours with medium) for
the same cytokines and formulations, with colour intensity ranging from dark purple to bright

yellow, indicating the magnitude of the immune response.

Collectively, these findings demonstrated that both the individual
components and their four-valent combination in the vaccine Shig
4vForm, elicited a similar innate immune cell activation defined by both

the production of mainly pro-inflammatory cytokine and chemokines, in
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both hPBMCs and Mo-DCs, alongside hPBMCs activation and Mo-DCs

maturation/activation.

3.1.2 Alum has an impact on the cytokine and cellular immune
activation induced by Shigella GMMA-based vaccine in both hPBMCs
and Mo-DCs

To understand whether the impact of Alum on the in vitro immune
response induced by the Shigella GMMA-based vaccine, | compared
Alum-adjuvanted Shigella GMMA vaccine formulation with the non-
adjuvanted formulation. Using the experimental setting described in
paragraph 4.1.1. | found that both the Alum-adjuvanted Shigella four-
valent formulation (Shig 4vForm + Alum) and the non-adjuvanted Shigella
four-valent formulation (Shig 4vForm) elicited comparable responses in
hPBMCs and Mo-DCs, characterized by the secretion of the same set of
pro-inflammatory cytokines and chemokines, like IFN-y, IL-1a, IL-1B, TNF-
a, IL-6, IL-8, MIP-1a, MIP-1B, MCP-1, as well as the anti-inflammatory
cytokine IL-10 (Figure 12 A-B). Notably, the chemokine IP-10 was
exclusively secreted from Mo-DCs upon both stimulations. The analysis
on Mo-DCs revealed additional cytokines such as IL-13, IL-15, IL-17A, IL-
12p70, IL-12p40, IL-5, IL-7, IL-2, Eotaxin, TGF-B and VEGF (Figure 12B).
Accordingly, both Alum-adjuvanted and non-adjuvanted Shigella four-
valent formulations induced comparable activation of monocytes and
mDCs, assessed by the CD83 up-regulation, and pDCs activation through
CD83 and CD86 up-regulation. Moreover, no differences in the activation
of NK dim and CD4+ T cells were observed under these conditions (Figure
12A). Remarkedly, in addition to inducing cytokine secretion, the two
formulations promote the maturation of Mo-DCs as shown by the up-

regulation of HLA-DR, CD40, CD83 and CD86 (Figure 12B).
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Notwithstanding Shig 4vForm, in presence or in absence of alum, induced
a qualitatively similar response in both hPBMCs and Mo-DCs in vitro,
comparison of the magnitude revealed that alum enhanced both the
upregulation of activation markers and cytokines secretion in these cell
types. This effect was higher in the Mo-DCs in vitro model compared to

hPBMCs in vitro system.
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Figure 12. Cytokine secretion and cellular activation profiles in hPBMCs and Mo-DCs
stimulated with four-component GMMA formulation (Shig 4vForm) with or without Alum.

hPBMCs from eight healthy donors (Panel A) and Mo-DCs differentiated in vitro from the
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corresponding monocytes from six of the same donors (Panel B) were stimulated in vitro for 4
hours and 48 hours, respectively, with 1 pg/ml of a four-component GMMA formulation, either
adjuvanted (Shig 4vForm + Alum), non-adjuvanted (Shig 4vForm), or with Alum alone. Cytokine
quantification in supernatants (Mesoscale) and cell activation (FACS) results are expressed as
the Log10 of the average fold change (Log10 FC) across the eight and six donors respectively,
relative to unstimulated controls. Linear graphs show the average Log10 FC * standard
deviation for each formulation: Shig 4vForm + Alum (red line), Shig 4vForm (orange line), and
Alum (grey line). Heatmaps display the average Log10 FC values for the same cytokines and
formulations, with colour’s intensity ranging from dark purple to bright yellow, indicating the

magnitude of the immune response.

Specifically, following stimulation with alum-adjuvanted Shigella
formulation, statistically significant increases were observed in IFN-y, IL-
10, IL-1qa, IL-1B and TNF-a levels in both cell types, opposite to IL-6 which
was significantly higher in hPBMCs. Additionally, IL-12p70, IL-13 and IL-15
levels increased in Mo-DCs (Figure 13A-B). Notably, IL-12p70 is a crucial
cytokine for the polarization of naive CD4+ T helper (Th) cellinto Th1 cells,
required to fight mainly intracellular pathogens (149). Therefore, its high
secretion by Mo-DCs upon Shigella GMMA vaccine stimulation, suggests
the Shigella GMMA vaccine potential in priming Mo-DCs to skew a Th1 cell

response.
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Figure 13. Cytokine quantification in culture supernatants collected following in
vitro stimulation of hPBMCs and Mo-DCs with Shigella GMMA-based vaccine.
hPBMCs from eight healthy donors (Panel A) and Mo-DCs differentiated in vitro from
the corresponding monocytes from six of the same donors (Panel B) were stimulated
in vitro for 4 hours and 48 hours, respectively, with 1 pg/ml of a four-component GMMA
formulation, either adjuvanted (Shig 4vForm + Alum), non-adjuvanted (Shig 4vForm),
or with Alum alone. Cytokine concentrations in supernatants were measured using a
10-analyte U-PLEX assay (Panel A) and V-plex assay (Panel B). Box plots display log10-
transformed cytokine values, representing the minimum, first quartile (25th
percentile), median (50th percentile), third quartile (75th percentile), and maximum.
Each coloured dot corresponds to an individual donor. Dotted black lines denote the
Upper limit of detection (ULOD) and lower limit of detection (LLOD). Values above the
detection range were replaced with twice the upper limit of detection (2X ULOD);
values below the detection range were replaced with half of the lower limit of detection
(1/2 LLOD). The unstimulated sample (MED) is reported as mean value (continued
black line) with its confidence interval (Cl) (grey area). Significances observed between
groups were determined using the RM one-way ANOVA with Geisser-Greenhouse
correction (*p-value < 0.05, **p-value<0.005, ***p-value<0.0005, ****p-

value<0.00005; ns stands for nonsignificant and are not reported, p-value > 0.05).

Overall, the Alum-adjuvanted Shigella four-valent formulation induced a
stronger immune response in terms of cytokine secretion as well as
cellular activation compared to the non-adjuvanted formulation in the
analysed in vitro systems. Interestingly, this effect was not attributable to
Alum itself, as Alum alone did not elicit any significant cellular activation
nor cytokine secretion suggesting that the response elicited could be
related to a synergic effect with GMMA and/or the different size of the

alum-adsorbed formulation.
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3.1.3 Alum’s impact on the cytokine and cellular immune activation
induced by Neisseria gonorrhoeae (Ng) GMMA vaccine in both hPBMCs
and Mo-DCs is similar to that observed upon Shigella GMMA vaccine

stimulation

To determine whether the observed impact of Alum is specific to Shigella
GMMA-based vaccine or applicable to the GMMA-platform, | compared in
the same in vitro model the response elicited by a GMMA-based vaccine
against Neisseria gonorrhoeae (Ng). The N. gonorrhoeae GMMA-based
vaccine consists of Ng GMMA derived by the mutated N. gonorrhoeae
strain FA1090 adsorbed on Alum hydroxide (Alhydrogel). As for Shigella
GMMA-based vaccine, | compared Alum-adjuvanted Ng formulation (Ng
GMMA + alum) and non-adjuvanted formulation (Ng GMMA). Using the
same experimental setting (paragraph 4.1.1), data showed that, both
formulations, with and without alum, induced a pro-inflammatory
cytokine profile in both hPBMCs and Mo-DCs alongside the activation of
monocytes, mDCs and pDCs cell subpopulations in hPBMCs samples
and the maturation/activation of Mo-DCs. However, as with Shigella
GMMA-based vaccines, the presence of alum induced a greater response
in Ng GMMA-based vaccine compared to nhon-adjuvanted Ng GMMA, both
in terms of cytokine secretion and cellular activation (Figure 14A-B) and,
also in this case, the Alum’s impact on the Ng GMMA vaccine-induced

response is more evident in Mo-DCs in vitro model (Figure 14B).
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Figure 14. Cytokine secretion and cellular activation profiles in hPBMCs and Mo-DCs
stimulated with N. gonorrhoeae GMMA (Ng GMMA), with or without Alum. hPBMCs from
eight healthy donors (Panel A) and Mo-DCs differentiated in vitro from the corresponding
monocytes from six of the same donors (Panel B) were stimulated in vitro for 4 hours and 48
hours, respectively, with 1 pg/ml of Ng GMMA formulation, either adjuvanted (Ng GMMA +
Alum), non-adjuvanted (Ng GMMA), or with Alum alone. Cytokine quantification in
supernatants (Mesoscale) and cell activation (FACS) results are expressed as the Log10 of the
average fold change (Log10 FC) across the eight and six donors respectively, relative to
unstimulated controls. Linear graphs show the average Log10 FC * standard deviation for each
formulation: Ng GMMA + Alum (blue line), Ng GMMA (purple line), and Alum (grey line).

Heatmaps display the average Log10 FC values for the same cytokines and formulations, with
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colour’s intensity ranging from dark purple to bright yellow, indicating the magnitude of the

immune response.

