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1 Abstract 

Outer membrane vesicles (OMVs) are spheroidal particles released from all gram-negative 

bacteria and exert different biological functions. OMVs carry many microbe-associated molecular 

patterns (MAMPs) such as peptidoglycan, lipopolysaccharide (LPS), and lipoproteins and can be 

decorated with foreign antigens. Thanks to these properties OMVs are becoming an attractive 

vaccine platform. 

However, a systematic investigation on the potentiality of OMVs to design vaccines to elicit 

protective antigen-specific T and B cell responses is missing. 

In this study we systematically investigated the antigen-specific B and T cell responses elicited by 

OMVs decorated with heterologous antigens.  

Regarding the B cell induction by OMVs, we selected and purified 16 OMV endogenous proteins, 

studying aspects of their immunogenicity and their concentration within OMVs. We also used 

these proteins to analyze other aspects of the immunogenicity of OMVs such as the minimum 

amount of protein, decorated to OMVs, sufficient to induce a protein-specific antibody response 

or the minimum amount of protein to achieve saturating protein-specific antibody titers. We also 

analysed the influence of physical association of antigens to OMVs in antigen-specific antibody 

titers, comparing the immunogenicity of OMVs expressing B cell antigens on their surface with the 

immunogenicity of OMVs absorbed with the same antigens. 

We also investigated the immunogenicity of OMVs decorated with T cell epitopes in inducing 

epitope-specific IFNγ+ CD4+ and CD8+ T cell responses. In particular, we analysed important 

aspects such as the amounts of OMVs and heterologous antigen necessary and sufficient to reach 

the plateau of antigen-specific T cell responses. We studied the effect of immunization schedule 

and route of immunization on antigen-specific T cell response and the influence of physical 

association of peptide epitopes to OMVs in epitope-specific T cell frequencies.  
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2 Introduction 

 

 

2.1 The immune system 

The development of new laboratory techniques, genetic approaches and animal models have 

grown tremendously our knowledge of the immune system. The classic division of the immune 

system into two different arms, innate and adaptive immunity that work together to fight 

pathogens, has become more complex (1). In fact, the immune system establishes cross-talk not 

only between immune components but also with host microorganisms and with the nervous and 

endocrine systems (2). In the past, the difference between innate and adaptive defences was 

based on the ability to remember a pathogen, for adaptive immune defences, and the absence of 

this ability for innate immunity. However, the discovery of “trained innate” immunity (or innate 

immune memory) has provoked a shift in our understanding of the immune response (1). 

Innate immunity constitutes the first line of defense against pathogens. The innate immune 

system includes granulocytes (neutrophils, eosinophils and basophils), mast cells, macrophages, 

monocytes, the complement system, dendritic cells (DCs) and innate lymphoid cells (ILCs), 

including natural killer (NK) cells. The adaptive immune system is composed of T and B 

lymphocytes that recognize specific antigens, with T cell receptors (TCR) and B cell receptors (BCR) 

respectively.  

 

2.2 Innate immunity 

Innate immunity comprise four different defensive barriers: anatomic (skin and mucous 

membrane), physiologic (low pH (3-5) and temperature), phagocytic and endocytic and lastly 

inflammatory (3).  

More in the detail, skin and mucosa constitute an immune barrier between the internal and 

external environment. The most external layer of the skin mainly consists of keratinocytes, able 

to produce antimicrobial peptides and cytokines that induce an inflammatory cascade. 

Physiological barrier is a defence system that includes: acidity of the stomach, presence of 

lysozyme, sweat and nasal hair. 
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Inflammatory barrier is constituted by humoral immunity and its main component is the 

complement system that promotes inflammation, and attacks the pathogen's cell membrane. The 

complement system consists of about 50 proteins and protein fragments that are synthesized by 

the liver, and circulate in the blood as inactive precursors. When activated by pathogens or 

activating molecules (such as toxins), proteases in the system cleave specific proteins to release 

cytokines and initiate an amplifying cascade of further cleavages. This process leads to the 

stimulation of phagocytes, inflammation and activation of the cell-killing membrane attack 

complex (4, 5). 

Cells of innate immunity, recruited to the site of infection by the inflammatory molecules 

recognize pathogens via Pattern Recognition Receptors (PRRs). These receptors recognize 

Microbe-Associated-Molecular Patterns (MAMPs), common structures like flagellin, 

peptidoglycan, lipopolysaccharide (LPS), double stranded ribonucleic acid (dsRNA) and DNA 

expressed by bacteria (6)(7). 

There are four different families of PRR receptors expressed by cells of innate immunity: Toll-like 

receptor (TLRs), NOD like receptors (NLRs), peptidoglycan recognition proteins (PGRPs) and  C-

type lectin receptors (CLRs) (8).  

Members of the TLR family are major PRRs in cells. Those proteins are type I transmembrane 

proteins containing leucine-rich repeats (LRRs). Each TLR is able to recognize a different molecular 

pattern. TLR4 recognizes lipopolysaccharides (LPS), TLR3 recognizes ds-RNA, TLR5 recognizes 

flagellin, TLRs 1/2/6 recognize lipoproteins, TLRs 7/8 recognize ssRNA and TLR9 recognizes CpG 

DNA.   

Instead, NLR family contains a pyrin domain at the amino terminus, a central nucleotide-binding 

oligomerization NACHT domain, and carboxy-terminal LRRs. Of particular interest are NOD1 and 

NOD2 that recognize different bacterial peptidoglycan components (9, 10).  

Interaction between PRRs and MAMPs triggers a number of different signaling pathways. Signal 

transduction is operated initially by a family of adaptor molecules, which determines the 

specificity of the response by activation of downstream signal transduction pathways via 

phosphorylation, ubiquitination, or protein-protein interactions. Subsequently, signal 

transduction culminates in activation of transcription factors that regulate the expression of genes 

involved in inflammation and antimicrobial host defenses, activating the cells of innate immunity 

(11).  
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Once activated, these cells release cytokines such interleukin 1 (IL-1), interleukin 6 (IL-6) and 

tumour necrosis factor (TNF) (3).  

The cells of innate immunity perform different tasks. In particular, macrophages play a key role in 

in phagocytizing pathogens and subsequently, presenting pathogen antigens to T cells, thus 

functioning as Antigen Presenting Cells (APCs) (12). Instead, mast cells and basophils are critical 

for generating a rapid acute inflammatory response. Eosinophiles, a subset of granulocytes, play 

a key role in the destruction of parasites that are too large to be phagocytized. Regarding the 

destruction of cancer cells or virus-infected cells, natural killer cells (NKs) play a key role through 

the release of perforins and granzymes (13).  

Beyond this function, NKs, releasing interferon-gamma (IFN-γ), helps to mobilize APCs. Finally, the 

ILCs play a more regulatory role by releasing interleukin-4 (IL-4), interleukin 17 (IL-17) and IFN-γ 

and therefore help to direct the appropriate immune response to specific pathogens (3).   

Also the cells of innate immunity possess a memory which consist essentially of epigenetic 

modifications that may last up to several months. Beyond that, innate immunity performs 

nonspecific protection to reinfection (14, 15). 

The discovery of immunological memory, by the innate immune system, needs further knowledge 

to allow future development of new vaccine strategies that also stimulate this type of memory 

(16). 

 

2.3 Adaptive immunity 

Unlike the innate immunity system, the adaptive arm is able to provide a long lasting specific 

protection against cancer cells, viruses, bacteria and toxins. The cells of the adaptive immunity are 

T cells and B cells. T cells are subdivided in two different cell types, CD4+ T cells and CD8+ T cells 

and provide cell-mediated immunity while B cells are involved in the secretion of antibodies (17). 

2.3.1 B cells: activation, differentiation and functions 

B cells are able to recognize pathogens directly, utilizing receptors (BCRs) expressed on their 

surface.  

Once the binding between the BCR and an exogenous antigen has occurred, B cells, with the help 

of CD4+ T cells, proliferate and differentiate in both plasma cells and memory B cells. Plasma cells 

secrete specific antibodies against the antigen, while memory B cells are long-lived cells that can 
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be rapidly activated to produce antibodies in the event of a future encounter with the antigen (3, 

18). 

More specifically, B cells originate from hematopoietic stem cells in the bone marrow, and mature 

in the secondary lymphoid organs. Here, T follicular helper cells (Tfh cells), activated by a given 

antigen (epitope), migrate from the T cell zone to the edge of the B cell follicle, where they activate 

those B cells that have recognized the antigen with their BCR and present the same epitope in the 

context of MHC II. These cells produce both Immunoglobulins M and D (IgM and IgD), which are 

the first two heavy chain segments in the immunoglobulin locus. After activation by T cells, these 

B cells proliferate, undergo isotype switching and affinity maturation (19). 

Unlike the primary immune response, more antibodies are produced during secondary responses 

which are of switched isotypes and higher affinity (20).  

An antibody is a heterodimeric molecule that is composed of two light, heavy chains linked by 

covalent disulphide bonds and non-covalent interactions. Different classes of antibodies can be 

distinguished on the basis of differences in the constant region of the heavy chain: IgG, IgE, IgD, 

IgM, and IgA. 

- IgG is the most abundant isotype in the body. They are mainly produced during secondary 

immune response, they neutralize toxins and viruses and opsonize antigen for destruction. In 

humans, immunoglobulins are divided into four subclasses: IgG1, IgG2, IgG3 and IgG4 with 

different functions. s. 

- IgE is associated with allergic reactions and hypersensitivity and it is involved in immune response 

to parasites. 

- IgD are present at a low level in the body and are co-expressed with IgM. These immunoglobulins 

are an auxiliary receptor for antigen-naïve B cells. 

- IgM is the first immunoglobulin expressed during B cell development. They are involved in 

opsonization antigen for destruction and complement fixation. These immunoglobulins can form 

pentameric structure through disulphide bonds in the CH4 region. 

- IgA can multimerize like IgM. They protect mucosal surfaces from bacteria, viruses and toxins 

and form dimers without activating the complement system (21). 

B cells, through cytokine production, can positively influence memory and effector CD4+ T cell 

responses. Indeed, naïve B cells can differentiate into distinct cytokine-producing B cell subsets 

(Figure 1). More specifically, effector B cells producing TNF and CC- chemokine ligand 3 (CCL3) 
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promote Th1 cell differentiation. IFN-γ-producing B cells can also induce Th1 cell differentiation 

(22). IL-6-producing B cells, displaying a CD19- CD86+ phenotype, promote Tfh, Th1 and Th17 cells 

differentiation. In mice infected with Heligmosomoides polygyrus it was demonstrated that 

IL-2-producing B cells are essential for the development of effector and memory Th2 cells (23). 

Some B cells differentiated into granulocyte–macrophage colony-stimulating factor (GM-CSF)-

secreting. It was found that the increase production of GM-CSF is closely correlated with increase 

of interleukin-12 (IL-12) production by DCs (22).  

 

Figure 1. Role of cytokine-producing B cells in the polarization of CD4+ T cells. This image shows 

schematically how B cells according to their differentiation into cytokine-producing subsets drastically affect 

CD4+ T cell responses. TNF- and CCL3-expressing B cells promote TH1 cell differentiation. Also IFNγ-

producing B cells induce the TH1 cell differentiation. B cells can differentiate in GM-CSF-secreting that 

increase IL-12 production by DCs. IL-6-producing B cells promote the differentiation of TH1 cells and Th17 

cells. IL-17A-secreting B cells promote the accumulation of IL-10-expressing neutrophils. IL‑2‑producing B 

cells are required for optimal development of effector and memory TH2 cells. Figure modified from Ping Shen 

et al., 2015 (22). 

 

 

2.3.2  CD4+ T cells: activation, differentiation and functions  

T cells derive from hematopoietic stem cells in the bone marrow and mature in the thymus. Each 

T cell expresses a single type of antigen-binding receptor, called T-cell receptor (TCR), on their 
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surface and after binding to the target peptide in the context of the MHC molecules these cells 

can rapidly proliferate and differentiate (3). CD4+ T cells can recognize the target peptide 

presented to them by APCs, DCs, macrophages, and B cells via the Major Histocompatibility 

complex (MHC) class II molecules (Figure 2). This protein complex consists of α and β chains. The 

amino-terminal domain of each chain, called α1 and β1, contain polymorphic residues and form a 

sufficiently large pocket to accommodate peptides composed of 10-30 residues. These residues 

are accommodated in an open binding groove, with the peptide N-terminus usually extruding 

from the pocket. 

 The non-polymorphic β2 domain contains the binding site for the CD4 coreceptor (expressed by 

CD4+ T cells). Each MHC molecule is capable of presenting many different peptides, one at a time.  

 

Figure 2. MHC class II molecule structure. Peptide atoms form hydrogen bonds with residues stored in the 

pocket of the MHC class II molecule. Peptide is localized in an open binding groove. Hydrogen bonds are 

depicted as dashed lines. Figure modified from Adnane Achour 2001 (24). 

 

To better understand how CD4+ T cells work, it is important to describe how MHC II loading occurs 

within APCs. In fact, APCs can internalize extracellular pathogens via endosomes, which will later 

fuse with lysosomes. Within these vesicles, proteins are cut into peptides of varying length and 

sequence by proteolytic enzymes. APCs continuously synthesize class II molecules in the 

endoplasmic reticulum (RE). Each neo synthesized MHC II molecule is associated with a class II 

Invariant Chain Peptide (CLIP) that blocks access to the MHC II pocket. These molecules are 

transported through an exocytic vesicle into the endosomal vesicle containing the peptides. Here, 
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by means of the HLA-DM protein, the CLIP peptide is removed and the pocket of the MHC II is 

made accessible for epitopes with high affinity for it. Subsequently, vesicles containing the 

peptide-loaded MHCII will fuse with the plasma membrane of the APC (Figure 3) (25, 26). 

According to several studies, MHCs present on the plasma membrane that are still loaded with 

the CLIP peptide could interact directly with an extracellular epitope (by removing the CLIP 

peptide) without the internalization of the peptide (27). 

 

Figure 3. Schematic representation of the loading of peptides into MHC class II molecules in APCs. Proteins 

are internalized into vesicular compartments of APC. Subsequently these vesicles fuse with lysosomal 

vesicles. At the same time in ER, MHC II are biosynthesized and transported to endosomes. Later, within 

lysosomes, MHC II comes into contact with peptides formed by cutting the protein. Subsequently peptide-

MHC II complexes are expressed on the cell surface. Figure modified from Abbas et al., 2007 (28). 