In this case too, although for a smaller number of cytokines such as IL-10,
IL-1a and IL-1B levels, in both cell types, as well as IFNy and TNF-a in
hPBMCs and IL-15 and IL-12p70 in Mo-DCs, statistical differences were
observed between the Alum-adjuvanted Ng GMMA (Ng GMMA + Alum) and
non-adjuvanted Ng GMMA formulation (Figure 15).
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Figure 15. Cytokine quantification in culture supernatants collected following in vitro
stimulation of hPBMCs and Mo-DCs with Ng GMMA-based vaccine. hPBMCs from eight
healthy donors (Panel A) and Mo-DCs differentiated in vitro from the corresponding monocytes
from six of the same donors (Panel B) were stimulated in vitro for 4 hours and 48 hours,
respectively, with 1 pg/ml of a Ng GMMA formulation, either adjuvanted (Ng GMMA + Alum),
non-adjuvanted (Ng GMMA), or with Alum alone. Cytokine concentrations in supernatants
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were measured using a 10-analyte U-PLEX assay (Panel A) and V-plex assay (Panel B) Box plots
display log10-transformed cytokine values, representing the minimum, first quartile (25th
percentile), median (50th percentile), third quartile (75th percentile), and maximum. Each
coloured dot corresponds to an individual donor. Dotted black lines denote the Upper limit of
detection (ULOD) and lower limit of detection (LLOD). Values above the detection range, were
replaced with twice the upper limit of detection (2X ULOD); values below the detection range,
were replaced with half of the lower limit of detection (1/2 LLOD). The unstimulated sample
(MED) is reported as mean value (continued black line) with its confidence interval (Cl) (grey
area). Significances observed between groups were determined using the RM one-way ANOVA
with Geisser-Greenhouse correction (*p-value < 0.05, **p-value<0.005, ***p-value<0.0005,

****p-value<0.00005; ns stands for nonsignificant and are not reported, p-value > 0.05).

3.1.4 Shigella and Ng GMMA-based vaccines induced a similarimmune

profile, albeit differences in magnitude for certain cytokines

After evaluating the impact of Alum in the two vaccine formulations in the
established immune cells in vitro models, | asked whether their different
bacterial origins could influence the immune cells response. To this end,
hPBMCs and Mo-DCs were stimulated with both Shigella and Ng GMMA
vaccines for 4 hours at the same concentration; at the end of treatment
the cytokine release in supernatants alongside the cellular activation were
evaluated by flow cytometry. Results showed that the two vaccines
induced similar pattern of cytokine secretion and cellular activation

across the cell types studied (Figure 16 A-B).
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Figure 16. Cytokine secretion and cellular activation profiles in hPBMCs and Mo-DCs
stimulated with Shigella and Ng GMMA-based vaccines. hPBMCs from eight healthy donors
(Panel A) and Mo-DCs differentiated in vitro from the corresponding monocytes from six of the
same donors (Panel B) were stimulated in vitro for 4 hours and 48 hours, respectively, with
1 pg/mlof Shigella GMMAvaccine (Shig 4vForm + alum), Ng GMMA vaccine (Ng GMMA + alum)
and Alum alone. Cytokine quantification in supernatants (Mesoscale) and cell activation
(FACS) results are expressed as the Log10 of the average fold change (Log10 FC) across the
eight and six donors respectively, relative to unstimulated controls. Linear graphs show the
average Log10 FC * standard deviation for each formulation: Shig 4vForm + alum (red line), Ng
GMMA + Alum (blue line), and Alum (grey line). Heatmaps display the average Log10 FC values
for the same cytokines and formulations, with colour intensity ranging from dark purple to

bright yellow, indicating the magnitude of the immune response.
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Interestingly, Shigella GMMA-based vaccine induced a higher secretion of
IFNy in hPBMCs and Mo-DCs, IL-1q, IL-6, and TNF-a in hPBMCs, IL-12p70
and IP-10 in Mo-DCs, compared to Ng GMMA-based vaccine. Conversely
Ng GMMA-based vaccine induces a slight increase of IL-10 compared to
Shigella GMMA-based vaccine (Figure 17 A-B). It suggested that Shigella
and Ng GMMA-based vaccines, despite their different bacterial origin,
induced a similar response in our models but with different magnitudes

for certain cytokines.
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Figure 17. Cytokine quantification in culture supernatants collected following in vitro
stimulation of APBMCs and Mo-DCs with Shigella and Ng GMMA-based vaccines. hPBMCs
from eight healthy donors (Panel A) and Mo-DCs differentiated in vitro from the corresponding
monocytes from six of the same donors (Panel B) were stimulated in vitro for 4 hours and 48
hours, respectively, with 1 ug/ml of a Shig 4vForm + Alum, Ng GMMA + Alum, or with Alum

alone. Cytokine concentrations in supernatants were measured using a 10-analyte U-PLEX
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assay (Panel A) and V-plex assay (Panel B) Box plots display log10-transformed cytokine
values, representing the minimum, first quartile (25th percentile), median (50th percentile),
third quartile (75th percentile), and maximum. Each coloured dot corresponds to an individual
donor. Dotted black lines denote the Upper limit of detection (ULOD) and lower limit of
detection (LLOD). Values above the detection range were replaced with twice the upper limit
of detection (2X ULOD); values below the detection range were replaced with half of the lower
limit of detection (1/2 LLOD). The unstimulated sample (MED) is reported as mean value
(continued black line) with its confidence interval (Cl) (grey area). Significances observed
between groups were determined using the RM one-way ANOVA with Geisser-Greenhouse
correction (*p-value < 0.05, **p-value<0.005, ***p-value<0.0005, ****p-value<0.00005; ns

stands for nonsignificant and are not reported, p-value > 0.05).

3.2 GMMA internalization by monocyte-derived Dendritic cells (Mo-
DCs)

The data reported in section 4.1 demonstrated that both Shigella and N.
gonorrhoeae (Ng) GMMA-based vaccines are capable of inducing
activation and maturation of APCs, such as Mo-DCs. As described in
paragraph 2.3.1, this activation is typically associated with engagement of
pattern recognition receptors (PRRs), particularly Toll-like receptors
(TLRs), which recognize pathogen-associated molecular patterns (PAMPs)
present on GMMA surfaces (39, 69). However, GMMA are complex
vesicular structures that can also be internalized by APCs, potentially
influencing intracellular signalling pathways, antigen processing, and

presentation mechanisms (69, 81).

Understanding whether GMMA-induced APCs activation is solely
mediated by surface receptor engagement (e.g., TLRs) or also involves
active internalization and intracellular trafficking is crucial for elucidating
the full immunological mechanism of action of GMMA-based vaccines.

Internalization could contribute to enhanced antigen presentation via
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MHC class | and Il pathways, influence cytokine secretion profiles, and

modulate the overall adaptive immune response (150).

To investigate the capacity of APCs to internalize GMMA, immature Mo-
DCs (iMo-DCs) were exposed to Shigella GMMA labelled with pHrodo, a
pH-sensitive fluorescent dye that becomes brightly fluorescent in acidic
environments such as phagolysosomes but remains non-fluorescent at
neutral pH found on the cell surface or in the cytosol (Figure 18). This
property makes pHrodo an ideal tool for tracking GMMA uptake and
intracellular trafficking in real time. Live-cell imaging was performed
overnight to monitor the internalization process and assess the dynamics

of GMMA entry into APCs.
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Figure 18. Tracking GMMA internalization in APCs using pHrodo.

Fluorescence. Schematic representation of the pHrodo-based method used to monitor GMMA
internalization by antigen-presenting cells (APCs). GMMA vesicles are labelled with pHrodo, a
pH-sensitive fluorescent dye that remains non-fluorescent at neutral pH (e.g., on the cell
surface or in the cytosol). Upon internalization, GMMA are trafficked into acidic compartments
such as endosomes and phagolysosomes, where the pHrodo dye becomes fluorescent,
emitting a bright red signal. This fluorescence serves as a real-time indicator of successful

uptake and intracellular localization of GMMA. The approach enables dynamic visualization of
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the internalization process using live-cell imaging, providing insights into the kinetics and

extent of GMMA uptake by APCs.

As shown in Figure 19, at tO (starting point), no fluorescence signal was
detected, as expected. However, as time progressed, cells began to
phagocytize and internalize the pHrodo-labelled GMMA which are likely to
be processed as suggested by the loss of fluorescence. Interestingly,
cellular morphology changes from a round shape to a more elongated,
dendritic structure by the end of the time lapse (Yellow circles, Figure
19A). A detailed analysis of the pHrodo-positive regions within each well
revealed a notable increase in internalization compared to untreated
cells, demonstrated by the increase of regions exhibiting pHrodo
fluorescence (Figure 19B). These data demonstrated that GMMA are

effectively internalized by Mo-DCs.
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Figure 19. Live imaging of S. GMMA internalization by Mo-DCs using pHrodo-labelled
vescicles. A) Representative time-lapse microscopy images of Mo-DCs exposed to pHrodo-
labelled Shigella GMMA, captured over 16.6 hours (200 acquisitions, one every 5 minutes).
Yellow circles highlight regions of increasing fluorescence, indicating GMMA internalization
and trafficking into acidic compartments. B) Quantification of fluorescence signal over time,
expressed as the sum of image region area per well (um?). The blue curve corresponds to the
unstimulated control (MED) while the red curve represents cells stimulated with S. GMMA. The
increase in fluorescence in the S. GMMA condition reflects progressive internalization and

acidification of GMMA-containing vesicles.
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3.3 GMMA-based vaccines and adaptive immunity

Due to the observation of a significant enhancement in the production of
cytokines such as IL-12p70, IL-18, and IL-6, which are known to drive Th
cells response (150), in Mo-DCs upon stimulation with GMMA-based
vaccines compared to unstimulated sample, | investigated whether
GMMA vaccines-stimulated Mo-DCs have the ability to induce naive
CD4+ T helper cells to differentiate into effector cells and potentially

which kind of the Th cell response they can dictate.

3.3.1 Optimization of Naive CD4+ T helper cell polarization in vitro

model

To investigate whether GMMA-based vaccines can modulate the adaptive
immune response, an in vitro polarization model was developed. In
particular, | focused my attention on the 3 main Th subsets: Th1, Th2 and
Th17 whose differentiation is induced by IL-12, IL-4/IL-13, and a
combination of IL-6, IL-23, IL-1B and TGF-f3 respectively.

Th1 cells are characterized by upregulation of the transcription factors
(TF) T-box expressed in T cells (T-bet) and produce IFNy, thereby providing
protection against intracellular pathogens. Th2 cells upregulate GATA-
binding protein-3 (GATA-3) and produce IL-13 and IL-4, which offer
protection against helminths and are also implicated in allergic
responses. Th17 cells are characterized by the upregulation of retinoic
acid receptor-related orphan receptor gamma t (RORyt) and produce IL-
17F, IL-17A, IL-21, and IL-22, providing an effective defense against
extracellular bacteria and fungi, and playing a pivotal role in mucosal

immunity (Figure 20A).
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Figure 20. CD4*Th cells differentiation and heterogeneity of mechanisms of Th cells
differentiation induced by GMMA-Treated Dendritic Cells. The diagram illustrates the
immunological pathways leading to T-helper (Th) cell differentiation mediated by dendritic
cells (DCs). A) Based on different Pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs), Dendritic cells (DCs) can shape the
adaptive response by directing the differentiation naive CD4+ Th cell into specific Th effector
cells.B) GMMA-based vaccines were employed to stimulate monocyte-derived dendritic cells
(Mo-DCs), after which the resulting supernatants were collected to assess the cytokine milieu
produced. These supernatants were subsequently tested on naive CD4+ T helper (Th) cells to
evaluate the polarization potential of GMMA. This approach aimed to determine the specific

Th effector subsets induced in a simplified in vitro environment.
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| first optimized the in vitro CD4+ Th cell polarization protocol by modifying
existing published methods by Annunziato et al. (151), which did not work
wellin our hands. In particular, l introduced NaClin addition to the already
published Th17 polarization cocktail and added a boost step, at day 3, for
Th2 and Th17 phenotypes. The boosting consisted in adding the same
polarization cocktail supplemented with IL-2 for Th2 phenotype and
adding the same polarization cocktail lacking NaCl for Th17 phenotyping.
Moreover, | reduced the time of stimulation, from seven to five days, and
used a different Th cell polarization readout compared to that used by
Annunziato et al. (151), evaluating the up-regulation ofthe Th cell- specific
transcription factors through flow cytometry and secretion, in culture
supernatants, of Th cells-specific cytokine by Mesoscale. Therefore, to
induce the differentiation of naive CD4+ T cell towards Th1, Th2 and Th17
cell subsets, specific polarization cocktails tailored to each Th cell subset
(rlL-<12 + mAb ant-IL-4 for Th1, IL-4+ mAb ant-IFNy for Th2, and rlIL-6,rIL-
23,rIL-1B,rTGF-B, mAb ant-IL-4, mAb ant-IFNy and NaCl for Th17) were
used in combination with a-CD3/a-CD28 beads for T cell activation over a
period of five days. To assess polarization, flow cytometry was employed
to determine the proportion of cells positive for the master transcription
factors T-bet, GATA-3 and RORyt which are associated with Th1, Th2 and
Th17 respectively. Additionally, Th- specific cytokines like IFN-y, IL-13 and
IL-17A were quantified in the supernatants of Th1, Th2 and Th17 cultures,
respectively. Asillustrated in Figure 21, after five days of stimulation, naive
CD4+ T cells treated with Th1 polarizing cocktail showed elevated
expression of T-bet (Figure 21A) and higher IFN-y production compared to
unpolarized cells and those treated with Th2 and Th17 cocktails (Figure

21B). Naive CD4+ T cells exposed to Th2 polarization cocktail exhibited
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upregulation of GATA-3 (Figure 21C) and increased levels of IL-13 (Figure
21D) compared to unpolarized cells and those treated with Th1 and Th17
cocktails. Treatment with the Th17 polarization cocktail led to a modest
increase in RORyt expression (Figure 21E) compared to other conditions,
along with substantial IL-17A production (Figure 21F) relative to
unpolarized and Th1 cultures. Notably, significant levels of IL-17 were also

detected in Th2 cultures.
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Figure 21. In vitro model of Naive CD4+ T helper (Th) cell polarization. Box plots show the
expression levels of transcription factors (Panel A: T-bet, Panel C: GATA-3, Panel E: RORyt) and
cytokines (Panel B: IFNy, Panel D: IL-4, Panel F: IL-17A) associated with Th1-, Th2-, and Th17-
like phenotypes. Data are reported as log10 values in box plots, illustrating the minimum, first

quartile (25th percentile), median (50th percentile), third quartile (75th percentile), and
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maximum. Each dot represents an individual donor, five donors in total. Groups include
unpolarized controls and phenotype-specific polarizing conditions Th1, Th2 and Th17. Panel
A-C-E: Quantification of transcription factor (TFs) expression at the single cell levels by flow
cytometry. TFs expression is reported as integrated mean fluorescence intensity (iMFI),
calculated by multiplying the percentage of cells positive for each TFs by the geometric mean
fluorescence intensity (geoMFI) and then dividing the product by 100. Panel B-D-F: Cytokine
quantification in culture supernatants by Mesoscale (U-PLEX Biomarker Assay 20 analytes).
Dotted black lines represent the ULOD and LLOD. Values above the detection range were
replaced with twice the upper limit of detection (2X ULOD); values below the detection range
were replaced with half of the lower limit of detection (1/2 LLOD). Significances observed
between groups were determined using the RM one-way ANOVA with Geisser-Greenhouse
correction (*p-value < 0.05, **p-value<0.005, ***p-value<0.0005, ****p-value<0.00005; ns

stands for nonsignificant and are not reported, p-value > 0.05).

3.3.2 Shigella and Ng GMMA-based vaccines shaped the adaptive
immunity towards Th1 phenotype with the up-regulation of T-bet and

the secretion of IFNy

Upon optimization, the CD4+ Th polarization in vitro model was employed
to assess the polarization potential of the cytokine environment generated
by Mo-DC following in vitro stimulation with GMMA-based vaccines as
reported schematically in Figure 20B. In Figure 22 are reported the box
plots illustrating the expression levels of transcription factors (Panel A: T-
bet, Panel C: GATA-3, Panel E: RORyt) and cytokines (Panel B: IFN-y,
Panel D: IL-4, Panel F: IL-17A) associated with Th1-, Th2-, and Th17-like
phenotypes inresponse to Shigella and Neisseria gonorrhoeae (Ng) GMMA
vaccines. The expression of T-bet and secretion of IFN-y were significantly
elevated, compared to MED and Alum, in cells exposed to Shigella GMMA
formulations (Shig 4vForm + alum), indicating a robust Th1-like response.
Ng GMMA vaccine (Ng GMMA + alum) also induced T-bet and IFN-y, albeit
to a lesser extent (Figure 22, panel A-B). In contrast, Th2- (GATA-3 and IL-
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4) and Th17-(RORyt and IL-17) associated markers were not induced
across all GMMA conditions, suggesting limited Th2 and/or Th17
polarization. These findings suggest that GMMA-based vaccines primarily

promote Th1-biased immunity.