 

Triggering the T lymphocyte responses requires the intervention of several membrane receptors 

capable of recognizing specific ligands expressed by APCs. Indeed, at the same time, TCR 

recognizes both the peptide and MHC II. Two or more TCRs on the same T cell, together with the 

CD4+ coreceptor, must be aggregated for signal transduction to be activated.  

Signal transduction in CD4+ T cells is activated by the interaction of CD3 and CD28 complexes 

expressed by CD4+T cells and APCs expressed molecules such as B7-1 and B7-2. With regard to 

interaction between the lymphocyte and APC, the molecules LFA-1 and VLA-1, expressed by 

lymphocytes, and the molecules ICAM-1 and VCAM-1, expressed by APCs, are crucial. Beyond 

these molecules, chemokine released by APCs are equally crucial in inducing CD4+ T cell activation 

(29).  

CD4+ T cells, due to their ability to activate CD8+ T cells and B cells, are also called T helper cells 

(Th) (30). 
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In the past, Th cells were classified only in Th1, Th2 cells and regulatory T cells (TREG) (31). Today 

we know that at least six human Th cells subsets exist: Th1, Th2, Th9, Th17, Th22 and TfH cells 

(32). Th1 cells are differentiated by IL12 secreted by APCs, which is also able to stimulate NKs to 

produce IFNγ that is also an essential molecule that allows Th cells differentiation into this 

subgroup (33, 34). These cells, expressing T-box transcription factor (T-bet), are capable of 

releasing IFNγ. Th1 cells are critical to activate humoral and cellular immunity, macrophages as 

well as kill intracellular pathogens. On the other hand, IL-2 and IL-4 are critical to differentiate Th 

cells into a Th2 cellular profile. These cells produce IL-4, IL-5, IL-13 and express GATA-3 (35, 36). 

Th2 cells are specialized in activating B cells (and the consequent production of IgA or IgE), and in 

activating eosinophils against parasite helminths (37, 38). IL-6, IL-21, IL-23 and TGF-β are cytokines 

involved in Th17 cells differentiation. Th17 cells produce IL-17A, IL-17F and IL-22 and express 

retinoic acid receptor-related orphan receptor gamma-T (RORγt) (39, 40). These cells are involved 

in mobilizing neutrophiles for the clearance of extracellular bacteria and fungi as well as in mucosal 

protection. Th9 cells express IL-9 and are involved in mucosal immunity and in protection against 

parasites. Th22 cells produce IL-22 and are involved both in mucosal protection and promote 

wound healing. Tfh cells express CXCR5 and chemokine receptor CXCL13 (expressed on B-cell 

follicles). These cells reside in the germinal center of lymph nodes which are crucial for antibody 

class switching, affinity maturation and development of B cells (41–43). Tregs cells are involved in 

inflammation reduction. These cells release molecules such as IL-10, IL35 and TGFβ, that suppress 

proinflammatory responses, thus limiting tissue damage by the inflammatory process (44).  

 

2.3.3 CD8+ T cells: activation, differentiation and functions  

Like CD4+ T cells, CD8+ T cells mature in the thymus after being produced in the bone marrow. 

These cells are so called because they express on their surface the dimeric CD8 marker. Naive 

CD8+ T cells require the help of APCs to be activated and to differentiate into CTLs. Through a 

molecular complex called MHC I, any nucleated cell in the organism can present an antigen to 

CD8+ T cells. MHC I consists of two subunits, an α chain noncovalently linked to a β2 chain. The 

amino-terminal portions of the α1 and α2 heterodimer of the MHC class I molecules form a pocket 

that contains 8-10 amino acid peptides. The binding groove is closed at both ends by conserved 

tyrosine residues leading to a size restriction of the bound with its C-terminal end docking into the 

pocket (Figure 4). 
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Figure 4. MHC class I molecule structure. Peptide atoms form hydrogen bonds with residues stored in the 

pocket of the MHC class II molecule. The binding groove, where peptide is localized, is closed at both ends. 

Hydrogen bonds are depicted as dashed lines. Figure modified from Adnane Achour 2001 (24). 

 

MHC I binds peptides derived from intracellular antigens (e.g. viral proteins), and other cytosolic 

proteins (e.g. mutated self-proteins). However, DCs can also take up, process and present 

extracellular antigens with MHC class I molecules to CD8+ T cells by cross-presentation. More in 

detail, within the cell, when proteins bind to the proteasome, they are degraded and cut into 

peptides of suitable size so that they can be bound by MHC class I molecules (Figure 5). Peptides, 

resulting from the action of the proteasome, are localized in the cytoplasm while MHC I molecules 

are synthesized in the endoplasmic reticulum (ER). A specialized transport machinery, called 

transporter associated with antigen processing (TAP), located on the membrane of the ER, actively 

binds and pumps cytoplasmic peptides into the ER. The new synthesized MHC I molecules are 

weakly bound to the inner end of the TAP molecule. Peptides transported inside RE can be 

captured by class I molecules. 

After binding between MHC I and the related peptide, the complex is stabilized and carried out of 

the ER and via vesicles can reach the plasma membrane of the cell. At this point, CD8+ T cells can 

recognize the peptide presented by MHC I (by a mechanism quite similar to that described for 

CD4+ T cell activation), and also as a result of receiving other stimuli from the APC become 

activated and differentiate into CTLs. 
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Figure 5. Schematic representation of the loading of MHC class I molecules in APCs. On the left side of this 

image proteins (tumoural, viral or exogenous proteins) are ubiquitinated and proteolytically degraded by 

the proteasome. Peptides are transported from cytosol to ER and within ER there is assembly of peptide-

class I. Via exocytic vesicles, peptide-class I complexes are expressed on the surface of APC. Figure modified 

from Abbas et al., 2007 (28). 

 

Within the first 2 days after activation, T lymphocytes begin to proliferate within the lymph nodes 

causing antigen-specific clone expansion. Once released into the bloodstream, CTLs can interact 

with the target cell through binding between integrins (FAS) expressed on the surface of the 

lymphocyte and FAS receptors (CD95) expressed on the surface of the target cell. Prolonged 

interaction with the target cell induces the death of the latter. This is possible mainly through the 

use of two proteins released by CTLs: granzymes and perforin. Granzymes are enzymes that cause 

proteolysis to the target cell, leading it to the activation of caspases that induce apoptosis of the 

cell. Instead perforin is required to deliver granzymes within the cytoplasm of the target cell. 

Perforin and granzymes can penetrate the target cell by binding to a sulfated glycoprotein called 

serglycin (25, 26, 45, 46). 

Once they have performed their function of eliminating target cells, CTLs will undergo two 

different fates depending on the expression of two markers: IL-2Rα and CD25. CTLs showing high 

levels of CD25 are more sensitive to IL-2, so they proliferate more but are more prone to 

apoptosis. In contrast, cells expressing less level of CD25 will be less sensitive to IL-2 and 

subsequently will increase the expression of CD127. This marker is typical of those lymphocytes 

that will survive apoptosis the most to go into the memory CD8+ T cell population (these cells are 

called memory precursor (MPs)) (47). 

These cells have the ability to generate secondary immune responses, which occur when the 

organism is re-exposed to the same pathogen and the immune system will be able to respond in 

both a fast and strong manner. Instead, effector memory CD8+ T cells are characterized by lack of 
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expression of those markers, display receptors that promote the migration back and from body 

tissues to secondary lymphoid organs and are more reactive to produce cytokines. 

While the presence of proinflammatory cytokines (IL-2, IFN-γ, IL-12) stimulate CD8+ T cells to 

maintain a cytotoxic profile, reduced TCR signal strength and low presence of inflammatory 

cytokines induce the switch of CD8+ T cell to memory precursor (48).  

 

2.4 How vaccines work and approved adjuvants 

After Edward Jenner reported the first ever human vaccine trial against smallpox in his 1798 

publication, terms such as ‘’vaccine’’ and ‘’vaccinology’’ started to be used.  For this reason 

Jenner, together with Pasteur, share the appellation of fathers of vaccinology (49). Vaccinology 

is defined as the science and engineering of developing vaccines to prevent infectious diseases 

(50).  

The aim of vaccination is to protect healthy people but especially physically fragile people (e.g. 

the children, the elders, immune-compromised individuals, people living with chronic diseases) 

from the risk of developing the disease caused by a particular pathogen. Through the use of 

vaccines it is possible to contain and sometimes eradicate infectious diseases (51). In fact, vaccines 

have eliminated dangerous diseases (such as smallpox caused by the variola virus (VARV) and 

rinderpest caused by the rinderpest virus (RPV)) in countries that have implemented a strong 

program of vaccination (52).  

At the present time, 11 vaccines against bacterial pathogens and 16 against viral pathogens are 

available on the market (for this count, different serotypes isolates belonging to the same species 

are considered as a single pathogen).  

A vaccine to be effective must contain: 

- Antigen(s); 

- Adjuvant component (molecules capable of enhancing and stimulating the immune 

response); 

- A vehicle that allows co-delivery of the previous components to the same APC (53, 54). 

Vaccines are divided into two broad categories: live vaccines and non-live vaccines. Live vaccines 

contain attenuated replicating pathogens (the pathogens contain all the “ingredients” to stimulate 

immune responses, e.g. measles, mumps, rubella and rotavirus, oral polio vaccine, the 

Mycobacterium bovis bacillus Calmette–Guérin (BCG) vaccine for TB and live attenuated influenza 
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vaccine). Instead, the antigenic component of non-live vaccines can be killed whole organisms, 

purified proteins from the organism, recombinant proteins or polysaccharides. When necessary, 

non-live vaccines are combined with adjuvant(s) to improve their ability to induce an immune 

response (e.g. pertussis vaccine, inactivated polio vaccine, haemophilus influenzae type B (Hib) 

vaccine, pneumococcal vaccine, shingles vaccine, hepatitis B) (52, 55). 

Whenever a vaccine is formulated with killed or attenuated pathogens, the addition of an adjuvant 

is generally not necessary because the pathogen itself contains the molecules to activate the 

immune system. However, when a vaccine is formulated with other components, as recombinant 

proteins (hepatitis B virus (HBV) vaccine), proteins isolated from organism (acellular pertussis 

vaccine), viral vectors (Ebola and COVID-19 vaccines) or polysaccharides (pneumococcal vaccine 

against S. Pneumoniae), the addition of an adjuvant is generally necessary to activate the immune 

response (52, 54). 

The search for new and effective adjuvants is an extremely slow process, and this is due to the 

special characteristics that these molecules must possess. In fact, if on the one hand the function 

of adjuvants is to enhance the immune response, on the other hand the risk could lead to 

excessive inflammatory reaction and possible autoimmunity (Table 1) (53, 54). 

Most of the early adjuvants were mainly aimed at inducing protective antibody responses (56). 

The first adjuvant to be used, as well as the only one on the market until 30 years ago was insoluble 

aluminum salts (alum) that is currently the most widely used adjuvant in vaccines. Alum works as 

a delivery system, indeed the adjuvanticity of alum is mediated through a “depot effect”. This 

mechanism consists in a slow release of antigen administered with alum. More recently it has 

been discovered that Alum activates NLRP3 inflammasome and caspase-1 in DCs, promoting the 

release of inflammatory cytokines (IL1 and IL18) which stimulate the production of antibodies. 

Examples of vaccines containing alum are vaccines against hepatitis B, diphtheria, tetanus and 

pertussis or human papilloma virus (56–59).  

In the last 30 years, five other adjuvants have been approved for human use. These are the oil-in-

water emulsion adjuvants. 

Since 1997 in more than 30 countries 100 million doses of the influenza vaccine containing a new 

adjuvant, MF59, have been inoculated. MF59 is an oil-in-water, biodegradable, and biocompatible 

emulsion adjuvant that is a normal component of the human body. Like alum, MF59 is a delivery 

system. Injections of MF59 are able to upregulate the production of cytokines and chemokines 
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which attracts APCs to the vaccination site increasing antigen uptake. These APCs are able to 

mediate the induction of Th1, Th2 and Th17 cells (56, 60). 

Recently, the AS0 adjuvant series has been developed by GlaxoSmithKline. AS03 is a squalene-

based emulsion with the addition of Alpha-tocopherol (vitamin E) licensed in 2009. Publications 

in both humans and mice have shown that AS03 enhances the magnitude of CD4+ T cell and 

antibody responses (56).   

Alum, MF59 and AS03 are not potent inducers of cytotoxic T cell responses and therefore they are 

not very efficient against intracellular pathogens and cancer (56).  The discovery of PRRs, such as 

TLRs and NOD-like receptors, changed the game of adjuvant formulation. Indeed, this discovery 

has boosted research into vaccine adjuvants aiming to induce cellular immune responses that are 

essential to fight intracellular pathogens and cancer cells (61). 

Thus, agonists of hTLR4 have become important adjuvants also used for cancer therapy. 3-O-

desacyl-4’monophosphoryl lipid A (MPL), LPS, detoxified extracted from Salmonella Minnesota, 

mixed with alum were combined to formulate AS04. This adjuvant is actually used for the hepatitis 

B vaccine (Fendrix) and the human papilloma vaccine (Cervarix). AS04 boosts both effector and 

memory B-cell immunity. In fact, AS04, activating TLR4, leads to the rapid production of cytokines 

and cell recruitment in the injected site (62, 63). 

Very similar in terms of composition and mechanism of action is AS01 formulated with  MPL and 

purified saponin fraction (QS-21), a triterpene glycoside purified from the bark extract of the tree 

Quillaja Saponaria Molina, together in liposomes and in small concentration of cholesterol. AS01 

is used as an adjuvant in the vaccine against varicella zoster (Shingrix) (64–67). 

Other PRR agonists have been studied, such Cytosine phosphoguanosine 1018 (CpG), a 22-mer 

unmethylated CpG-B class oligonucleotide, TLR9 agonist. This powerful adjuvant stimulates a 

strong Th1, B cell and NK cell response. Has been developed recently as a vaccine adjuvant for 

Dynavax’s hepatitis B vaccine, HEPLISAV-B(66, 67). 

Currently under study are other adjuvants capable of inducing a Th1-type response. For example, 

polyinosinic-polycytidylic acid (Poly(I:C)) is a synthetic analog of double-stranded RNA recognized 

by TLR3 or STimulator of INterferon Genes (STING), an endoplasmic reticulum transmembrane 

protein belonging to the family of nucleic acid sensors (68, 69). 

In summary, despite the recent introduction of novel adjuvants, the identification of 

immunostimulatory molecules capable of promoting potent and long lasting Th1-skewed 

responses remains a field of intensive research. 
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Table 1. Triggering of the innate and adaptive components of the Immune system by major adjuvants 

(70) 

 

2.5 Characteristics and biological functions of Outer Membrane 
Vesicles (OMVs) 

 

Cells of all domains of life, Bacteria, Eukarya and Archaea, can produce and release parts of 

membrane, such as membrane vesicles, microvesicles, tolerasomes and exosomes. Outer 

membrane vesicles (OMVs) are spheroid bilayer vesicles released by all pathogenic and non-

pathogenic gram negative bacteria outer membranes. OMVs range in size from 20 to 300 nm and 

are released during bacterial growth (71, 72). OMVs were described in the literature for the first 

time nearly 50 years ago and were initially studied in vibrio cholerae (73) and Neisseria 

meningitidis (74). They carry many MAMPs like lipopolysaccharides (LPS, also known as 

endotoxin), peptidoglycan and nucleic acids (DNA, RNA) (Figure 6) (75).  
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Figure 6. Biogenesis of OMV production in gram-negative bacteria. Biogenesis of OMV production in 

bacteria. Figure describes the composition of OMV, cargo selection and loading as part of OMVs Figure 

modified from Jan. A 2017 (76). 

 

OMVs have several functions, including stress responses, biofilm formation, inter- and intra-

species delivery of molecules, modulation of the host immune responses and delivery of virulence 

factors. Bacteria can produce OMVs also to improve their chances for survival and, more in 

general, to modify the environment around them (77, 78). Biogenesis of OMVs is a deliberate 

process rather than a stochastic event. The OMV production by gram-negative bacteria can be 

altered by multiple external factors like oxidation, pH, nutrient availability, temperature, quorum 

sensing and envelope-targeting antibiotics (79, 80). In addition to these factors that stress for the 

bacterium generally correlates closely with increased production of OMVs (81, 82). Vesiculation is 

also used by the bacterium as a way of constitutively expelling substances such as toxic molecules 

or misfolded proteins (71).  

Based on mass spectrometry-proteomic profiling technologies, it was demonstrated that OMVs 

released by gram-negative bacteria contain different types, different amounts and different 

numbers of proteins. However, some proteins among them, playing a key role in the biogenesis 

of OMVs, are quite conserved (76).  

Of particular interest are Outer membrane protein A (OmpA), Braun’s Lipoprotein (Lpp) and 

peptidoglycan associated lipoprotein (Pal). Indeed, OmpA, containing a periplasmic binding site 

for peptidoglycan, functions as a bridge for this structure and the outer membrane. Instead, the 
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protein Pal, binding to the peptidoglycan-associated protein TolB (Tol-Pal complex) is critical for 

cell division of the bacterium and to give stability to the outer membrane-peptidoglycan bond 

(83). Finally, Lpp is one of the most abundant lipoproteins. It has a critical role in binding 

peptidoglycan to the outer membrane (84). Given the importance of these proteins in keeping the 

outer membrane connected to the peptidoglycan, mutations in them destabilize the outer 

membrane and lead the bacterium to assume a hypervesicular phenotype, this happens especially 

for the OmpA protein of  E. coli, Acinetobacter baumannii and salmonella (85).  

Another of the main constituents of OMVs are lipids that play a key role in OMVs biogenesis. 

Membrane lipids have biophysical characteristics that allow the outer membrane (and therefore 

also OMVs) to assume a certain curvature and fluidity (71). 

2.6 Immune modulation by OMVs 

OMVs released by bacteria induce the activation of innate and adaptive immunity in the host. In 

fact, OMVs, containing many MAMPs, mainly induce the activation of TLR2, TLR4 and NOD1 in 

host immune cells. OMVs can interact with a very large number of cells in the organism including 

endothelial and immune cells (86). In the first case, in fact, mucosal epithelial cells, after contact 

with the OMVs release proinflammatory molecules such as cytokines and chemokines. One of the 

earliest studies on this concerned OMVs released by H. pylori, which demonstrated that OMVs 

could modulate pro-inflammatory epithelial cell responses, causing the release of the CXCL8 (87), 

while in vitro, OMVs of Legionella pneumophila induced the production of IFNβ, IL-6, IL-7, IL13, 

CCL2,CXCL8 and G-CSF (88).  

Once injected (or naturally released by the bacterium) OMVs are processed by innate immune 

cells. The interaction between neutrophils and OMVs released by N. meningitidis, induce in these 

cells the release of IL-1β and TNF-α and the upregulation of CXCL8, CCL3 and CCL4. It was also 

observed in vivo that the same OMVs induced in macrophages the release of several pro-

inflammatory cytokines (89).  

Activation of innate immune cells and the following release of inflammatory molecules, allows 

subsequent activation of adaptive immunity. OMVs, are promptly phagocytosed by professional 

APCs, which get activated and present OMV-derived peptides on MHC class II and MHC class I, 

and, at the same time, they are also recognized directly by the BCR expressed on the surface of B 

cells (90). For instance, Alaniz R. C. and colleagues demonstrated that mice immunized with 

Salmonella OMVs developed robust Salmonella-specific B and T cell responses. In addition, they 

observed that OMVs stimulated IFN- production by a large proportion of T cells from mice 
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previously infected with Salmonella, showing that OMVs are an abundant source of antigens 

recognized by Salmonella-specific T cells (91). 

OMVs can be internalized through different pathways, such as through the so-called “lipid rafts” 

(92) or through dynamin-dependent cholesterol-independent endocytosis (93). 

 

2.7 OMVs as a vaccine platform  

The interest of the scientific community regarding the study of OMVs as an adjuvant in vaccines 

is increasing. Carrying many MAMPs, OMVs have a built-in adjuvanticity and they are able to elicit 

potent Th1 and Th17 immune responses without the need of additional adjuvants or delivery 

systems (54, 94). This means that OMVs are able to activate antigen specific T and B cell responses, 

as has been amply demonstrated by our group and by many other works in literature (94–96). 

Indeed, the abilities of these vesicles to work as an adjuvant and antigen delivery system and to 

allow the release of pro-inflammatory molecules, make them a weapon of unique efficacy. OMVs 

have already been approved in humans: anti-Neisseria OMV-based vaccines are currently on the 

market for the prevention of Neisseria meningitidis serogroup B infections (91, 97). 

 Another attractive feature of OMVs that make them an effective, versatile and promising vaccine 

platform for the future is that they can be easily decorated with exogenous antigens. Kesty and 

Kuhen in the early 2000s were the first to demonstrate that exogenous proteins could be 

compartmentalized in OMVs (98).  

In addition, outer membrane vesicles can be manipulated to enhance their immunogenicity and 

reduce their endotoxicity (99, 100). Our group created a new strain E. coli BL21(DE3)Δ60 derived 

from E. coli BL21(DE3)ΔOmpA. The strain features the release of OMVs deprived of 59 endogenous 

proteins and carrying a “detoxified” penta‐acylated lipopolysaccharide (101). 

Production costs of vaccines containing OMVs decorated with exogenous antigens are extremely 

low. OMVs are naturally released from bacteria and can be purified in large quantities from the 

culture supernatant (102, 103). Considering that the final vaccine formulations would not exceed  

10 ug to 50 ug OMVs, 2000 to 10000 doses per liter of culture can be produced.  

Finally, OMVs are stable under different temperatures and treatments(104). Therefore, they can 

be easily stored and distributed without the need of the cold chain. 

Thanks to these features, OMVs turn out to be an ideal platform to be used in vaccinology. 
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2.8 OMVs purified from several pathogens induce potent 
protective immune responses against the pathogens they derive 
from 

 

OMVs derived from pathogens have been used to produce vaccines against the respective 

pathogens from which they were isolated and the effectiveness of these types of vaccines in 

stimulating T and B cell responses and in neutralizing the pathogen has been demonstrated. The 

most important works are those involving OMV-based vaccines against: Vibrio cholerae, 

Burkholderia pseudomallei, Bordetella pertussis, Brucella melitensis, Escherichia coli, Francisella 

tularensis, Porphyromonas gingivalis. OMVs-based vaccines against Shigella and Salmonella 

typhimurium are actually at an advanced clinical stage (101, 105, 106).  

Moreover, OMV-based vaccines against Neisseria meningitidis B (MenB) are available for human 

use. Three vaccines based on OMVs isolated directly from the supernatant of MenB have been 

developed and used during MenB outbreaks (107):  

1) The Cuban VA-MENGOC-BC® (that showed 83% effectiveness (over 16 months) in young 

and adults), is a vaccine consisting of OMVs (50 μg) from the epidemic strain B:4:P1.19,15 

and the capsular polysaccharide of meningococcal serogroup C (50 μg), using a two-dose 

schedule (107, 108). 

2) The Norwegian MenBVac® (that showed 87% effectiveness (over 10 months) in young and 

adults), is composed from: deoxycholate 25µg (DOC)-extracted OMVs from 

meningococcal strain 44/76 (B:15:P1.7,16:P5.5:L3,7,9) adsorbed to 1.67µg aluminum 

hydroxide and 2µg of LPS and requires three doses (107, 109). 

3) MeNZB® administered in New Zealand (that showed 73% effectiveness in the young and 

adults) consist in an OMV vaccine (25µg) prepared from the B:4:P1.7-2,4 (NZ 98/254 ) 

strain (New Zealand strain) with 1.65 mg of aluminum hydroxide and requires four doses 

administered approximately six weeks apart (107, 110, 111). 

Meningococcal B OMV-based vaccines are effective and have been of paramount importance in 

reducing the diseases associated with meningococcal infections. For instance, in New Zealand  a 

dramatic reduction in the incidence of meningococcal infections following the vaccination 

campaign was reported (figure 7) (111). 
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Figure 7. Counts of meningococcal disease cases, classified into 4 types. This figure clearly shows how in 

New Zealand the cases of people with meningococcal disease dropped from 2001 to 2008. This decrease is 

due to the strong vaccination plan exercised by the New Zealand government with MeNZB. Figure modified 

from Arnold R., et al 2011 (111). 

However, the vaccines previously mentioned were effective for the strain from which they were 

isolated and not very effective for the other strains. This is due to the fact that the 

immunodominant antigens expressed on N. Meningitidis OMVs surface are porins (PorA and PorB) 

that present a high variability between strains of the same serogroup. 

To overcome this problem recently Novartis developed the Bexsero vaccine that uses non-porin 

proteins to construct a more universal vaccine.  

Bexsero vaccine is composed by 25 µg detoxified OMVs from N. meningitidis strain NZ 98/254 

(B:4:P1.7-2,4: ST-42 (cc41/44)), absorbed with 50 µg of five recombinant antigens identified by 

reverse vaccinology (factor H binding protein (fHbp) fused with genome-derived Neisseria antigen 

(GNA 2091), Neisseria heparin-binding antigen (NHBA) fused with GNA1030 and Neisseria adhesin 

A (NadA) used alone). Proteins were fused to increase their immunogenicity and stability. The 

recombinant antigens induce strong immune responses against a high number of serogroups B 

strains. The vaccine is administered by intramuscular injection (two-four doses depending on the 

age of the patient) (107, 112).  

Beyond MenB vaccines that have already been approved for human use and are actually on the 

market, there is an OMV-based vaccine in advanced clinical stage (Phase II) against shigella. This 

vaccine (altSonflex1-2-3) formulated by GlaxoSmithKline (GSK) is a quadrivalent vaccine consisting 
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of OMV from S. flexneri 1b, 2a and 3a and S. sonnei (with higher O-antigen expression than 

1790GAHB)(113). 

In addition to a Shigella vaccine, promising results have been obtained with OMV-based vaccines 

against Salmonella Typhimurium. For example, it was demonstrated that 20 µg detoxified OMVs 

derived from S. Typhimurium flagellin-deficient mutants administered per via intraperitoneal or 

intramucosal provided protection against oral challenge with wild-type S. Typhimurium in BALB/c 

mice (114). 

OMVs based vaccines against Bordetella pertussis and vibrio cholerae have also shown promising 

results. 

 A study published in 2013 demonstrated that BALB/c mice challenged with B. pertussis 18323, 

were protected by the s.c. vaccination (two doses) with 20 µg B. pertussis strain 165 

proteoliposomes (or OMV (dOMVBP)) detoxified with Sodium deoxycholate absorbed with 0.25 

mg of aluminum hydroxide (115). Moreover, Cristian J A Asensio et al., showed that mice 

immunized intranasally twice with 3 µg or 20 µg of OMVs from B. pertussis Tohama I strain (CIP 

8132) were protected from B. pertussis challenge (116). 

A study published by Stefan Schild et al., showed interesting results regarding a possible OMV-

based vaccine against V. cholerae. In this experiment researchers purified V. cholerae strain AC108 

OMVs (detoxified by formalin treatment) and tested different OMVs concentrations, from 0.0025 

µg up to 25 µg administered per intranasal (i.n.) or intragastric (i.g.), or intraperitoneal (i.p.) routes 

on days 0, 14, and 28. Only mice immunized with at least 0.025 μg OMVs produced antibody titers 

against OMVs. Antibody titers increased in a dose-dependent manner. Importantly, OMVs were 

able to protect mice from the pathogen, 0.25 μg of OMVs being the protective amount using a 

maternal mouse model challenged with V. cholerae AC53 (117). 

Finally, Oh Youn Kim and colleagues, before carrying out a challenge with a pathogenic strain of 

E. coli, immunized groups of mice with different concentrations of E. coli OMVs and demonstrated 

that 1 µg of OMVs were sufficient to induce protection in mouse models (118).  

2.9 Heterologous OMV vaccines  

OMVs can be decorated (engineered or absorbed) with heterologous proteins or peptides and this 

is a particularly attractive feature in that it makes OMVs a versatile vaccine platform potentially 

usable for any type of pathogen and even for cancer immunotherapy (98). The rational is to exploit 

OMVs as adjuvant and delivery system, taking advantage of their potent immunostimulatory 
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properties and ease with which they can be purified. Because of such versatility the use of OMVs 

to formulate heterologous vaccines is growing exponentially (119). 