Th1-like phenotype Th2-like phenotype Th17-like phenotype

A C *

m

*%k%
4o, R 254 % * 11 !
B 34 + T 2 2.0+ -' > )
a [ o= - : T ) . & 04 s .
A SIESPE I T § . s L
TR - - T - 1 * —_— .
= : ‘- T 10 - H — £ -1 .
o 1 U = : : o |2 = 2 el 5
= * o 054 o [ o .. . _
=) = 0 % > 2 . .
o 1= 2 24
— 04 3 0.0 4
-1 T T T T T T T 0.5 T T T T T T T -3 T T T T T T T
N AL 9 Q0
ST ¢ & v}o‘ovﬁéb IR ,a\:)@ & v\o“\vge'b & & @S & & 2
& x x &N x x & *
& FFE S & F& S & s &S
&K & & & & N & Pl
& T (<} & K B\ <€) & > W &
Q‘ ) ) »Qb‘ ) & & \;Q )
& N o & @
*k
B " D F
*ok
007 [ ‘ Log10 ULCD 3,24 pg/mi Log10 ULOD 4,46 pg/ml
ns *k ERE * *
50 1 34 I 25 085
_ ese sue . _ . + = —
E 4+ . E . = 2.0 5
=) - = o .
2 G & 21 : < 151
3 . — = T 3 ¢ ~ b P,
£, ’ = : $ = 1.0 M=
o 2 1 g e
) 2 g
. © 0.5
g : g
0 —T T | p— T T 0 T T T T T T T 0.0 T T T T T T T
S i~ AL LR 3
& WSS & ESSSE R
x? x
3@ \d & & 8 o & ¥
Py & & & K& & & & &
5 & 3 B S IS o
o © o A o° o = P

Figure 22. Expression of transcription factors (TFs) and cytokines associated with Th1-,
Th2-, and Th17-like phenotypes in response to GMMA-based vaccines. Box plots show the
expression levels of transcription factors (Panel A: T-bet, Panel C: GATA-3, Panel E: RORyt) and
cytokines (Panel B: IFNy, Panel D: IL-4, Panel F: IL-17A) associated with Th1-, Th2-, and Th17-
like phenotypes in response to Shigella sonnei and Neisseria gonorrhoeae (Ng) GMMA
vaccines. Data are reported as log10 values in box plots, illustrating the minimum, first quartile
(25th percentile), median (50th percentile), third quartile (75th percentile), and maximum.
Each dot represents an individual donor, five donors in total. Groups include unpolarized
controls, phenotype-specific polarizing conditions (Th1, Th2, Th17), and stimulation with
supernatants derived from the in vitro stimulation of Mo-DCs with: GMMA-based vaccines

(Shigella: Shig 4vForm+alum; N. gonorrhoeae: Ng GMMA + alum), Alum, S. sonnei GMMA esa

85



(S. son GMMA esa, positive control) and unstimulated cells ( MED, negative control). Panel A-
C-E: Quantification of transcription factor (TFs) expression at the single cells levels by flow
cytometry. TFs expression is reported as integrated mean fluorescence intensity (iMFI),
calculated by multiplying the percentage of cells positive for each TFs by the geometric mean
fluorescence intensity (geoMFI) and then dividing the product by 100. Panel B-D-F: Cytokine
quantification in culture supernatants by Mesoscale (U-PLEX Biomarker Assay 20 analytes).
Dotted black lines represent the ULOD and LLOD. Values above the detection range were
replaced with twice the upper limit of detection (2X ULOD); values below the detection range
were replaced with half of the lower limit of detection (1/2 LLOD). Significances observed
between groups were determined using the RM one-way ANOVA with Geisser-Greenhouse
correction (*p-value < 0.05, **p-value<0.005, ***p-value<0.0005, ****p-value<0.00005; ns

stands for nonsignificant and are not reported, p-value > 0.05).
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3.4 Myotubes: Muscle cellin vitro model

The innate immune response following vaccination depends not only on
the direct interactions and activation of immune cells but is also greatly
shaped by the local immunological environment at the injection site.
Since GMMA-based vaccines are administered intramuscularly, and given
the well demonstrated role of skeletal muscle cells in shaping the
immunological microenvironment (74, 75, 152), | used a muscle cells in
vitro model to mimic the injection site and thus, to investigate the

interaction of GMMA-based vaccines with cells in that environment .
3.4.1 Myotubes are responsive to Shigella and Ng GMMA vaccines

As a first step, | demonstrate that human skeletal muscle myoblasts are
responsive to GMMA (data not shown). However, despite skeletal muscle
myoblasts represent a well-established and widely used in vitro model to
investigate muscle cell responses, it does not fully recapitulate the
physiological characteristics of muscle tissue at the site of vaccine
injection. Therefore, | differentiated human skeletal muscle myoblasts
into myotubes, which represent the closest physiological state to muscle
fibres (153). Using this model, | evaluated the secretion of cytokines and
chemokines in the culture supernatants following a 22-hours stimulation
with different GMMA-based vaccine formulations. Specifically, | tested
both Alum-adjuvanted and non-adjuvanted Shigella and N.
gonorrhoeae GMMAvaccines and Alum alone. S. sonnei GMMA-esa (wild-
type LPS) and complete medium (MED) were used as positive and negative
controls, respectively. All conditions were tested at a concentration of
0,1 pg/ml. | employed O-link technology which is based on the Proximity

Extension Assay (PEA) technology that combines antibody-based
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immunoassay with the powerful properties of polymerase chain reaction
(PCR) (see paragraph 3.5.3). This system provide a highly specific and
sensitive detection of proteins even at very low concentrations. Moreover,
it detects a wide range of cytokines. These features can help in obtaining
accurate cytokines profiling in a complex in vitro system. For this study, |
used the “Inflammation kit”, which detects 92 proteins broadly implicated
in the inflammation process. Cytokine concentrations were expressed in
Normalized Protein Expression (NPX) units, a relative quantification metric
on a log2 scale, where higher NPX values indicate greater protein
abundance. As shown in Figure 23, upon stimulation with both alum-
adjuvanted and non-adjuvanted GMMA formulations, myotubes
significantly secreted higher levels of CCL20, CXCL1, CXCL5, CXCLS6,
CXCL8 and IL-6 as well as following treatment with S. son GMMA esa (

positive control) compared to the control (MED). Furthermore, the trend
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of myokine levels showed a stronger impact following Shigella GMMA-

based vaccine stimulation than Ng GMMA-based vaccine.
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Figure 23. Cytokine secretion by myotubes following stimulation with GMMA-based
vaccine formulations. Myotube were stimulated for 22 hours with Shigella four-component
GMMA vaccine adjuvanted with Alum (Shig 4vForm + Alum), non-adjuvanted Shigella GMMA
formulation (Shig 4vForm), Neisseria gonorrhoeae GMMA vaccine with Alum (Ng GMMA +
Alum), non-adjuvanted Ng GMMA, Alum alone, and S. sonnei GMMA ESA (positive control), all
at a final concentration of 1 pg/ml. Complete medium (MED) was used as negative control.
Cytokine levels in culture supernatants were quantified using Olink technology and expressed
as Normalized Protein Expression (NPX) units on a log2 scale. The dotted black line indicates

the lower limit of detection (LOD). Data are related to a single experiment.

3.4.2 Myotubes can internalize GMMA

The GMMA-dependent secretion of cytokines and chemokines from

myotubes suggest that they are likely to shape the microenvironment at
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the injection site. However, whether this activation is only mediated by
TLRs engagement, which are expressed by muscle cells (154) or involves
other mechanisms, needs to be investigated. In particular, the question
of whether skeletal muscle myotubes can act as non-professional APCs
remains unresolved particularly in the context of intramuscular
vaccination, where muscle tissue is the primary site of antigen deposition
(155). Although, cytokines stimulated myotubes have been reported to
express MHC-I and Il, as well as co-stimulatory molecules such as CD40,
BB-1, and ICOS-L (156, 157) there is still a lack of data demonstrating their
ability to participate in the antigen presentation cascade including antigen
uptake, processing, peptide-MHC complex formation, and subsequent T-
cell activation. Given that the first step in antigen presentation by
professional APCs is the recognition and uptake of foreign
substances/pathogens, | investigated the ability of myotubes to
internalize GMMA by confocal microscopy analysis on skeletal muscle
myotubes differentiated in vitro from human skeletal muscle myoblasts
(see paragraph 3.3.2). Myotubes were incubated for 22 hours with 5 pg/ml
of S. flex 2a GMMA fluorescently labelled with Alexa Fluor 488 (A488-S.
GMMA) or left untreated. Following stimulation, cells were incubated with
an anti-GMMA antibody followed by a secondary antibody conjugated to
Alexa Fluor 568 to specifically identify extracellular GMMA.

A dual-staining approach was employed instead of a pHrodo-based
strategy due to differences in biological context and technical objectives
between Mo-DCs and muscle cells. For Mo-DCs, which are professional
APCs, the aim was to monitor the dynamics of GMMA uptake and
processing in real time. pHrodo, a pH-sensitive dye that exhibits strong

fluorescence in acidic environments such as endosomes and lysosomes,
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is well suited for live-cell imaging and tracking internalization into
degradative compartments.Conversely, muscle cells are not professional
phagocytes; their uptake is typically slower and less efficient, making live
imaging less practical. Therefore, an endpoint dual-staining strategy was
applied to distinguish internalized GMMA (A488+ signal only) from GMMA
bound to the cell surface (A568+ signal). This approach provided a semi-
quantitative assessment of uptake and surface binding, as well as spatial
distribution. As shown in Figure 24, S. GMMA were detected both on the
surface and inside skeletal muscle myotubes under these conditions,
indicating that S. GMMA are likely to bind myotubes prior to internalization.
However, the pathway through which the internalization happens and
whether this internalization evolves in a complete antigen presentation
(processing, peptide-MHC complex formation, and T-cell activation)
remains undetermined and warrants further investigation. Our data
showed that GMMA are internalized and actively processed by Mo-DCs, a

representative model for professional APCs (paragraph 4.2; Figure 19).

DAPI(nuclei) CellMask (cell membrane)

Figure 24. Confocal microscopy analysis of S. flexneri2a GMMA internalization in skeletal
muscle myotubes. Fluorescent images acquired using Opera Phenix confocal microscopy
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compare untreated myotubes (Medium) with myotubes treated for 22 hours with S. flex
2a GMMA conjugated to Alexa Fluor 488 (A488-S. GMMA). Cell nuclei are stained with DAPI
(blue), and cell membranes with Cell Mask Deep Red (red). A polyclonal secondary antibody
conjugated to Alexa Fluor 568 (orange) was used to label extracellular GMMA, allowing
discrimination between surface-bound (orange) and internalized (green) GMMA. Internalized

GMMA retains the green A488 signal, as they are inaccessible to the secondary antibody.