The easiest way to make “OMV-based heterologous vaccines” is to mix the vesicles with purified 

exogenous antigens. In this case, the preparation of the final vaccine formulation involves two 

production processes, one for the OMVs purification and the other for the synthesis and 

purification of the heterologous antigen. Although potentially expensive and time consuming, the 

advantage is that it is possible to optimize vaccine-induced immune responses by fine-tuning the 

amount of both antigen and OMVs (98). 

Alternatively, genetic engineering is used to introduce heterologous antigens into OMVs, and the 

engineered OMVs, purified from the culture supernatant, are directly used as vaccines. Three 

main strategies are used for delivering protein antigens to the OMVs: 

- N-terminal fusion of secretory leader sequence to the protein of interest (e.g. E. coli OmpA 

leader sequence for secretion). With this method, the protein enters the secretory 

pathway and reaches the periplasm. In so doing, the antigen is incorporated into the 

lumen of the OMVs (120); 

- N-terminal fusion of a lipoprotein leader sequence (for instance, the Lpp leader sequence 

(Braun's lipoprotein)) to the protein of interest. In this way, the heterologous antigen is 

expressed as a lipoprotein precursor carrying a cysteine-containing “lipobox”. At the level 

of the inner membrane the cysteine is diacylated and the lipoprotein precursor is cut 

upstream of the diacylated cysteines. Subsequently, the free amino group of the cysteine 

is acylated and the resulting mature triacylated lipoproteins are either transferred to the 

outer membrane (OM) or remain in the Inner membrane (depending on the sorting 

signal). Lipoproteins destinated to the OM are translocated by the Lol transport 

machinery. Importantly, lipoproteins are TLR2 ligands and therefore further potentiate 

the adjuvanticity of the OMVs (121); 

- Construction of chimeras between heterologous proteins and proteins that are naturally 

transported to the outer membrane. For instance, ClyA is an autotransporter that 

assembles in the E. coli OM and OMVs. ClyA has been used to localize a large variety of 

structurally diverse fusion partners in E. coli OMVs (122). 

Vaccines formulated with engineered OMVs have lower production costs with respect to vaccines 

formulated with OMVs absorbed with the same antigens (96, 123). However, heterologous 

antigen concentration can only be modulated by optimizing its expression and/or 

compartmentalization in the OMVs (95, 124).  
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Several groups have reported the successful engineering of OMVs. 

David J. Chen and colleagues demonstrated that OMVs-overproducing E. coli strain JC8031 

engineered with green-fluorescent protein (GFP) fused to bacterial hemolysin (ClyA) elicited 

strong anti-GFP antibody titers in mice immunized with the engineered OMVs (125).  

Fantappiè et al., engineered E. coli BL21 (DE3) ΔompA with 6 different Group A Streptococcus 

(GAS) heterologous proteins. It was demonstrated that the OMVs expressing antigens not only 

induced antibody titers against those antigens in mice but also protected mice from the challenge 

with lethal dose GAS (120). 

Bartolini and coworker engineered OMVs E. coli BL21(DE3) ΔtolR mutant strain with Chlamydia 

muridarum DO serine protease HtrA fused to OmpA leader sequence. They demonstrated that 

mice immunized with engineered OMVs induced antibodies that neutralize Chlamydial invasion 

as judged by an in vitro infectivity assay (126). 

C. Garret Rappazzo and colleagues demonstrated that E. coli Nissle 1917 OMVs engineered with 

several antigens of the ectodomain of the influenza A matrix protein 2 (M2) elicited in ice a strong 

Th1 response and mice vaccinated with M2e-OMVs were protected against lethal influenza A 

challenge (127). 

Schetters S.T.T. and coworkers demonstrated that OMVs purified from Salmonella typhimurium 

strain engineered with OVA peptide, induced high frequencies of peptide-specific CD8+ T cells 

(128).  

Finally, M. Muralinath and coworkers vaccinated mice with Salmonella enterica serovar 

typhimurium-derived OMVs engineered with the Pneumococcal Protein PspA. The authors 

demonstrated that the vaccine elicited antigen-specific antibodies (IgG2a and IgG1) and conferred 

protection against the challenge with S. pneumoniae (129). 

Over the last few years, our laboratory has been working on the optimization of vaccine design 

using heterologous antigen expression. In particular, we have recently generated a novel E. coli 

strain, named E. coli BL21 (DE3)Δ60, releasing OMVs (OMVs Δ60) deprived of 59 endogenous 

proteins and expressing a detoxified LPS. Such strain offers a number of advantages including 

(114): 

- higher loading capacity of heterologous antigens in the OMVs;    

- higher immunogenicity 

- higher OMV productivity 
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2.10 Full exploitation of OMVs as vaccines: what is still missing 

Despite the growing interest in the use of OMVs in vaccination, it is somehow surprising to observe 

that a systematic analysis aimed at determining the optimal conditions to elicit antigen-specific 

immune responses is still missing. In particular, the elucidation of the proper antigen and OMV 

concentrations necessary and sufficient to formulate a safe and effective vaccine requires a 

substantial amount of additional experimental effort.  

From the inspection of the works published so far it emerges that the experimental data which 

describe the parameters that influence the OMV-mediated immune responses are still limited. 

With regard to humoral responses, Weiwei Huang and colleagues published an article where they 

engineered E. coli DH5α OMVs with A. baumannii Omp22 protein and compared the immune 

responses elicited in mice by purified Omp22 + alum with the responses induced by different 

concentrations of engineered Omp22-OMVs (containing approximately 1% of heterologous 

protein). They demonstrated that mice vaccinated with 50 μg Omp22-OMVs produced high 

Omp22-specific antibody titers (3x104) while mice vaccinated with 50 μg of recombinant Omp22 

did not elicit anti OmpA22 antibodies. The authors also performed a dose-response experiment, 

immunizing mice with different concentrations of engineered OMVs (from 5 μg to 50 μg) and they 

clearly demonstrated that 50 μg of Omp22-OMVs (containing approximately 0.5 μg of Omp22 

protein) produced the highest antibody titers against Omp22. Antibody titers decreased until they 

reached a value of 3x102 in mice immunized with 5 μg of Omp22-OMVs (0.05 μg of antigen)(130). 

Kirsten Kuipers and colleagues engineered Salmonella OMVs with two Streptococcus pneumoniae 

proteins and immunized intranasally groups of mice with 4 μg of OMVs. They observed that two 

or three immunizations induced strong protection in a murine model of pneumococcal 

colonization (131). 

David J. Chen and colleagues Immunized groups of mice with 2.5ug of purified ClyA + Alum, with 

2.5ug of purified ClyA + OMVs or with engineered OMVs containing 2.5ug ClyA. All formulations 

induced specific ClyA antibodies with non-statistically significant differences(132). 

Erika Bartolini and colleagues vaccinated groups of mice  with 50 µg  of engineered rHtrA-OMV or 

with 50 µg of CM rHtrA + 1 µg OMVs. The two formulations showed a very similar elicitation of 

anti-HtrA antibodies (126). 

Anne L. Bishop and coworkers immunized two groups of mice with OMVs derived from V. cholerae 

using two different routes of administration: intranasal (i.n.) and oral. They showed that the i.n. 
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route of immunization induced approximately 10-fold higher antibody titers against the selected 

proteins than oral immunization(133). 

Finally, in our work published by C. Irene et al., we tested the immunogenicity of five different 

lipidated S. aureus Antigens (FhuD2, Csa1A, LukE, HlaH35L and SpAKKAA) engineered in E. coli OMVs 

(the level of heterologous antigen expression ranged from 10% to 20% of total OMV proteins). We 

demonstrated that 0.2 μg of engineered OMVs formulated with Alum were sufficient to reach a 

plateau of heterologous antigen-specific antibody titers (121).  

The number of publications providing a quantitative investigation of the cell-mediated immunity 

elicited by OMVs is also limited. 

 Zhang and coworkers used the Salmonella autotransporter protein MisL to display a specific MHC 

class II ovalbumin peptide (OVA-CD4) on the surface of a Salmonella vaccine vector. The OVA-CD4 

peptide was fused through genetic engineering to the N-terminus of the translocator domain of 

MisL. Expression of the OVA-CD4-MisL fusion protein was evaluated with Salmonella strain 

SL7207. They showed that engineered OMVs induced OVA-specific T cell responses (134). 

Jie Liang et al., and Keman Cheng and coworkers, in two different works, challenged mice B16-

OVA melanoma cells and subsequently vaccinated the animals with E. coli (Rosetta (DE3)) OMVs 

engineered with different model epitopes including OVA257-264. The results showed a strong 

protective capacity of OVA-OMVs with B16 epitopes, but no quantitative analysis to elucidate 

frequencies of OVA-specific T cells as a function of OMV concentration was reported (132, 135). 

V. Durand and colleagues immunized subcutaneously or intramuscularly groups of mice with N. 

meningitidis OMVs absorbed with 50 µg of OVA peptide. They showed a comparable ability to 

induce OVA-specific CD8+ T cells between the two groups (136).  

Finally, we recently showed that 20 μg of OMVs mixed with five synthetic peptides (20 μg each) 

corresponding to CT26-specific T cell epitopes (“pentatope”) (137) protected mice from the 

challenge with CT26 tumour cells (95). 
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3 Aim of the thesis 

OMVs are emerging as a promising vaccine platform against infectious diseases and cancer. 

However, information on if and how OMVs can be broadly used to design vaccines tailored for the 

specific needs remain elusive.   

The aim of my experimental work is to thoroughly investigate the antibody and cell-mediated 

immune responses elicited by E. coli-derived OMV vaccine.  

To do so, my objectives are to select a panel of different antigens and MHC II/MHC I epitopes and 

to analyze the parameters that affect the efficiency with which antigen-specific immune responses 

are induced in experimental animals.  

In particular, the experimental work envisages the use of different formulations of vaccines in 

which the amount of OMVs and antigens are modified in order to establish the optimal conditions 

for the elicitations of immune responses.  

My objective is also to analyze how the route of vaccine administration might influence the 

effectiveness of the OMV-based vaccine. 

To quantify the level of immune responses, different analytical methods are used, including 

Western Blot and ELISA to follow humoral responses, and flow cytometry and ELISpot to follow 

epitope-specific T cell frequencies. 

Ultimate ambitious goal of my work is to provide the scientific community with “general 

guidelines” to design effective OMV-based vaccines.   
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4 Results 

4.1 Humoral responses elicited by OMV immunization 

OMVs carry endogenous proteins, mostly belonging to the outer membrane and periplasmic 

compartments. Different groups have applied mass spectrometry to characterize the whole 

proteome of OMVs (76). For instance, more than 150-200 major proteins have been characterized 

in the OMVs isolated from E. coli strains (99, 138). Since most of the OMV proteins are expected 

to be immunogenic, upon vaccination they should give rise to a large population of B and T cells. 

Moreover, they should “immunologically compete” with each other, thus diluting the immune 

response against each specific component. This could be an issue for vaccines based on OMVs 

engineered with heterologous antigens since the diluting effect could bring the immune response 

against the engineered antigens down to a level which is below the optimal protective threshold.  

However, for humoral immunity, the presence in OMVs of several proteins is not necessarily a 

negative condition. Indeed, altogether the OMVs proteins carry a plethora of MHC II epitopes, 

which can generate a large pool of CD4+ T cells, each of which potentially capable to provide help 

for antibody production to any B cell that recognizes the OMV components with its TCR.   

Consistently, it is predictable that even those proteins that are expressed in OMVs at relatively 

low concentrations should elicit sufficiently high antibody titers (Figure 8).  

This part of the experimental work aims at providing an extensive and systematic analysis 

addressed to establish the amounts of an OMV protein necessary and sufficient to induce 

antibodies and to reach the plateau of antibody titers.  
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Figure 8. Activation of B cells by OMVs. 1) OMVs are internalized in DCs. 2) Within DCs, antigens are 
processed and MHC II loaded with peptides from OMVs. 3) DCs, expressing on the surface MHC II loaded 
with different CD4+ T cell peptides from OMVs, 4) activate diverse CD4+ T cells in the secondary lymphoid 
organs. 6)  At the same time, other OMVs are recognized by BCRs expressed on the surface of B cells, 
internalized and processed. 7) Within B cells, MHC II are loaded with the epitopes contained in OMVs. 5-8-
9) Once activated, CD4+ T cells produce cytokines that stimulate B lymphocyte, loaded with the antigens of 
OMVs, to plasma cell differentiation and subsequent antibodies production. Created with BioRender.com 

 

4.1.1 Determination of the minimal amount of OMV 
endogenous proteins necessary to elicit antibodies 
 

To define how much a protein should accumulate in the OMVs to elicit an appreciable amount of 

antibodies, we took a brute force approach consisting in the following steps:  

1. selection of a group of endogenous proteins known to be present in the OMVs from E. 

coli BL21(DE3)ΔompA 

2. expression and purification of the selected proteins  

3. immunization of mice with the OMVs from E. coli BL21(DE3)ΔompA and analysis of 

protein-specific-antibodies by Western Blot and ELISA, coating the plates with the purified 

antigens 
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4. determination of the amount of selected proteins in OMVs by quantitative Western Blot 

5. correlation between protein-specific ELISA titers and amount of protein expressed in 

OMVs. 

The data obtained in the course of this activity are reported below. 

 

4.1.1.1  Selection of endogenous proteins 
 

In our previous work (101) we managed to characterize the proteome of the OMVs from E. 

coli BL21(DE3)ΔompA strain by 2D-electrophoresis followed by mass spectrometry analysis. The 

2D-mass spec analysis led to the unequivocal identification of 90 protein species belonging to the 

outer membrane and periplasmic compartments. On the basis of this work, we selected sixteen 

OMV proteins, four belonging to the family of lipoproteins, three to the outer membrane, and the 

remaining nine are periplasmic proteins (see table 2).  

                                                        

                                                 

Table 2. Purified OMV endogenous proteins. The table shows the OMV endogenous proteins purified and 

used to answer biological questions. Specifically marked with an asterisk are the proteins present in both the 

E. coli BL21 (DE3) ΔompA and E. coli BL21 (DE3) Δ60 strains. Without an asterisk are shown delete proteins 

in E. coli BL21 (DE3) Δ60 strain. The compartment of the protein (lipoprotein (LP), outer membrane (OM) 

periplasmic (PP)), solubility and mass expressed in kDa is also reported  

 

4.1.1.2  Expression and purification of selected proteins 
 

The selected proteins were expressed in E. coli and subsequently were highly purified following a 

two-step affinity strategy. First, the sequences of the selected proteins were amplified from the 

chromosomal DNA of E. coli BL21(DE3)ΔompA and inserted into the pET-15 plasmid using the 

Gene name Annotation Compartment Solubility

MW

[kDa]
lpoA* Penicillin-binding protein activator LpoA LP soluble 70

pal* Peptidoglycan-associated lipoprotein LP soluble 16.6

rlpA* Endolytic peptidoglycan transglycosylase RlpA LP soluble 35,7

bamA* β‐barrel assembly machinery OM insoluble 88,4

fhuE* Fhue receptor OM insoluble 77,4

ompF* Outer membrane porin F OM insoluble 37

cpoB* Cell division coordinator CpoB PP soluble 25,4

surA* Chaperone SurA PP soluble 45

yncE* Uncharacterized protein YncE PP soluble 35,3

ydcL Uncharacterized lipoprotein YdcL LP soluble 22,4

ybiS Probable L,D-transpeptidase YbiS PP soluble (partially) 30,8

fkpA FKBP-type peptidyl-prolyl cis-trans isomerase FkpA PP soluble 26,2

glpQ Glycerophosphodiester phosphodiesterase, periplasmic PP soluble 38.2

malE Maltose/maltodextrin-binding periplasmic protein PP soluble 40,7

oppA Periplasmic oligopeptide-binding protein PP soluble (partially) 58,4

hisJ Histidine-binding periplasmic protein PP soluble 26,2
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Polymerase Incomplete Primer Extension (PIPE) (described in Materials and Methods). The 

insertions were done to create fusion proteins carrying a HisTAG and the TEV cleavage site at the 

N-terminus of the proteins. The plasmids encoding the fusion proteins were used to transform E. 

coli strain BL21(DE3) ΔompA. Each recombinant clone was grown in LB, bacterial cells were 

collected and from the biomass the proteins were purified by IMAC affinity chromatography. 

Subsequently, the proteins were subjected to TEV protease cleavage and a final purification step 

was performed by a second passage through an IMAC Affinity Column (the details of the protein 

purification are reported in Materials and Methods). It has to be pointed out that 13 of these 

proteins were expressed in E. coli as soluble proteins while the other three (all belonging to the 

outer membrane compartment) as inclusion bodies. Therefore, their purification was carried out 

in the presence of Urea as a chaotropic agent. The quality of the purified proteins was finally 

analyzed by SDS-PAGE (figure 9). 

                                            

Figure 9. SDS-PAGE analysis of the 16 selected OMVs proteins expressed in E. coli and purified using a 

two-step affinity purification strategy (see text for details). 2 g of each purified recombinant protein were 
run on a polyacrylamide gel and the proteins were visualized by Coomassie Blue staining.  

 

4.1.1.3  Mice immunization with OMVs and analysis of protein-
specific antibodies by Western Blot and ELISA  

 

Next, we investigated whether the immunization of mice with OMVsΔompA elicited antibodies 

against the selected 16 proteins. To this aim, a group of CD1 mice was immunized three times at 

two-week intervals with 10 g of OMVsΔompA in the presence of Alum. After 10 days the sera were 

collected, pooled together and used to establish the presence of antibodies against the 16 

selected proteins by Western Blot. In more detail, the 16 purified proteins were run on a SDS-

polyacrylamide gel, transferred to a cellulose membrane and the membrane was treated with the 

anti-OMVsΔompA serum. As shown in Figure 10A, 9 proteins were well recognized by the anti-



35 
 

OMVsΔompA serum, indicating that their expression in the OMVs was sufficiently high to elicit 

specific antibodies. Three other proteins, YdcL, CpoB and OmpF, were also recognized but the 

band intensities were not high enough to exclude non-specific recognition.  

          

Figure 10.  Immunogenicity of OMV endogenous proteins. A)  The sixteen OMV proteins were separated by 

SDS-PAGE, tansferred onto a cellulose membrane and visualized using the serum of mice immunized with 

10µg OMVsΔompA. B) IgG titers in mice immunized with “empty” OMVsΔompA. 5 CD1 female mice were 

immunized i.p. 3 times at two‐week intervals with 10µg OMVsΔompA in Alum. Sera were collected 10 days 

after the third immunization and IgG titers were measured in duplicate by ELISA, coating the plates with the 

protein of interest (200 ng/well). Protein-specific antibody titers are sorted by decreasing protein 

concentration relative to the total proteins in the OMVs. Proteins for which the concentration could not be 

determined are shown in blue.  

 

To further confirm the immunogenicity of the OMV selected proteins, the ELISA assay was carried 

out coating the plates with the purified antigens and measuring the antibody titers in the anti-

OMVsΔompA serum. As shown in Figure 10B, the ELISA assay showed that, in addition to the 9 

proteins recognized by the anti-OMVsΔompA antibodies in Western Blot, 4 proteins gave appreciable 

titers. Such discrepancies can be due to the difference of the protein conformation when analyzed 

in Western Blot and ELISA.  

In conclusion, 9 of the 16 proteins turned out to be immunogenic upon OMV immunization as 

judged by both Western Blot and ELISA. 

 

4.1.1.4   Determination of the amount of selected proteins in OMVs by 

quantitative Western Blot  
 

Having demonstrated that the OMV immunization elicited antibodies against several, but not all, 

OMV proteins, we investigated the level of expression of each selected protein in the OMVs. This 

information would allow to establish the existence, if any, of a concentration threshold below 
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which OMV proteins are immunologically “silent”, and above which they elicit antibody responses 

after OMV immunization.  

In order to accurately determine the quantity of each protein component in OMVs, techniques 

such as quantitative mass spectrometry would be required (139). Such chemical-physical analysis 

was out of the scope of this experimental work.  Our approach was to use the semi-quantitative 

Western Blot analysis, an experimental procedure which is much less sophisticated, but has the 

advantages to be relatively rapid and inexpensive and to provide a sufficiently reliable information 

on the amount of specific proteins present in OMVs. According to this method, different quantities 

of the purified protein of interest are run on a polyacrylamide gel together with fixed quantities 

of OMVs. Next, the separated proteins are transferred onto a nitrocellulose membrane and the 

protein of interest is visualized with specific antibodies. The visual comparison of the band 

intensities between the OMV sample and the purified protein allows to determine, with good 

approximation, the amount of protein present in the OMVs. 

Following the semi-quantitative Western Blot analysis, we managed to determine the amount of 

eleven out of sixteen proteins in the OMVs. As shown in Figure 11, the estimated quantities ranged 

from 25% in the case of OmpF, to as low as the 0.1% of GlpQ. Of the remaining five proteins, four 

of them (RlpA, Pal, YdcL and Ybis) failed to be quantified since the sera from mice immunized with 

the corresponding purified recombinant proteins cross-reacted with protein species having similar 

molecular weight and therefore they could not be resolved on SDS-PAGE. The analysis of the 

remaining protein, FhuE, is still in progress.  

                                                            

 

Figure 11. Quantization of OMV endogenous proteins by semi-quantitative Western Blot. The amount of 
OMV endogenous proteins was estimated by loading OMVs and different quantities of purified recombinant 
proteins on western-blot and by comparing band intensities of endogenous proteins in OMVs and of the 
corresponding purified proteins. In black are concentrations obtained using serum of mice immunized with  
10 µg OMVsΔOmpA, in blue are concentrations obtained using serum of mice immunized with alum + 10µg 
recombinant protein. 
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4.1.1.5  Correlation between protein immunogenicity and level of 

expression in OMVs 
 

Having established that 9 out of the 16 selected proteins elicited antibodies upon OMV 

immunization (5.5), as judged by both WB and ELISA, and having determined the concentration of 

7 of these 9 proteins in the OMVs, we asked the question whether it is possible to assign a protein 

concentration threshold, above which OMV proteins are likely to elicit specific antibodies upon 

OMV immunization in mice. As it emerges from the inspection of Table 2, all proteins that were 

classified as immunogenic on the basis of both Western Blot and ELISA were present in the OMVs 

at a concentration > 0.8%. Therefore, it is reasonable to conclude that any protein that represents 

more than 0.8% of total OMV proteins will induce specific antibodies in OMV-immunized mice. 

This is not to say that lower concentrations are not immunogenic. Indeed, OppA which accounts 

for only 0.4% of total OMVs proteins, is immunogenic. However, HisJ, expressed at an estimated 

concentration of 0.7%, is negative at both Western Blot and ELISA assays and therefore the 

immunogenicity of poorly expressed proteins (< 1%) may vary depending upon their intrinsic 

immunogenicity properties and, to some extent, their compartmentalization in the OMVs. As far 

as protein compartmentalization is concerned, theoretically it should have a relevant influence on 

protein immunogenicity. However, as previously published by our group (96) and somehow 

unexpectedly, luminal OMV proteins can induce high antibody titers. This is likely due to the fact 

that at the site of injection the vesicles are partially destroyed, thus releasing their content, which 

becomes visible to the immune system.  

One comment deserves the Outer membrane protein OmpF. OmpF is the most abundant protein 

in OMVsΔompA. However, when the anti- OMVsΔompA serum is used, it is barely seen in Western Blot, 

while it appears immunogenic in ELISA. This is likely due to the fact that the OmpF-specific 

antibodies elicited by OMVsΔompA immunization recognize the properly folded protein embedded 

in the membrane and therefore a fully denatured protein (as it is OmpF in the acrylamide gel) is 

expected to be invisible to conformational antibodies. 
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Table 3. Shows proteins sorted on the basis of their concentration. The symbol (+) represents proteins that 
showed a signal on western blot or were positive in ELISA. The symbol (-) represents proteins that did not 
show a signal on western blot or were negative in ELISA. Instead, the symbol (-/+) represents proteins weakly 
positive on western blot.  

 

4.1.2 Determination of the OMV protein concentration 
necessary to elicit saturating antibody titers 
 

To formulate a vaccine, it is important to establish the amount of antigen(s) and adjuvant 

necessary and sufficient to induce an effective (protective) immune response. Therefore, we next 

asked the question at which doses of OMVs a saturating level of antigen-specific antibodies is 

reached. It is predictable that such doses will depend upon the nature of the antigen and, in 

particular, on the antigen concentration in the OMVs. 

To address this question, we immunized mice with escalating doses of OMVs and we followed the 

antibody titers against the 10 endogenous proteins that were positive in ELISA and for which their 

concentration in the OMVs was determined (Table 2). CD1 mice were immunized 3 times with 0.2 

µg, 1 µg, 5 µg and 10 µg of OMVsΔompA and anti-protein specific antibody titers were measured 10 

days after the last immunization by ELISA. From the data reported in figure 12, it appears that the 

optimal amount of OMVs can vary from protein to protein. In general, for those proteins 

expressed at concentrations higher than 4-5%, 5 g of OMVs is more than enough to elicit the 

highest possible levels of protein-specific antibodies. However, there are poorly expressed 

proteins such as FkpA for which even 1 g of OMVs seems to be sufficient. It is anyway fair to say 

that proteins expressed under a concentration of 1% require 10 µg of OMVs to induce a sufficiently 

high level of specific antibodies.   
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Figure 12. IgG titers in mice immunized with increasing doses of “empty” OMVsΔompA. Groups of CD1 female 

mice (four mice per group) were immunized three times at 2-week intervals with 0,2µg, 1µg, 5µg or 10µg 

“empty” OMVsΔompA formulated with alum. Ten days after the last immunization sera were collected and IgG 

titers were analyzed by ELISA, using plates coated with recombinant proteins.  

 

4.1.3 Influence of physical association of antigen to OMVs on 
antigen-specific antibody titers  
 

In the previous sections we determined the concentrations of antigens, physically associated to 

OMVs, necessary to induce humoral responses upon OMV vaccination. The results led us to 

conclude that (i) OMV immunization elicits specific antibodies against OMV-associated proteins 

expressed at concentrations as low as 1%, and (ii) immunization with 1 to 5 g of OMVs is 

sufficient to induce saturating levels of antibodies against OMV proteins present in the vesicles 

at concentrations higher than 4-5% of total proteins.  

A still unanswered question is whether the same conclusions described above can still be applied 

when antigens are not physically associated to OMVs. For the sake of clarity, physically 

associated antigens are (i) components that are naturally embedded in the OMVs as a 

consequence of the vesiculation process, such as periplasmic proteins and outer membrane 

proteins, (ii) heterologous antigens which are properly engineered in the OMV-producing strains 

to reach the vesicular compartment (96, 98, 123), and (iii) components that are artificially linked 

to the OMVs using specific chemical-physical processes (132). On the other hand, non-physically 

associated antigens are those which do not have any specific linkage to the OMVs, as it is for 
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instance the case of antigens which are simply mixed to an OMV suspension before 

immunization.  

The interest in comparing the immunogenicity of antigens when they are associated or not 

associated to the OMVs stems from the fact that associating certain antigens to the OMVs might 

be very complex, time consuming and expensive. For instance, eukaryotic proteins are often 

difficult to be expressed in OMVs and therefore if physical association to OMVs is strictly needed 

to elicit effective antibody responses, the development of vaccines constituted by some 

eukaryotic antigens and OMVs as adjuvant might be precluded.    

From a theoretical standpoint, the elicitation of adaptive immunity against a specific antigen 

requires that the same antigen presenting cell (dendritic cell) that internalizes the antigen and 

presents it in the context of the MHC molecules is simultaneously activated by one or more 

agonists of the innate immune receptors. Such concomitant events efficiently occur when 

antigen and adjuvant are linked together. Therefore, only antigens coupled to OMVs are 

expected to elicit high antibody titers.      

In this part of the work we compared the immunogenicity of a group of selected proteins which 

were either physically associated to OMVs by genetic engineering or were first purified from 

bacterial cultures and subsequently mixed to OMVs. Somehow differently with what 

theoretically predicted, we show that some OMV-antigen mixtures can be as effective as 

engineered OMVs in inducing elevated antigen-specific antibody titers.       