3.4.3 Establishment of an in vitro model of the injection site with

myotubes and immune cells

To better mimic the local site of injection, | established an in vitro cell
model comprising both myotubes and hPBMCs thereafter referred to as
the primary muscle cell model (PMCM). Shigella or Neisseria gonorrhoeae
GMMA-based vaccines (final concentration of 0,1 pg/mL) were added to
the PMCM in the presence or absence of alum and incubated for 22 hours.
Culture supernatants were then collected and analyzed for cytokine
secretion using O-link technology, employing the “Inflammation panel
kit” which quantifies 92 proteins typically involved in the inflammatory
processes. Control samples, including PMCM maintained in complete
medium, treated with Alum or with S. sonnei GMMA esa (positive control),
were set up in parallel with treated samples. In addition, to dissect the
contribution of each cellular component of the PMCM model, parallel
stimulations with GMMA-based vaccines were performed on PBMCs and
myotubes cultured separately.

| first analysed whether the combination of the two cell types inthe PMCM
(P_M) model in the absence of GMMA had an impact on the quantity and
quality of cytokines secreted compared with single cultures of PBMCs (P)
and Myotubes (M). To this end a principal component analysis (PCA) based

on cytokine secretion profiles from the three unstimulated conditions was
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carried out. In the PCA plot (Figure 25), each point represents a donor, and
colours indicate the experimental model: blue for P_M, pink for P, and
green for M. Samples were projected onto the first two principal
components (PC1 and PC2), which accounted for 55.36% and 17.4% of
the total variance, respectively. To facilitate interpretation, a biplot was
generated, overlaying loading vectors that represent the contribution of
individual cytokines to the principal components. The direction of each
arrow indicates the gradient of cytokine expression across the sample
space, while its length reflects the magnitude of its influence on the
components. The PCA revealed a clear separation among the three
models, suggesting specific cytokine profiles for each model. Notably,
cytokines such as IL-6, CSF-1, and CCL20 were hallmarks of the P_M
model, while cytokines like IFN-y, TRANCE, and TNFSF14 of the PBMCs
model. The M model instead, was not marked by a pronounced
contribution from any single cytokine. These findings suggest that the
microenvironment generated by the inclusion of muscle cells and immune
cells in the PMCM model is not merely the sum of molecules secreted by

the individual components but is likely the result of cellular crosstalk.
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Figure 25. Principal Component Analysis (PCA) of cytokine profiles in unstimulated in vitro
models. Principal component analysis of the 92 cytokines detected in the culture
supernatants from unstimulated Myotubes (M), PBMCs (P) single models and PMCM co-
culture model (P_M). In the P_M and P models, each dot represents a donor , with blue and
pink colors indicating the respective model conditions. The M model is represented by a single
green dot corresponding to the myotube monoculture. Arrows indicated the contribution of
each cytokine to the principal components: the direction reflects the gradient of cytokine
expression across the sample space, while the length indicates the strength of the contribution

to the components.
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To further identify cytokines and chemokines with both high statistical
significance (low p-value) and substantial expression differences (high
fold change) between the PMCM co-culture (P_M) and the PBMCs single
culture (P) under basal condition | performed a differential cytokine
expression analysis visualized in the volcano plot (Figure 26), which
displays statistical significance (P-value) againstthe magnitude of change

(fold change).
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Figure 26. Volcano plot of differential cytokine expression between unstimulated PBMCs
and PMCM co-culture models. Volcano plot represents the differential cytokine secretion
between unstimulated PMCM co-culture and PBMCs single models. Cytokine levels were
quantified in culture supernatants collected after 22 hours of incubation for both models. X
axes reports the estimated that represent the log2 scaled differential Normalized protein

expression (NPX) compared to the PBMCs single model, while Y axes represent the statistical
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significance of the modulation [-log10 scaled p-value]. Cytokines that are highly secreted in

the PMCM co-cultured model respect to PBMCs single model are represented as red dots.

As shown in Figure 26 there were several mediators that discriminated the
PMCM co-culture model from PBMCs single model and showed the
highest statistical significance including IL-6, LIF (Leukemia Inhibitory
Factor) and OPG (Osteoprotegerin). Moreover, data showed higher levels
of chemokines from Cys-Cys (C-C) chemokine family including MCP-1
(CCL2), MCP-3 (CCL7), MCP-4 (CCL13), CCL20 (MIP-3a) and from Cys-X-
Cys (C-X-C) chemokines family including CXCL1, CXCL5, CXCL6, CXCL8
(IL-8) in PMCM co-culture model compared with PBMCs single model
indicating that the interaction between the two cell types alone induces

the release of these mediators

3.4.4 Impact of GMMA vaccine formulations on cytokine secretion in

PMCM model

Given that both Shigella and Ng GMMA-based vaccines, despite the
different bacterial origin, induce a similar immune profile evaluated as
activation of cellular subsets and production of cytokines/chemokines, in
the PBMC model (paragraph 4.1.3), here | tested these GMMA-based
vaccines in a more complex model, the PMCM model, to better
recapitulate the events occurring at the site of injection following GMMA-
based vaccination. Hence, | stimulated both the PBMCs single culture (P)
and the PMCM co-culture (P+M) for 22 hours with Alum-adjuvanted and
non-adjuvanted Shigella and Ng GMMA vaccine formulations, as well as

with Alum alone, at a final concentration of 1 pg/ml.
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Figure 27. Differences in Cytokine/chemokine Response to GMMA Vaccine Formulations
and Alum in PBMCs/Myotubes co-culture vs PBMCs. Volcano plots representing the
differential cytokine secretion between PBMCs/Myotubes co-culture and PBMCs models
following 22 hours-stimulation with alum, Shig 4vForm, ShigdvForm+ alum, Ng GMMA and Ng
GMMA+ alum at the concentration of 1 ug/ml; complete medium is used as negative control
(Med). X axes represent the estimated reported as the log2 scaled differential Normalized
protein expression (NPX) compared to the PBMCs single model (Estimate), while Y axes
represent the statistical significance of the modulation (-log10 scaled p-value). Cytokines that
are highly secreted in the PBMCs/Myotubes co-cultured model respect to PBMCs single
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model are represented as red dots, in the right side, while cytokines that are decreased in
PBMCs/Myotubes co-cultured respect to PBMCs single model are reported in blue dots.
Cytokines highlighted in green are those that, in each model condition, are statistically

different in comparison to the relative negative control (MED).

As shown in Figure 27, volcano plot analysis revealed that there were a
broad group of cytokines which are significantly upregulated in PMCM co-
culture model compared to PBMCs model. These cytokines include TSLP,
CXCL10, CXCL11, CXCL9 and IL-17A that were produced following
stimulation with alum-adjuvanted and non-adjuvanted Shigella and Ng
vaccine formulations, but not by alum alone, while molecules like CCL20,
MCP-2 and MMP-1 were observed in all samples, including that treated
with only alum . In this context, the analysis of their NPX values in the
PMCM model, showed that only CCL20 and MMP-1 were significantly
higher upon stimulation with both GMMA-based vaccine formulations

compared to alum (Figure 28).
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Figure 28. Cytokine quantification in culture supernatants collected following in vitro

stimulation of PMCM co-culture with Shigella and Ng GMMA-based vaccine formulations,
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with and without alum. PBMC/Myotube co-culture was stimulated for 22 hours with Shigella
four-component GMMA vaccine adjuvanted with Alum (Shig 4vForm + Alum), non-adjuvanted
Shigella GMMA formulation (Shig 4vForm), Neisseria gonorrhoeae GMMA vaccine with Alum
(Ng GMMA + Alum), non-adjuvanted Ng GMMA and Alum alone, all at a final concentration of 1
pg/ml. Box plots show cytokine values as Normalized Protein Expression (NPX) units on a log2
scale, representing the minimum, first quartile (25th percentile), median (50th percentile),
third quartile (75th percentile), and maximum. Each colored dot corresponds to an individual
donor. The unstimulated sample (MED) is reported as mean value (continued black line) with
its confidence interval (Cl) (grey area). The dotted black line indicates the lower limit of
detection (LOD). Significances observed between groups were determined using the RM one-
way ANOVA with Geisser-Greenhouse correction (*p-value < 0.05, **p-value<0.005, ***p-
value<0.0005, ****p-value<0.00005; ns stands for nonsignificant and are not reported, p-

value > 0.05).