 

4.1.3.1  Antigen selection 
 

To study the role of OMV-antigen association in antibody-dependent immunogenicity, we 

selected three Staphylococcus aureus and two Group A Streptococcus (GAS) proteins we have 

been studying in our laboratories as potential vaccine candidates (96, 123). The three S. aureus 

proteins are: the pore forming toxin Hla (140), the iron transporter FhuD2 (141) and the virulence 

factor Protein A (SpA) (142) instead the two GAS proteins are: streptolysin O (SLO) (143) and 

Streptococcus pyogenes cell envelope protease (SpyCEP) (144). We previously showed that the s. 

aureus antigens can be successfully incorporated in the OMV membrane by expressing them in 

the OMV-producing strain as lipoproteins (123) or that GAS antigens can be integrated in the OMV 

lumen as periplasmic proteins (96) (Figure 13). By using the five proteins purified from 

recombinant E. coli strains following the same procedure previously described (see Section 4.2.2) 
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and densitometry of SDS-page (Figure 13), we also established that the concentration of FhuD2, 

Hla, SpA, SLO and spyCEP was 28%, 10%, 15%, 19% and 5% respectively, corresponding to 2.8, 1, 

1.5, 1.9 and 0.5 g/10 g of total OMV proteins.  

                                                     

Figure 13. Purified recombinant proteins and OMVsΔ60 engineered with heterologous proteins. SDS-PAGE 

analysis of 10 µg of purified HlA-OMVsΔ60, FhuD2-OMVsΔ60, SpAkkaa-OMVsΔ60 SLO-OMVsΔ60, spyCEP-OMVsΔ60. 

Engineered proteins are indicated by a red star. Next to it are the respective recombinant proteins (2µg) 

expressed in E. coli BL21(DE3) and purified by IMAC. 

 

4.1.3.2  Antigen-specific antibody titers 

 

Groups of four CD1 mice were immunized three times, two weeks apart, with 1 µg of FhuD2- 

OMVsΔ60, Hla-OMVsΔ60, SpA-OMVsΔ60, SLO-OMVsΔ60 and spyCEP-OMVsΔ60. Considering the high 

concentration of the five antigens in the OMVs, 1 µg of engineered OMVs should be sufficient to 

elicit a saturating level of antigen-specific antibodies (see above). In parallel, three groups of mice 

were immunized with 1 µg of “Empty” OMVsΔ60 mixed with 0.28, 0.1, 0.15, 0.19 and 0.05 g of 

purified FhuD2, Hla, SpA, SLO and spyCEP respectively. Such amounts correspond to the amounts 

of each protein expressed in 1 g of engineered OMVs (see above). Ten days after the third 

immunization the blood from each group of animals was collected and pooled and antibody titers 

against each antigen were determined by ELISA using plates coated with corresponding purified 

proteins. As shown in Figure 15A, the Hla and SLO-specific antibody titers from mice immunized 

with Hla-OMVsΔ60 and SLO-OMVsΔ60 were essentially superimposable with the titers in mice 

immunized with the OMVsΔ60 + Hla or SLO mixtures. By contrast, the immunization with the 

OMVsΔ60 + FhuD2 mixture did not elicit appreciable levels of anti-FhuD2 antibodies. Finally, the 
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immunization with the OMVsΔ60 + SpA or spyCEP mixtures induced antibody titers approximately 

1 Log lower than the titers induced by SpA-OMVsΔ60 or spyCEP-OMVsΔ60. We also immunized the 

animals with OMVs-proteins mixtures containing a five-fold higher concentration of recombinant 

proteins (1.4, 0.5 and 0.75 g of purified FhuD2, Hla and SpA, respectively). The titers slightly 

increased in the case of the OMVsΔ60 + SpA mixture while remained basically unchanged for the 

OMVsΔ60 + Hla mixture. Finally, the OMVsΔ60 + FhuD2 mixture continued to induce very little 

amounts of anti-FhuD2 antibodies.  

One possible explanation of these results is that SpA and SLO and particularly Hla and spyCEP can 

form a sufficiently stable association with the OMV membrane through electrostatic and/or 

hydrophobic interactions, and such association allows the antigen-adjuvant co-delivery to the 

dendritic cells. This is apparently not the case for fhuD2.  

We also wanted to test higher doses of peptide to understand both whether it was possible to 

induce FhuD2-specific antibody titers and whether it was possible to increase antigen-specific 

titers. To demonstrate this hypothesis, we also immunized mice with OMVs-proteins mixtures 

containing a one hundred-fold higher concentration of recombinant antigens (1ug OMVsΔ60 + 28, 

19 and 4.9 µg of FhuD2, SLO and spyCEP, respectively). As can be appreciated from image 14A, by 

increasing the concentration of FhuD2 it is possible to obtain FhuD2-specific antibody titers and 

this is probably due to the fact that at the same APC it is able to internalize both adjuvant and 

antigen despite a possible physical non-association. High doses of SLO induce the same titers 

obtained with lower doses of antigen, instead high doses of spyCEP are able to induce 1 Log more 

titers of the OMVs absorbed with the same amount of antigen present in the engineered OMVs.  

To support the importance of the association between adjuvant and antigen, we immunized mice 

with the three engineered OMVs and three OMV-protein mixtures (FhuD2, HlA and SPA) in the 

presence of alum. Alum has the capacity to form particulates which can trap both OMVs and 

proteins, thus facilitating the internalization of OMVs and proteins by the same antigen presenting 

cells. As shown in Figure 14B, the addition of Alum, which tends to synergize with the adjuvanticity 

properties of the OMVs, promoted the elicitation of anti-FhuD2 antibodies by the OMVs-FhuD2 

mixture to a level approaching the titers obtained with FhuD2-OMVs.  
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Figure 14. IgG titers in mice immunized with OMVsΔ60 expressing heterologous antigens or OMVsΔ60 

absorbed with heterologous antigens. Groups of 4 CD1 female mice were immunized i.p. 3 times at 2-wk 

interval with 1 μg OMVs expressing FhuD2, SpAkkaa, HlA, SLO or spyCEP antigens or with 1 μg OMVs absorbed 

with the same amount, 5 times or 100 times the amount of antigens present in engineered OMVs, 

formulated without (A) or with (B) alum (only FhuD2, SpAkkaa, HlA) . 

 

4.1.4 CONCLUSIONS 

 

The ability of OMVs to elicit effective humoral responses was unequivocally demonstrated by the 

successful development of the OMV-based vaccines against Meningococcus B tested in human 

trials from 1987 to 2008 in different Countries. These vaccines showed efficacies ranging from 70 

to 85% and protection was mediated by the elicitation of bactericidal antibodies against 

meningococcal antigens present in the OMVs.  

Numerous studies in both the preclinical and clinical setting subsequently confirmed the unique 

capacity of OMVs to stimulate potent antibody responses. However, and somehow surprisingly, 

the detailed characterization of the OMV-mediated immune responses has not been thoroughly 

investigated so far. In particular, little is known about the immunogenicity of the different OMV 

components, particularly protein components, and how their concentration and localization 
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within the vesicular compartment influence their immunogenicity. This aspect has scientific and 

practical relevance, in view of the fact that vaccines based on OMVs engineered with heterologous 

antigens are being developed. For such vaccines the knowledge of the amount of heterologous 

antigens necessary and sufficient to induce antigen-specific immune responses becomes of 

paramount importance.  Also important, is the information on how the OMVs components may 

negatively or positively affect the immunogenicity of the heterologous antigens.  

In the experimental work described above we have thoroughly investigated the humoral 

responses of E. coli OMVs in the mouse model and our results lead to a few interesting 

conclusions. 

First, we showed that, when 10 µg of OMVs (determined as total OMV proteins) are used as 

vaccine dose (for regulatory reasons we consider this dosage as a benchmark since it corresponds 

to half of the OMV quantity used in the human vaccine Bexsero), antibody responses are 

detectable against all proteins present in the OMVs at concentrations > 1%. This result should be 

taken into account in designing OMV-based vaccines, considering that proteomic data indicate 

that a few tens of endogenous proteins are expressed in OMVs at concentrations above this 

“immunogenic” threshold.   

A second important result from our work is that whenever a protein is expressed in the OMVs at 

concentrations > 4-5%, the protein specific antibody titers reach a plateau with OMV doses 

between 1 to 5 µg. In other words, if a protein is well represented in the total OMV protein pool, 

and this is for instance the case of the majority of heterologous proteins expressed in OMVs with 

our engineering strategies, there is no need to formulate vaccines with an amount of OMVs higher 

than a few micrograms. This result has three important favorable implications. First, the use of 

limited amounts of OMVs substantially reduces possible reactogenicity issues due to the strong 

adjuvant properties of OMVs. Second, at vaccine doses containing less than 5 µg of OMVs the 

poorly expressed endogenous proteins are expected to become “immunologically silent” (see 

above), thus limiting the production of antibody responses not relevant for vaccine efficacy. Third, 

the use of minute amounts of OMVs reduces the overall vaccine costs. 

The third interesting result regards the influence of antigen-OMVs physical association in 

determining the strength of the humoral response. It is known that to trigger the production of 

effector T cells, APCs have to present the antigen in the context of the MHC molecules and at the 

same time have to receive a stimulatory signal. This occurs at best if the antigen and the 

stimulatory molecule (adjuvant) are physically associated (cross-linked). However, to what extent 

OMV-antigen physical association ultimately affects antibody titers has not been investigated in 
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detail. We therefore compared the antibody titers obtained immunizing mice with either OMVs 

engineered with selected antigens or with mixtures of OMVs and purified antigens. The result of 

this study led to two main conclusions. 1) The need of OMV-antigen cross-link varies from antigen 

to antigen and in many cases it is not necessary. This is likely due to the fact that, upon mixing, 

OMVs and antigen interact with each other and such interactions are sufficiently stable to allow 

their concomitant internalization by the same APC. 2) The addition of Alum enhances the antibody 

responses of the poorly immunogenic OMV-antigen mixtures. This is most likely due to the 

formation of Alum-mediated aggregates which allow the OMV-antigen co-delivery to the APC.     
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4.2 Cell-mediated immune responses elicited by OMV 
immunization 

 

In the first part of this work we have shown data which strongly support the notion that the OMV 

platform is highly competitive when, as it is the case for a large number of pathogens, vaccine 

efficacy requires the elicitation of high titers of functional antibodies.  

A second objective of my experimental work has been to analyze the cell-mediated immunity 

induced by OMVs.  

As pointed out in the Introduction, a number of publications describe the capacity of OMVs 

decorated with heterologous peptides to elicit peptide-specific CD4+ Th1/Th17 cells and CD8+ T 

cells in experimental animals (118, 134–136). However, the conditions necessary to induce an 

effective peptide-specific cell-mediated immunity both in qualitative and quantitative terms have 

not been thoroughly investigated so far. In particular, two important questions remain to be 

addressed:  

1) which are the amounts of OMVs and heterologous peptide necessary and sufficient to reach 

the plateau of peptide-specific T cell responses?  

2) which are the levels of peptide-specific T cell frequencies elicited by OMV immunization and 

how do such levels compare with other adjuvants/vaccine platforms?   

Answering these questions would be instrumental to establish the potentiality of the OMVs 

platform in developing vaccines whose efficacy depends on their capacity to induce a potent cell-

mediated immunity. This is for instance the case of prophylactic vaccines against a number of 

intracellular pathogens and of therapeutic cancer vaccines. 

In this Section the experimental work carried out to shed light on the effectiveness of OMVs to 

elicit cell-mediated immunity is described.  
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4.2.1 Epitope-specific IFN+- CD4+ T cells induced by OMVs  

 

Interferon  producing CD4+T cells play a key role in establishing a Th1-skewed immune response 

necessary to fight intracellular pathogens and to counteract tumor growth. Thanks to the nature 

of their immunostimulatory components, OMVs have an intrinsic capacity to direct the immune 

system toward a Th1-type of response. However, the open question is whether and to what extent 

CD4+ T cells can be elicited against the specific peptide used to engineer OMVs. Since OMVs carry 

numerous endogenous proteins, each of which possessing several potential MHC II epitopes 

(approximately 1 epitope per 100 amino acids for any MHC II allele), our prediction is that the 

frequency of peptide-specific CD4+ T cells should be relatively low unless the amount of 

heterologous peptide represents a large fraction of total OMV proteins. (see figure 15). To 

investigate the peptide-specific CD4+T cell responses induced by OMVs, we first selected a 

number of MHC II epitopes described in the literature as being immunogenic in laboratory inbred 

mice and subsequently (i) we tested whether OMVs decorated with such peptides can induce 

epitope-specific T cells in immunized mice, (ii) we quantitated the frequencies the epitope-specific 

T cells as a function of OMV/epitope concentration, and (iii) we investigated how T cell frequencies 

in different compartments (spleen, lymph node and blood) are affected by the route of 

immunization. 
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Figure 15. Frequencies of epitope-specific CD4+ T cell activation depends on the concentration of the 

peptide in the OMVs. 1) The image shows the uptake of OMVs by DCs (the red balls represent the epitope 

of interest). 2) Once internalized, OMV proteins are processed and peptides present to MHC II. 3) This leads 
to activation of a heterogeneous CD4+ T cell population, diluting the response against the epitope of interest. 
To achieve good frequencies of activation of CD4+ T cells specific for the peptide of interest it may be 
necessary to immunize with a high concentration of the selected epitope. Created with BioRender.com 

 

 

4.2.1.1  MHC II epitope selection 
 

To investigate the capacity of OMVs to induce epitope-specific CD4+ T cells, we selected a 

group of MHC II epitopes reported to be immunogenic in inbred mice (Table 4). In particular, the 

following epitopes were selected: 

• CT26-M03, CT26-M20, CT26-M27, CT26-M68 (called for simplicity M03, M20, M27, M68): 

these peptides were identified by Kreiter and co-workers after a thorough analysis of all 

the neo-epitopes generated by the 1680 non-synonymous mutations present in the CT26 

tumour model. The epitopes in question all have a length of 27 amino acids and differ 

from wild-type sequences by one amino acid. To investigate their immunogenicity, BALB/c 

mice were vaccinated three times with a mixture of five RNA monotopes (7 μg each), 

consisting of the four epitopes mentioned above plus M26, a CD8+ T cell epitope, 

administered via intravenous. Spleens were collected and 5 x 105 splenocytes were 

stimulated in vitro with ELISpot assay individually using each of the epitopes used to 

immunise. More in particular, about 30 splenocytes of mice immunised with five RNA 

monotopes and re-stimulated in vitro with M03 released IFN-γ, about 60 splenocytes 

released IFN-γ when re-stimulated with M20, about 50 splenocytes released IFN-γ when 

re-stimulated with M27 and finally about 10 splenocytes released IFN-γ when re-

stimulated with M68 (137). 