These cytokines and chemokines play different immune roles. MCP-2 and
MCP3, also known as CCL-7 and CCL-8 respectively, are chemokines
secreted by monocytes, endothelial cells, fibroblasts and, under
inflammatory stimuli, skeletal muscle cells (158-162). CCL7 and CCLS,
alongside CCL2 (or MCP-1), recruit immune cells, specifically monocytes
to site of tissue insult (159, 163). CCL20 is also contributing to the
recruitment of APCs, in particular DCs and it has been demonstrated that
it is secreted by skeletal muscle cells in presence of hPBMCs or pro-
inflammatory conditions like IL-17A (154, 164) which is also present in our
system. It is secreted by Th17 ydT cells, and ILC3 cells and acts as an
inflammatory cytokine capable to dictate tissue inflammation through the
induction of pro-inflammatory cytokines (such as IL-6 and TNF),
chemokines (such as KC, MCP-1 and MIP-2) and matrix metalloproteases,
which mediate tissue infiltration and tissue destruction (165, 166). In
particular, our results show the secretion of MMP-1 or collagenase 1 that

degrades types | and lll collagen facilitating the migration of immune cells
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and the remodeling of the extracellular matrix (ECM) (167). CXCL9,
CXCL10, and CXCL11 impact on migration, differentiation and activation
of immune cells such as effector CD4+ and CD8+ T cells, cytotoxic
lymphocytes (CTLs), natural killer (NK) cells, NKT cells, and macrophages

and plays a major role in supporting Th1 polarization (168-170).

TSLP acts as an alarmin, being rapidly released by epithelial cells from
several tissue such as skin, lungs, gut, and thymus and , under certain
conditions, by dendritic cells (171) following several signals which include
mechanical injury, microbial ligands such as those recognized by TLR2,
TLR3, and NOD2, helminth infection, proteases like trypsin and papain,
and pro-inflammatory cytokines such as IL-4, IL-13, TNF, IL-18 (172). TSLP
promotes cell maturation, proliferation, survival and recruitment
suggesting a pivotal role in immune response regulation (173). TSLP has
an impact on a wide range of cells such as neutrophils, mast cells,
basophils, eosinophils, ILC2s, NKT cells, smooth muscle cells, tumor
cells, B cellsand DC cells (174). Moreover, TSLP directly activates DCs and
skews towards a Th2 immune response with the production of IL-5, IL-4,
IL-13 and TNF (175). Overall, the wide range of actions suggests TSLP as a
molecule able to amplify danger signals and inflammatory cascades
(176). In addition, evaluating the differential cytokine secretion, these
cytokines were low produced (IL-17A, MMP-1, CCL20, MCP-2 and MCP-3)
or not produced (CXCL-9, -10, -11 and TSLP) in hPBMCs model upon
stimulation with both GMMA-based vaccines (data not shown), suggesting
that the PMCM model is a powerful system for investigating cell-to-cell
interactions that likely shapes the immune response upon stimulation.
Considering the known functional roles of these cytokines, | hypothesize

that following vaccination, the skeletal muscle cells may contribute to
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enhancing local inflammation by mainly recruiting infiltrating immune

cells.

3.4.5 Impact of Alum on cytokine secretion induced by Shigella and Ng
GMMA Vaccines in the PMCM model

The data obtained in the comparison between PBMCs and PMCM model
indicate that both GMMA-based vaccines induce similar secretion of
soluble factors at least in the quality. | therefore investigated the impact
of alum onthe cytokine response elicited by each vaccine using the PMCM
model. The cytokines secretion analysis demonstrated that alum-
adjuvanted Shigella formulation induced a higher production of CXCL11
respect to non-adjuvanted Shigella formulation (Figure 29A), while no
alum’s impact was observed in the case of Ng GMMA vaccine. Moreover,
since | also wanted to evaluate the impact of different bacterial origin,
comparing Shigella and Ng GMMA-based vaccines in PMCM model,
CXCL11 together with CXCL10 levels were lower upon stimulation with Ng
GMMA vaccine than those elicited by Shigella GMMA-based vaccine
(Figure 29B). These findings highlight that the intrinsic differences among
GMMA can induce subtle differences for certain cytokine, although the
overall innate response triggered by both vaccines were comparable. Of
note, the differential secretion of CXCL10, also known as IP-10, was also
detected in Mo-DCs in vitro model but not in hPBMCs in vitro model, while
CXCL11 was not detect in both systems, suggesting the PBMC model
could be more useful to characterize the GMMA-based vaccine innate

response.
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Figure 29. Cytokine quantification in culture supernatants collected following in vitro
stimulation of PBMCs/Myotubes co-culture with Shigella and Ng GMMA-based vaccine
formulations, with and without alum. PBMC/Myotube co-culture was stimulated for 22
hours with Shigella four-component GMMA vaccine adjuvanted with Alum (Shig 4vForm +
Alum), non-adjuvanted Shigella GMMA formulation (Shig 4vForm), Neisseria gonorrhoeae
GMMA vaccine with Alum (Ng GMMA + Alum), non-adjuvanted Ng GMMA and Alum alone, all
at a final concentration of 1 pg/mL. Box plots show cytokine values as Normalized Protein
Expression (NPX) units on a log2 scale, representing the minimum, first quartile (25th
percentile), median (50th percentile), third quartile (75th percentile), and maximum. Each
colored dot corresponds to an individual donor. The unstimulated sample (MED) is reported as
mean value (continued black line) with its confidence interval (Cl) (grey area). The dotted black
line indicates the lower limit of detection (LOD). In panel A, it is shown the comparison in
CXCL11 secretion, among Shig 4vForm + Alum, Shig 4vForm and alum alone; in panel B, it is
shown the comparison in CCl19 secretion, among Ng GMMA + Alum, Ng GMMA and alum
alone;in panel C, itis shown the comparisonin CXCL10 and -11 secretion, among Shig 4vForm
+ Alum, Ng GMMA+ alum and alum alone. Significances observed between groups were
determined using the RM one-way ANOVA with Geisser-Greenhouse correction (*p-value <
0.05, **p-value<0.005, ***p-value<0.0005, ****p-value<0.00005; ns stands for nonsignificant

and are not reported, p-value > 0.05).
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4. DISCUSSION

Despite the constant scientific research, the spread of drug-resistant
pathogens is increasing (3-9), amplifying the urgency for novel
therapeutics and prophylactic strategies, where the Outer Membrane
Vesicles (OMV) technology represents a promising approach. OMV are
nanometric vesicles secreted by gram-negative bacteria that present
antigens in their native conformation, offering a strong immunogenicity
and self-adjuvanticity (22, 27, 30, 39, 81, 177). To enhance vesicle release
and reduce endotoxicity, genetically modified vesicles known as
Generalized Modules for Membrane antigens (GMMA) have been
developed (22, 39, 49, 58, 59). Currently, GMMA’s research based on a
classical (55, 85, 105) as well as a multidimensional (67, 68) approach has
deeply characterized GMMA-induced innate immune cell response,
demonstrating the induction of mainly pro-inflammatory cytokines (e.g.
TNFa, IL-6, IL-18, IFN-y, IL-1B8, MIP-1a, GM-CSF) alongside an extensive
cellular activation in hPBMCs (monocytes, DC and NK cells) (67).
However, while these studies have provided valuable insights into GMMA-
immune cell interactions, a comprehensive understanding of the mode of
action of GMMA in vaccine formulations, particularly those derived from
Shigella and Neisseria gonorrhoeae, remains incomplete.

In this context, our study aimed to dissect the immunological
mechanisms triggered by GMMA-based vaccine
against Shigella and Neisseria gonorrhoeae, focusing on innate immune
cells response and its capacity to shape in vitro the adaptive responses.
To achieve this, | employed a well-established multiparametric in vitro
immune characterization approach on hPBMCs (67), which let to define a

comprehensive immune profile of GMMA-based vaccines.
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To further investigate the direct cellular targets of GMMA, | focused on Mo-
DCs as a simplified in vitro system. This choice was based on previous
findings identifying DCs and monocytes as primary responders to GMMA
stimulation in hPBMCs cultures (67). The use of Mo-DCs enabled us to
explore the direct effects of GMMA on APCs, shedding light on their role in
shaping the downstream adaptive immune response.

Moreover, | implemented an in vitro T cell polarization model to evaluate
how the innate signals induced by GMMA influence the differentiation of T
helper cell subsets. This model proved to be a valuable tool for
understanding the link between innate activation and the induction of
specific adaptive immune profiles, particularly in terms of Th1/Th2/Th17
responses.

Finally, to gain insights into the local immunological microenvironment at
the site of vaccine administration, | developed an in vitro co-culture
system involving skeletal muscle cells and immune cells. Given the
emerging evidence that the injection site acts as an active immunological
niche, this model allowed us to investigate the cellular crosstalk and the
potential contribution of non-immune cells to the overall vaccine-induced
response. Understanding these interactions is crucial for elucidating the
mechanism of action of GMMA-based vaccines and optimizing their
design for enhanced immunogenicity and safety.

The multiparametric approach adopted in this study combined the
quantification of cytokine and chemokine secretion using classical
platforms such as Mesoscale and Luminex, with more sophisticated
technologies like Olink, enabling a deeper profiling of the innate immune
response. In parallel, flow cytometry was used to assess cellular

activation markers. The integration of data from these complementary
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methodologies provided a robust and multidimensional characterization
of the immune cells’ response elicited by GMMA-based vaccines.

The study showed that both Shigella and N. gonorrhoeae GMMA-based
vaccines induced a predominant pro-inflammatory cytokine profile, with
a clear production of cytokines like IL-1a, IL-1B8, TNF-a, IL-6, IL-8, IFN-y
along with chemokines like MCP-1, and MIP-1a. Interestingly, the anti-
inflammatory cytokine IL-10 was also detected, suggesting a potential
regulatory mechanism aimed at modulating excessive inflammation
within the in vitro system (178). These cytokines are most likely produced
primarily by professional APCs, such as monocytes and dendritic cells
(DCs), which also upregulate CD83 in response to GMMA, as well as by
natural killer (NK) cells, where IFN-y production is accompanied by CD69
upregulation (179, 180). Furthermore, modest activation was also
observed for CD4+ T cells with the upregulation of CD69, probably due to
a bystander effect. Of note, | demonstrated that GMMA included in
Shigella GMMA-based vaccine, derived from different Shigella serotypes,
induce an immune cell activation that was comparable to that elicited by
their combination, suggesting that the combination of several serotypes in
a single formulation don’t affect neither their self-adjuvanticity or show a
synergistic effect in inducing the innate response in vitro. Building on the
observed pro-inflammatory profile induced by GMMA alone, | further
investigated the impact of formulation with alum, a widely used adjuvant
in human vaccines. Indeed, the study  showed that
both Shigella and Neisseria gonorrhoeae GMMA-based vaccines, when
adjuvanted with alum, elicited a markedly stronger immune cells
response compared to their non-adjuvanted counterparts. This

enhancement was evident in the increased secretion of cytokines such as
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IL-1a, IL-1B, IL-6, TNF-a, and IFN-y in both hPBMCs and Mo-DCs, as well
as IL-12, IL-13, and IL-15 specifically in Mo-DCs. A parallel increase in
cellular activation was observed in monocytes, DCs, and Mo-DCs.
Nevertheless, alum administered alone didn’t induce any response,
suggesting that it acted in synergy with GMMA in the formulation and not
as independent enhancer. This synergy may be attributed to alum’s
physicochemical properties: its positively charged, micrometric
crystalline particles can efficiently adsorb acidic antigens and interact
with negatively charged immune cells, while remaining within a size range
suitable for phagocytosis (181). These features likely facilitate enhanced
antigen uptake and presentation by antigen-presenting cells at the site of
injection (182). Indeed, it has been demonstrated, both in vitro and in vivo,
that ALOH; enhances the antigen uptake and processing which correlates
with activation and maturation of APCs (182-186). Therefore, | hypothesize
that the adsorption of GMMA on alum allows the presentation of GMMA in
particulate form which can be more antigenic and effectively
phagocytosed. However, this hypothesis requires further experimental
validation. Confocal microscopy studies could provide direct evidence of
GMMA-alum interactions and their uptake by immune cells, helping to
clarify the physical and functional dynamics of this synergistic
mechanism. A key indicator of this synergistic effect was the significant
increase in IL-1B production that | observed following stimulation with
alum-adjuvanted GMMA formulations, compared to the non-adjuvanted
formulations. This finding aligns with established mechanisms of alum
adjuvanticity, including activation of the NLRP3 inflammasome,
complement pathways, and release of DAMPs such as uric acid and host

DNA, all of which contribute to IL-1B secretion (187). In particular, in vivo
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and in vitro studies showed that NLRP3 activation leads to IL-1B secretion
(188-192), a pro-inflammatory cytokine that supports adaptive immunity
and Th2 polarization (190, 192, 193). In contrast to cytokine profile
induced by alum-adjuvanted formulations including IL-18, IL-18, this study
revealed that alum-adjuvanted GMMA formulations also triggered
significant production of other cytokines, such as IL-6, IFN-y, TNF-a, and
IL-12. These pro-inflammatory mediators are known to be involved in
innate immune responses and are typically secreted upon activation of
TLRs pathway strongly engaged by GMMA (56). Overall, these findings
suggest that there is a synergism between alum and GMMA components
mechanisms of action, resulting in a stronger innate immune cells
response.

Another important aspect | aimed to dissect was how the bacterial origin
of GMMA influences the immune response. Notably, despite the different
bacterial origin, both Shigella and Ng GMMA-based vaccines induced a
similar quality of innate immune cell response, mainly characterized by
the production of pro-inflammatory cytokines by both hPBMCs and Mo-
DCs. Nevertheless, | observed differences in the magnitude of specific
cytokines such as IFN-y, IL-10, IL-1q, IL-6, and TNF-qa, highlighting distinct
patterns of immune modulation between the two GMMA formulations.
While these variations are evident in vitro, it remains challenging to directly
extrapolate their impact in vivo. What emerges clearly, however, is that
both GMMA constructs activate a comparable innate immune signature,
supporting the concept of GMMA as a versatile and consistent vaccine
platform. As described above, to further explore the cellular mechanisms
underlying GMMA-induced innate immunity, | focused on Mo-DCs, a

widely used in vitro model for studying DCs function and their role in
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shaping adaptive immune responses (194, 195). APCs, through PRRs like
TLRs, detect pathogens or vaccines and, by shaping the cytokine
environment, direct naive CD4" T-helper cells toward protective subsets,
thereby orchestrating effective adaptive immunity (155, 200, 201). |
demonstrated that Mo-DCs were activated after GMMA-based vaccines
stimulation and efficiently internalized GMMA, a process that is crucial for
the maturation and subsequent antigen presentation functions. As DCs
underwent maturation influenced by GMMA uptake, they shaped the
surrounding cytokine milieu characterized by both pro-inflammatory
cytokines and chemokines. Notably, among these cytokines, there was IL-
12, which strictly polarizes the T helper cell towards a Th1 phenotype and
also were IL-6 and IL-1B that may contribute to drive a Th17 phenotype
(196). Indeed, the naive CD4+ T helper cells polarization in vitro
established in this research, showed that supernatants derived from both
Shigella and Ng GMMA vaccine- treated Mo-DCs skewed naive CD4+ T
helper cells towards Th1 phenotype. Th1 cells, defined by IFN-y secretion
and T-bet expression, are important for protective immune response
againstintracellular pathogens, fungi and protozoa (196). Particularly, Th1
cells, activate macrophages enhancing phagocytic killing and supporting
the development of cytotoxic CD8" T cells which are critical for
intracellular bacteria elimination (197, 198). Th1 cells also help B cells in
producing opsonizing and complement-fixing antibodies which also
contribute to intracellular bacteria clearance, critical for protective
efficacy (199). The ability of GMMA-based vaccines to induce Th1
differentiation suggests its advantage in supporting robust T cell-mediated
immunity which, alongside the antibody generation, is fundamental for an

effective vaccine protection (200). Therefore, the optimized T cell
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polarization in vitro model is a suitable tool for comprehensively
understanding how the innate immune cells response induced by the
GMMA vaccine can influence the induction of specific T helper cell-
mediated adaptive immune responses.

To gain deeper insights into the mechanism of action of GMMA-based
vaccines beyond immune cell activation, | investigated the local
microenvironment at the injection site. This niche, composed of both
immune and non-immune cells, plays a crucial role in shaping the early
phases of the immune response through cellular crosstalk and localized
signaling events (75). Given that GMMA-based vaccines are administrated
intramuscularly, | focused on skeletal muscle cells and their crosstalk with
immune cells following GMMA vaccination. Recent evidence indicates
that skeletal muscle cells can produce a range of cytokines, called
specifically “myokines” including IL-6, IL-8, IL-1B and CCL2, CCLS,
CXCL10, in response to pro-inflammatory stimuli (e.g., IFN-y and TLR
ligands such as LPS, CpG) (74). In line with these findings, | demonstrated
that human skeletal muscle myoblasts, and in vitro differentiated
myotubes secrete cytokines such as interleukin-6 (IL-6), IL-8, as well as
chemokines like CCL-20, CXCL1, CXCL5 and CXCL6 upon stimulation
with GMMA-based vaccines. These myokines are involved in several
processes including, inflammatory responses, and the recruitment of
several immune cells such as dendritic cells (DCs), neutrophils,
monocytes and Th17/Tfh (162, 201-205), thus underlining the
immunocompetency of muscle cells. This activation may be mediated by
TLRs since they are expressed on skeletal muscle cells (154, 206).
Furthermore, confocal microscopy revealed that myotubes interacted

with and internalized GMMA, implying that muscle cells can contribute to
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immune response not only modulating the cytokine environment but also
acting as non-professional APC, potentially offering a substrate for
antigen presentation. This finding is preliminary evidence. Indeed, the
complete antigen presentation cascade including antigen uptake,
processing, peptide-MHC complex formation, and subsequent T-cell
activation need to be investigated through additional experiments.
Nonetheless, there are some important features that may be considered
to understand the internalization mechanism. Skeletal muscle cells have
a unique membrane architecture characterized by a rich caveolae’s
composition maintained by the caveolin—cavin system (207, 208),
providing a lipid raft-rich platform that ideally support the capture of
nanoscale vesicles. This process is further refined by accessory receptors
such as CD36, basally expressed in differentiated myotubes and
scavenger receptors including SREC-I/SCARF1. The receptor CD36 binds
LPS and lipoproteins, cooperating with CD14/TLR4, whereas
SRECI/SCARF1 recruits TLR4 into cholesterol-rich microdomains to
facilitate- co-internalization (209-211). Moreover, TLR2, which is strongly
inducible in myotubes, may be a co-sensor since the high lipoprotein’s
presence in GMMA’ composition. Indeed, CD36 may also partner with
TLR2 for lipoprotein recognition (211). Despite these interactions suggest
that GMMA’ internalization may be mediated through multiple entry
routes, this hypothesis needs to be explored experimentally. However,
since it has been demonstrated that both professional APCs, such as Mo-
DCs, and non-professional APCs, such as muscle cells, can internalize
GMMA, it is reasonable to hypothesize the induction of a specific CD4+
and CD8+ T-cell response. From an experimental perspective, in vitro