• Ts-PmyP2, Ts-PmyP5: Based on the BALB/c mouse model, these two H-2d restricted CD4+ 

T cell epitopes (I-Ad) of Trichinella spiralis paramyosin were predicted using the SYFPEI-

THI database. BALB/c mice were s.c. immunized with the adjuvant ISA50 V2 emulsified 

with 25 µg of Ts-PmyP2 or Ts-PmyP5 peptides.  5 x 105 splenocytes were re-stimulated in 

vitro with Ts-PmyP2 or Ts-PmyP5 and results, analyzed with ELISpot, showed that about 

30 CD4+ T cells release IFN-γ when stimulated with Ts-PmyP2 and about 40 CD4+ T cells 

release IFN-γ when stimulated with Ts-PmyP5(145). 
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• IsdB P4: This epitope was isolated from iron-regulated surface determinant B (IsdB) of S. 

aureus. Three programs were used to identify the candidate H-2d and H-2b restricted CD4+ 

T-cell epitopes on IsdB protein. BALB/c mice were i.m. injected twice with complete 

Freund’s adjuvant absorbed with 100µg IsdB P4 peptide. Splenocytes were re-stimulated 

in vitro with the same peptide used to immunize and results, analyzed with ELISpot, 

showed that about 100 CD4+ T cells/106 splenocytes released IFN-γ(146). 

 

 

Table 4. Outline of the main information of CD4+ T cell epitopes used in the experiments 

 

4.2.1.2  Epitope-specific IFNγ+ CD4+ T cell responses elicited by OMVs 
 

Once selected the immunogenic epitopes, we asked the question whether OMVs formulated with 

such epitopes could elicit epitope-specific IFN+ CD4+ T cells. To this aim, 10 µg of purified OMVsΔ60 

were individually mixed with the four CD4+ T cell synthetic peptides M03, M20, M27, M68 (50 µg 

each) and BALB/C mice (5 mice per group) were intraperitoneally immunized on day 0 and day 7. 

On day 12, the spleens were collected and splenocytes were stimulated with either 5 μg/ml of 

each CD4+ T cell peptide or 5 μg/ml of unrelated negative control peptide and the frequency of 

IFN-γ-producing CD4+ T cells were analysed using the ELISpot assay. 

EPITOPE NAME ORGANISM NAME GENE NAME AMINO ACIDC SEQUENCE EPITOPE LENGTH

CT26-M03 colon carcinoma cell line Slc20a1 DKPLRRNNSYTSYIMAICGMPLDSFRA 27

CT26-M20 colon carcinoma cell line Slc4a3 PLLPFYPPDEALEIGLELNSSALPPTE 27

CT26-M27 Colon carcinoma cell line Agxt2l2 EHIHRAGGLFVADAIQVGFGRIGKHFW 27

CT26-M68 Colon carcinoma cell line Steap2 VTSIPSVSNALNWKEFSFIQSTLGYVA 27

Ts-PmyP2 Trichinella spiralis Ts-Pmy QFEIDRLAAALADAE 15

Ts-PmyP2 long " " LRKNMQFEIDRLAAALADAEARMKA 25

Ts-PmyP5 Trichinella spiralis Ts-Pmy AIAQRKLSALSAELE 15

Ts-PmyP5 long " " TLDQYAIAQRKLSALSAELEDCKSA 25

IsdB P4 Staphylococcus aureus IsdB TLERQVYELNKIQDKLPEKL 20

IsdB P4 long " " KAKTLERQVYELNKIQDKLPEKLKA 25
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Figure 16. Frequencies of peptide-specific CD4+ T cell obtained immunizing BALB/C mice with OMVsΔ60 

absorbed with CD4+ T cell peptides. Mice were immunized with 10 μg OMVsΔ60 absorbed with 50 μg 

peptides, the mixtures were injected intraperitoneally on day 0 and day 7. Splenocytes harvested on day 12 

were re-stimulated with either 5 μg/ml of the vaccination peptides (Black) or 5 μg/ml of unrelated peptide 

(red). Statistical significance was calculated using an unpaired two-tailed T-test. Not significant (ns)= P>0.1; 

*= P<0.1; **= P<0.01; ***= P<0.001. 

As shown in Figure 16, in the presence of OMVs the peptide mixture elicited T cells specific for 

each epitope, with frequencies ranging from 200 to 800 IFNγ+ CD4+ T cells /106 splenocytes. M27 

and M68 appeared to be the most immunogenic epitopes of the mixture.  

Although it is not appropriate to make head-to-head comparison of immunogenicity data 

obtained in different laboratories, it is interesting to observe that Kreiter et al. using the same 

epitopes formulated as RNA vaccines and peptide + Hiltonol vaccines, reported CD4+ T cell 

frequencies of 100-200 T cells/106 splenocytes (137). Therefore, it is tempting to say that vaccines 

constituted by appropriate mixtures of OMVs and synthetic peptides can be at least as good as 

other platform technologies, currently in clinical trials, to elicit epitope-specific IFN+ CD4+ T cells 

(147, 148). 

To further support the capacity of OMVs to elicit IFN+ CD4+ T cells, we investigated the T cell 

responses elicited by the mixtures of three additional H-2d MHC II epitopes: the TsPmyP2 and 

TsPmyP5 epitopes from Trichinella spiralis and the IsdB epitope from S. aureus (Table 4). In 

particular, to have indications on how epitope processing could affect T cell frequency, two 

mixtures were used, one constituted by 15 amino acid peptides corresponding to the predicted 

length of the epitopes (short peptides), and the other formulated with 25 amino acid peptides 

(long peptides), thus prolonging the two epitopes for a few amino acids at both sides (Table 4). 

BALB/c mice were immunized twice at one-week intervals with mixtures containing 10 g of OMVs 

and 33 g of each peptide and 5 days after the second immunization splenocytes were analyzed 

for the presence of epitope-specific T cells by ELISpot. As shown in Figure 17, both mixtures 
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elicited epitope-specific T cells at frequencies ranging from 50 to 150 IFN+ CD4+ T cells/106 

splenocytes. Although a larger number of mice should be used for statistical analysis, the mixture 

including the longer peptides appeared to perform slightly better than the short peptide mixture.                                                      

                                           

Figure 17. Frequencies of peptide-specific CD4+ T cells obtained immunizing BALB/C mice with CD4+ T cell 

short or long peptides adsorbed to OMVsΔ60. Mice were immunized with 10 μg OMVsΔ60 absorbed with 100 

μg short or the corresponding long mix peptides (33 μg each). The mixtures were injected intraperitoneally 

on day 0 and day 7. Splenocytes harvested on day 12 were re-stimulated with either 5 μg/ml of the 

vaccination peptide mixtures (green) or 5 μg/ml of irrelevant peptide (red). Statistical significance was 

calculated using an unpaired two-tailed T-test. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= 

P<0.001. 

 

 

 

4.2.1.3  Analysis of CD4+ T cell frequencies as a function of different 

OMV and peptide concentration 
 

Having demonstrated that the OMVs can elicit epitope-specific IFN+ CD4+ T cells when mixed 

with peptide epitopes, we carried out a dose range study changing the concentrations of either 

OMVs or peptides.  

We first analyzed how T cell frequencies vary as a function of different amounts of peptides.  

Increasing amounts of M27 (0,1 µg, 1 µg, 10 µg and 50 µg) were mixed to 10 µg of OMVs and 

BALB/C mice were immunized following the schedule described previously and T cell frequencies 

were analyzed by EliSpot. As shown in figure 12, the T cell frequencies varied in a dose-dependent 

manner up to 10 µg of peptide, with 0.1 µg being not sufficient to give an appreciable amount of 

T cells. Further increasing the peptide concentration did not result in a higher number of epitope-
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specific T cells, whose frequencies appeared to slightly decrease. A very similar dose-response 

profile was obtained when the M68 epitope was mixed with 10 µg of OMVs (Figure 18).  

                 

Figure 18.  Influence of peptide epitope concentration on T cell frequencies.  0.1 μg, 1 μg, 10 μg or 50 μg of 

epitope peptide (M27 in A and M68 in B) were added to 10 μg OMVs and the mixtures were injected 

intraperitoneally in BALB/c mice on day 0 and day 7. Splenocytes were stimulated with either 5 μg/ml of 

peptide epitope (black) or 5 μg/ml of an irrelevant peptide as negative control (red). Statistical significance 

was calculated using an unpaired two-tailed T-test. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= 

P<0.001. 

Next, we analyzed the influence of the quantity of OMV on T cell frequencies. In this experiment, 

we kept constant the amount of peptide using the optimal dose previously determined (10 µg) 

and we progressively reduced the amount of OMVs starting from 10 µg, the amount which is used 

in the OMV-based Menigococcus B vaccine (Bexsero). More specifically, 10 µg of M27 were mixed 

with 1, 5 or 10 μg of OMVs and epitope-specific T cells were determined following the 

immunization schedule and the ELISPOT assay previously described. As shown in Figure 19, even 

though 1 µg of OMVs was sufficient to elicit good frequencies of epitope-specific T cells, 10 µg of 

M27 appeared to be the optimal amount of T cell production.  
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Figure 19.  Influence of OMV concentration on T cell frequencies.  Mice were injected intraperitoneally on 

day 0 and day 7 and spleen were analized on day 12. Three groups of mice were immunized with 10 μg M27 

peptide plus 1, 5, 10 μg of OMVsΔ60. Splenocytes harvested on day 12 were stimulated with either 5 μg/ml 

of the M27  peptide (black) or 5 μg/ml of irrelevant peptide (red). Statistical significance was calculated using 

an unpaired two-tailed T-test. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001. 

 

4.2.1.4  Effect of immunization schedule on antigen-specific T cell 

response  
 

Next, we investigated how the schedule and the site of immunization could affect the frequency 

of epitope-specific IFN+ CD4+ T cells.  

To better understand why we focused our attention on this experimental activity it is useful to 

briefly summarize the mechanisms and kinetics of cell-mediated immunity (see Figure 20).  

Effector T cells take a few days to be generated in the draining secondary lymphoid organs and 

then they reach the “site of injury” (infection, vaccination) through the blood stream. In the 

absence of a repeated stimulation by the antigen, they tend to decrease and memory T cells are 

generated.  It has been estimated that approximately 100 T cells in the naive T-cell repertoire 

expand in the lymphoid organs to about 100,000 effector cells by day 7, and then contract to 

about 7000 memory cells by day 25. Memory T cells reside either in the lymphoid organs and 

blood stream (central memory T cells and effector memory T cells), or in large part at the epithelial 

sites (tissue resident T cells).  
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Based on the above, the route of immunization and the immunization regime are expected to 

influence the frequency of T cells and the sites where T cells mostly reside.  

                                          

Figure 20. T cells differentiate into central memory and effector memory subsets, which are distinguished by 
the expression of the chemokine receptor CCR7. Quiescent memory cells bearing the characteristic CD45RO 
surface protein can arise from activated effector cells (right half of diagram) or directly from activated naive 
T cells (left half of diagram). Two types of quiescent memory T cells can derive from the primary T-cell 
response: central memory cells and effector memory cells. Central memory cells express CCR7 and remain in 
peripheral lymphoid tissues after restimulation. Memory cells of the other type—effector memory cells—
mature rapidly into effector T cells after restimulation, and secrete large amounts of IFN-γ, IL-4, and IL-5. 
They do not express the receptor CCR7, but express receptors (CCR3 and CCR5) for inflammatory chemokines. 
(Taken from Janaway’s Immunobiology, 9th Edition)  

    

In the experiments described so far, we injected the vaccine twice, at one-week intervals. Next, 

we tested the effect of the administration of a third vaccine dose one week after the second 

injection. Such regime should further increase the amount of epitope-specific effector T cells both 

in the splenocytes. As expected, the T cells frequencies almost doubled with respect to the two-

dose regime (Figure 21). 

Finally, we tested the frequency of T cells immunizing mice with one or two doses of M27-OMV 

vaccine followed by an additional immunization three weeks after the previous injection. Such 

experiment was designed to investigate the capacity of the OMV vaccine to elicit memory T cells 

since the additional dose given with an interval of 21 days should have activated these populations 

of T cells, while most of the original effector T cells should have declined (see Figure 21). The data 

reported in Figure 21 shows the presence of T cells in the spleen and, as expected, the frequencies 
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were lower than what detected following the regime of three doses given one week apart in which 

a high number of effector T cells have been produced. 

 

Figure 21. Frequencies of IFNγ+CD4+ T cells induced in BALB/C mice vaccinated with OMVs absorbed with 
M27 peptide using different immunization schedules. Mice were injected intraperitoneally with 10 μg of 
OMVΔ60 + 10 μg of M27. Splenocytes were restimulated in vitro with either 5 μg/ml of M27 peptide (black) 
or 5 μg/ml of negative control peptide (red). Statistical significance was calculated using an unpaired two-
tailed T-test. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001.  
 

 

Subsequently, we investigated how the site of immunization could affect the frequency of 

epitope-specific IFNγ+ CD4+ T cells. Indeed, when mice are vaccinated in the peritoneal cavity, the 

vaccine should partially reach the thoracic and mesenteric lymph nodes (the draining lymph nodes 

Figure 23) and in large part the spleen through the blood stream. Therefore, a large part of the 

effector T cells should be concentrated in the splenocytes and in the blood, while very few antigen-

specific T cells should be detected in non-draining lymph nodes. Consistently, i.p. immunization 

with M27-OMVs and M68-OMVs elicited epitope-specific T cells which could be detected in the 

spleen and in the blood of immunized animals a few days after the third immunization (Figure 22).  
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Figure 22.  Number of peptide-specific IFNγ+-CD4+ T cells induced by vaccination with OMVsΔ60 + M27 or 

M68 peptides immunizing mice with three doses one week apart administered intraperitoneally. A) Mice 

were immunized i.p. with 10 μg OMVΔ60 absorbed with 10 μg M27 in A) or M68 B) in peptides. Splenocytes 

(Black) and PBMC (Blu) harvested were stimulated in vitro with either 5 μg/ml of the vaccination peptide 

(M27 or M68) or 5 μg/ml of negative control peptide (red). Statistical significance was calculated using an 

unpaired two-tailed T-test. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001. 