antigen presentation models could be developed based on the co-culture
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of autologous T cells and Mo-DCs. T-cell responses could be evaluated
through multiple parameters, including activation (upregulation of
markers such as CD25, CD69, OX40, ICOS, and CD40L); proliferation
using assays such as CFSE dilution or cytokine production (IFN-y, TNF-q,
IL-2, IL-4, IL-13, IL-17A, and Granzyme B) through intracellular cytokine
staining (212). Although | demonstrated that myotubes actively interacted
with GMMA-based vaccine, to better mimic the in vivo microenvironment
at the site of vaccine injection, | employed the primary muscle cell model
(PMCM) comprising a co-culture of myotubes and PBMCs. In this system,
PBMCs serve as the immune compartment that initiates local
inflammation and directs the subsequent adaptive response. The PMCM
thus provides a more physiologically relevant in vitro model for studying
the mode of action and immunogenicity of GMMA-based vaccines
compared with PBMC or myotubes single cultures. To better interpret the
complexity of the immune response across different culture conditions, |
performed a PCA, which allowed us to reduce data dimensionality and
identify global patterns of variation. The PCA comparing the PMCM co-
culture, myotube monoculture, and PBMC monoculture revealed
statistically significant differences among the three groups. Notably,
cytokines such as IL-6, CSF-1, and CCL20, associated with inflammation,
muscle activation and immune cell recruitment (202, 203, 213), were
significantly secreted in the PMCM co-culture respect to individual
cultures. This evidence gives an insight on how the crosstalk between
immune cells and muscle cells, without any external stimulus, can define
a different immunological environment, absent in the monocultures,
which can influence the vaccine response. Interestingly, the myotube

culture showed minimal cytokine secretion, while most cytokines
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associated with the co-culture were either absent or produced at lower
levels in PBMC monocultures. These findings highlight the importance of
synergistic interactions between muscle and immune cells in establishing
the unique local milieu at the injection site. In the PMCM co-culture
model, | observed a distinct cytokine and chemokine profile that reflects
the complexity of the localimmune microenvironment at the injection site.
Several mediators, including leukemia inhibitory factor (LIF),
osteoprotegerin (OPG), hepatocyte growth factor (HGF) and leukocytes
chemo-attractants including CCL2, CCL7, CCL20, CXCL1, CXCL5, CXCL6
and CXCL8, were highly basally expressed in PMCM system. These
molecules are involved in inflammation, tissue repair, and immune cell
recruitment, highlighting the immunocompetency of muscle cells and
their active role in shaping the early immune response. IL-6, as previous
mentioned is produced by both myotubes and immune cells being crucial
both in muscle function and cellular crosstalk leading DC maturation and
regulation of Tfh/IL-21 programs (202, 214, 215). LIF, a cytokine belonging
to IL-6 family is important in inflammation as well as tissue repair
processes and OPG, alongside HGF, are crucial in regulating the balance
between inflammation and tissue repair which is finely tuned during the
early vaccine- induce immune activation (216-218). This synergism was
particularly evident upon stimulation with GMMA-based vaccine which
induced the predominant secretion of C-C chemokine family members
(CCL7, CCL8, CCL20), already mentioned, and C-X-C chemokine family
members (CXCL9, CXCL10 and CXCL11) which regulate the migration and
activation of effector T cells, NK cells, and macrophages, thus promoting
a Th1-polarized response (168-170). Moreover, the metalloprotease MMP-

1, implicated in extracellular matrix remodeling (167), was significantly

112



elevated, indicating that beyond recruiting immune cells, the muscle cells
can also contribute to their localization. Furthermore, GMMA-based
vaccine stimulation of PMCM co-culture resulted in marked production of
IL-17A and Thymic Stromal Lymphopoietin (TSLP) which further
potentiate the local inflammatory response. IL-17A can induce
proinflammatory cytokines (such as IL-6 and TNF), chemokines (such as
MCP-1 and MIP-2)(164) while TSLP, secreted inresponse to injury and/or
microbial signals, amplifies inflammation by activating dendritic cells.
Moreover, it is reported that TSLP drives the response toward a Th2 profile
through the induction of IL-4, IL-5, IL-13, and TNF(175, 176). Therefore, itis
important to fully elucidate how the immunological environment triggered
at the site of injection, influence the final Th cells response.

Interestingly, as observed in the hPBMCs and Mo-DCs in vitro system, the
quality of innate immune responses generated by alum-adjuvanted and
non-adjuvanted formulation was similar with a differential secretion, in
this context, only observed for the chemokine CXCL11 upon stimulation
with alum-adjuvanted Shigella GMMA- based vaccine, while no alum’s
impact was observed following N. gonorrhoeae GMMA formulations. This
evidence advises that, at least in the context of Shigella GMMA-based
vaccine stimulationin vitro, alum can enhance lymphocyte chemotaxis to
favor a Th1 type response as CXCL11 is a chemokine implicated into Th
cell recall in situ. Moreover, as demonstrated in hPBMCs and Mo-DCs in
vitro models, Shigella and Ng GMMA-based vaccines showed to induce a
similarinnate immune response with some differences in the magnitude.
Specifically in this model, differences were observed for chemokines
CXCL10 and CXCL11, which were higher upon Shigella GMMA-based

vaccine compared to N. gonorrhoeae GMMA-based vaccines. Therefore,
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GMMA-based vaccines activate a comparable innate immune signature
though with subtle differences for certain cytokines which likely relate to
the intrinsic features linked to the bacterial origin of GMMA.

Altogether, these data demonstrate that the PMCM model not only mimics
key aspects of in vivo immune activation but also provides a
physiologically relevant tool to study cell-cell interactions at the injection
site. In this model, | hypothesize that GMMA-based vaccines trigger a dual
response: PBMCs produce pro-inflammatory cytokines and chemokines
(e.g., IL-6, TNF, IL-1, CCL2), while myotubes secrete myokines (e.g., IL-6,
CCL20) that are crucial for DCs recruitment and T cell activation (55, 66).
The IL-17A-driven environment further amplifies CCL20 production,
enhancing DC recruitment. This signaling cascade promotes the secretion
of MCP-2 and MCP-3 (CCL8 and CCL7), which provide monocyte
recruitment and their subsequent differentiation into DCs (67, 68). This
integrated signaling also induces interferon-inducible chemokines
(CXCL9, CXCL10, CXCL11), recruiting effector CD4+ and CD8+ T cells, NK
cells, and macrophages to support Th1 polarization. Additionally, TSLP
release acts as an alarmin, enhancing DCs maturation and promoting a
potential Th2 bias. Consequently, the overall T cell response is likely
regulated by the balance between Th1-inducing cytokines and Th2-
associated signals that need to be fully elucidated through further
experimental investigation. Moreover, the increased production of MMP-1
could provide aninsight of what can happen in a tissue context, where this
metalloproteinase can help in cellular repositioning. Overall, these data
suggest that the microenvironment shaped by the crosstalk between
muscle and immune cells is crucial for the early steps of GMMA vaccine-

induced immune responses. The PMCM model represents a valuable
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platform for dissecting these mechanisms and advancing our
understanding of GMMA-based vaccines immunogenicity as well as other
vaccines formulations.

In summary, this study suggests that GMMA- based vaccine are likely to
activate innate immunity at the site of injection not only through classical
immune cells such as monocytes, dendritic cells, and NK cells, but also
by engaging non-immune cells like skeletal muscle cells, which contribute
to shaping the local environment via cytokine and chemokine
production. This highlights the intrinsic self-adjuvanticity of GMMA and its
capacity to initiate a multifaceted immune response. Notably, |
demonstrated that alum enhances the GMMA immunostimulatory
properties through a synergistic mechanism, likely involving amplification
of pro-inflammatory signaling and modulation of antigen presentation due
to final vaccine particles size. These findings support the strategic use of
adjuvants to fine-tune vaccine formulations and improve immunogenicity.
Although GMMA derived from different bacterial sources such as Shigella
and Neisseria gonorrhoeae, a qualitatively similar pro-inflammatory
profile, subtle differences in cytokine magnitude suggest that pathogen-
specific components may influence the immune response. Moreover, this
study showed the critical role of the injection site as an active
immunological niche. The PMCM model lets us dissect the cellular
crosstalk that occurs locally, evidencing how muscle cells contribute to
immune cell recruitment, activation, and polarization. This model
provides a physiologically relevant platform to study early vaccine-
induced events and could be used to investigate other vaccine platforms.
These findings have important implications for the rational design of next-

generation vaccines. Understanding how GMMA interact with both
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immune and non-immune cells, and how adjuvants modulate these
interactions, can lead the development of formulations that optimize both
safety and efficacy. Moreover, the identification of key cytokines and
chemokines involved in early immune activation provides potential
biomarkers for evaluating vaccine potency and predicting
immunogenicity. Overall, this study emphasizes the potential of GMMA as
a versatile and effective vaccine platform and provides a base for further
exploration into the cellular and molecular mechanisms that drive

vaccine-induced immunity.
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