                                      

In conclusion, i.p. immunization is an effective route to elicit epitope-specific T cells, which 

accumulate in the spleen and circulate in the blood stream. Although not confirmed by the 

analysis of specific markers (for instance surface expression of IL-7R and CD45RO), good levels 

of memory T cells are also produced, which can be activated by a vaccine dose given a few weeks 

after the primary immunization. Finally, as predictable, repeated injections at short intervals result 

in an amplification of the frequencies of the effector T cells. 

The intraperitoneal immunization is not the common immunization route for humans where 

vaccines are usually given either i.m. or s.c.. We therefore investigated whether OMVs injected 

following these routes can elicit sufficiently high frequencies of epitope-specific T cells. It has to 

be pointed out that when given i.m. or s.c., the injected vaccine is drained to the proximal lymph 

nodes (also taken up by peripheral DCs), while does not enter the blood stream with high 

efficiency. Therefore, effector T cells are expected to be mostly generated in the draining lymph 

nodes, and not in the spleen. Memory T cells either remain in the lymph nodes or reside at the 

periphery transported by the blood stream.  

BALB/C mice were vaccinated with three doses of 10 μg OMVsΔ60 + 10 μg of either M27 or M68 

peptides, and five days after the third dose epitope-specific T cells were analyzed in the draining 

lymph nodes, in the blood and in the spleen. As shown in Figure 23 and as expected, epitope-
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specific T cells were detected in the lymph nodes and in the blood, while they were barely 

detected in the spleen.  

                

Figure 23. Number of peptide-specific IFNγ+- CD4+ T cells induced by vaccination with OMVsΔ60+ peptide 

administered three times subcutaneously (s.c.) (A-B) or Intramuscularly (i.m.) (C-D). Mice were immunized 

s.c. with 10 μg OMVΔ60 absorbed with 10 μg M27 in A) or M68 in B). Mice were immunized i.m. with 10 μg 

OMVΔ60 absorbed with 10 μg M27 in C) or M68 in D). Splenocytes (Black), PBMC (Blu) and lymph node (Green) 

harvested were stimulated in vitro with either 5 μg/ml of the vaccination peptide (M27 or M68) or 5 μg/ml 

of negative control peptide (red). Statistical significance was calculated using an unpaired two-tailed T-test. 

Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001. 

 

 

4.2.2 CONCLUSIONS 

 

 The capacity of OMVs to induce potent humoral responses and immunological memory implies 

that they are excellent activators of T cell-dependent adaptive immunity. This has been 

demonstrated by a number of publications which show that OMV immunization elicit OMV-
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specific CD4+T cells and that such T cells predominantly belong to the Th1/Th17 subclasses, in line 

with the cytokine profile induced by the OMV-associated stimulatory molecules.  

However, considering that the OMV proteome is constituted by tens of periplasmic and 

membrane proteins that can give rise to a plethora of MHC II epitopes, the OMV immunization is 

expected to elicit a highly diversified population of CD4+ T cell clones, each clone comprising a 

relatively small number of cells. Therefore, the open question is whether the OMV platform can 

be used to induce high frequencies of CD4+ T cells recognizing specific MHC II epitopes. This would 

be an important requirement for cancer vaccines constituted by mutation-derived MHC class II 

neoepitopes. Such vaccines have been recently shown to be effective in both the preclinical and 

clinical setting as long as a good number of neoepitope-specific CD4+ T cells are induced by 

vaccination (137).  

To test the epitope-specific T cell responses induced by OMVs, we selected a group of murine 

MHC II epitopes and we immunized mice with vaccine formulations containing different amounts 

of  OMVs and synthetic MHC II peptide epitopes. Our data indicate that good frequencies of 

epitope-specific CD4+ T cells can be obtained when the mixtures include 10 g of OMVs and 10 

g of peptides. Under these conditions, the synthetic peptide epitopes were at least three orders 

of magnitude more abundant than any other OMV endogenous epitope (assuming that OMVs 

carry 100 proteins and that each protein containins an average of 10 epitopes). When lower doses 

of synthetic peptides were used, the CD4+ T cell frequencies dropped and became barely 

detectable when OMvs were mixed with 0.1 g of peptide.   

Overall, our results indicate that OMVs represent a good adjuvant platform for the production of 

epitope-specific IFN+ CD4+ T cells but, because of the diluting effect of the endogenous MHC II 

epitopes, detectable levels of specific CD4+ T cells are obtained as long as the epitope of interest 

is sufficiently concentrated in the vaccine formulation. This has to be considered in designing 

vaccines based on OMVs engineered with selected MHC II epitopes. Practically speaking, the 

epitope should represent a large fraction of the total OMVs proteins (> 10% w/w). At present,  

such expression levels of low molecular weight polypeptides (approx. 13-15 amino acids) are very 

difficult to achieve.    
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4.2.3 Epitope-specific CD8+ T cells induced by OMVs  

 

As already pointed out in the Introduction, the capacity of OMVs to induce epitope-specific CD8+ 

T cells has been described by a number of laboratories, including ours. In these studies, OMVs 

have been decorated with different MHC I epitopes by (i) genetic manipulation of the OMVs 

producing strains (128, 149, 150), (ii) chemical cross-linking of synthetic peptides to the OMVs 

(134, 135, 151), and (iii) simple peptide “absorption” to OMVs (mixing peptides with OMVs) (136). 

Altogether, the published data converge to the conclusion that OMVs do promote CD8+ T cell 

responses. However, these studies do not provide a systematic analysis on the optimal conditions 

necessary to elicit CD8+ T cells. 

Theoretically, the use of OMVs as an adjuvant to promote CD8+ T cells against a specific MHC I 

epitope has potential advantages and drawbacks.  

From the positive side, the immunization with OMV-MHC I epitope vaccine should result in the 

production of epitope-specific cytotoxic T cells in two ways: 1) Upon vaccination, the APCs 

internalize and present the vaccine epitope on MHC I, allowing the binding of epitope-specific 

naïve CD8+ T cells on the surface of the APC. At the same time, the OMV-mediated signaling of 

different innate immunity receptors (TLR4, TLR2, etc.) activates the APCs to a level sufficiently 

potent to induce the direct differentiation of the epitope-specific T cells into cytotoxic effector 

cells. 2) Upon vaccination, the APC internalizes the OMV-MHC I epitope vaccine and presents on 

its surface the MHC I epitope and the several OMV-associated T cell MHC II epitopes. This allows 

the concomitant binding on the same APC of the epitope-specific naive CD8+ T cells and of a 

population of effector CD4+ Th1 cells which can provide a strong stimulus for the vaccine-specific 

cytotoxic T cell activation. 

On the other hand, there are two possible limitations in the use of OMVs for the production of 

epitope-specific CD8+ T cells. The first one is linked to the fact that OMV proteins carry their own 

MHC I epitopes and they can exert a “diluting” effect similar to the one described for CD4+ T cells. 

In other words, to elicit high frequencies of epitope-specific CD8+ T cells, the vaccine epitope has 

to be present at a concentration that dominates in the pool of all OMV-associated MHC I epitopes. 

The second possible limitation is the inefficiency with which OMV-associated CD8+ T cell epitopes 

can be presented on MHC I molecules. The mechanisms of cross-presentation remain to be fully 

elucidated and this is particularly true for the OMV-MHC I epitope vaccine. How and with which 
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efficiency the OMV-MHC I epitope vaccine is released from the endosome and processed by the 

immunoproteasome is basically unknown (figure 24). 

In the attempt to better characterize the OMV-mediated activation of CD8+ T cells, we have 

investigated how different parameters determine the efficiency with which OMVs promote the 

production of epitope-specific cytotoxic T cells. In particular, we followed the influence of OMV 

and epitope concentrations, route of immunization and epitope/OMV formulations.   

 

Figure 24. Cross-presentation by dendritic cells (DCs). 1) DCs uptake and internalize OMVs. 2) OMV antigens 
are processed in endosome. 3) OMV-MHC I epitopes are released from endosome and processed by 
immunoproteasome. 4) CD8+ T cell epitopes are released into cytosol where they are recognized by MHC I 
and transported to the surface of DCs to activate CD8+ T cells. 5) At the same time, MHC II recognizes OMV-
MHC II epitopes and the CD4+ T cell epitope-MHC II complexes reach the membrane. 6) DCs activate a 
population of CD4+ T cells 7) which in turn help the activation of CD8+ T cells. Created with BioRender.com 
 

 

4.2.3.1  MHC I epitope selection  
 

In order to study the CD8+ T cell responses by OMV immunization we selected three MHC I 

epitopes which could be conveniently used in murine models: OVA257-264, SV40 IV404-411 C411L and 

ADPGK. 

OVA257–SIINFEKL-264 (OVA) is a CD8+ T cell epitope derived from the chicken ovalbumin protein 

and specific for the MHC I H2-Kb allotype expressed in C57BL6 mice. Kb-SIINFEKL is the most 

studied complex in vitro and in vivo thanks to its high immunogenicity and to the availability of 
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Kb-SIINFEKL specific reagents (152, 153). Such reagents include B3Z hybridoma cells (154), OT-I 

TCR transgenic mice (155), and the 25D1.16 monoclonal antibody (156), which enables precise 

quantitation of complexes by flow cytometry. Immunization of C57BL6 mice with OVA synthetic 

peptide formulated with different adjuvants elicits high frequencies of OVA-specific T cells and 

therefore the epitope is an excellent model to follow the ability of OMVs to induce CD8+ T cells in 

a quantitative manner.  

SV40 IV 404VVYDFLKL-411 C411L (SV40) is an MHC I H2-Kb restricted epitope derived from the Simian 

Virus 40 (SV40) large tumor antigen. It has been extensively used to study T cell responses in the 

C57BL6 mouse model. For instance, C57BL6 mice immunized with B6/T116A1 cells express SV40 

epitopes elicit around 8% frequencies of SV40-specific IFNγ+ CD8+ T cells (157, 158). 

ADPGKASMTNMELM is an MHC I H2-Db restricted neoepitope present in the murine MC38 tumor cell 

line and generated by an Arg>Met substitution (ASMTNRELM → ASMTNMELM) in the ADP-

dependent glucokinase enzyme. C57BL6 mice immunized i.p. with poly(I:C) and 50 µg peptide 

showed IFNγ+-CD8+ T cell  frequencies of about 1% (159).   

 

4.2.3.2  Epitope-specific CD8+ T cell responses elicited by OMVs 
 

We previously showed that the immunization of C57BL6 mice with a mixture of OMVs and OVA 

and SV40 synthetic peptides elicited high frequency of OVA and SV40-specific CD8+ T cells (149). 

As a first experiment, we decided to expand our previous results by immunizing mice with 10 

(Samine Jessica Isaac, PhD thesis, 2020) or 5 g of OMVs mixed with 5 g of OVA, SV40 or ADPGK.  

More specifically, groups of five C57BL6 mice were s.c. immunized twice one week apart and five 

days after the second immunization splenocytes were collected and epitope specific T cells were 

analyzed by either flow cytometry (for T cell analysis of OVA and SV40 T cells) or ELISpot (analysis 

of ADPGK T cells). As shown in Figure 25, the three vaccines induced epitope-specific T cells, the 

frequencies ranging from 0.5 % (ADPGK) to 4% and 11% (OVA and SV40, respectively) of total CD8+ 

T cells. The frequency of ADPGK-specific CD8+ T cells was estimated from the ELISpot analysis 

assuming that the CD8+ T cells in the spleen represent approximately 5-7 % of the total cell 

population.  

The conclusions from the results described above is that the immunization with mixtures of OMVs 

and synthetic peptides corresponding to MHC I epitopes elicits epitope-specific CD8+ T cells.  

Although the comparison with published data has to be taken with caution, the frequencies 
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appear to be at least not inferior to what is described for the same epitopes using different 

adjuvants/vaccine formulations. 

            

Figure 25. Frequencies/ number of peptide-specific CD8+ T cell obtained immunizing mice with OMVsΔ60 

absorbed with CD8+ T cell peptides. Mice were immunized with 10 μg OMVsΔ60 absorbed with 5 μg OVA or 

SV40 peptides and analyzed by FACS (A) (Samine Jessica Isaac, PhD thesis, 2020), or mice were 

immunized with 5 μg OMVsΔ60 absorbed with 5 μg ADPGK peptide and analyzed by ELISpot (B). The mixtures 

were injected subcutaneously on day 0 and day 7. Splenocytes harvested on day 12 were re-stimulated with 

either 5 μg/ml of the vaccination peptides (Black) or 5 μg/ml of unreleated peptide (red). Statistical 

significance was calculated using an unpaired two-tailed T-test. Not significant (ns)= P>0.1; *= P<0.1; **= 

P<0.01; ***= P<0.001.  

 

4.2.3.3  Frequencies of epitope-specific CD8+ T cells as a function of 

OMV and epitope concentrations 
 

We next investigated the amount of OMVs (adjuvant) necessary and sufficient to elicit epitope-

specific T cells in formulations constituted by mixtures of OMVs + synthetic peptides. This is an 

important question in consideration of the fact that, for safety reasons, the amount of adjuvants 

present in vaccines has to be carefully controlled and justified.  

C57BL6 mice were immunized with three different formulations, each including 5 g of OVA 

peptide and either 0.1, 1 or 10 g of OMVs. Mice were immunized twice one week apart and OVA 

specific CD8+ T cells were counted by flow cytometry collecting the spleens five days after the 

second immunization. For such analysis the splenocytes were stimulated with 5 mg/ml of either 

OVA peptide or an irrelevant peptide as control. The data reported in Figure 26 show that all three 

formulations induced OVA-specific CD8+ T cells. While the repetition of the experiment is in 

progress to establish  statistical significance using a larger number of animals, at this point in time 

it is fair to say that OMV concentrations ranging from 1 to 10 g are sufficient to induce a 

saturating level of epitope-specific CD8+ T cell frequencies. This is a relevant piece of data, 
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considering that the reactogenicity studies carried out in our laboratories indicate that vaccine 

formulations containing up to 10 g of E. coli OMVs are very well tolerated in mice.  

                                                   

Figure 26. Percentage of epitope-specific IFNγ+ CD8+ T cells elicited vaccinating mice with OVA peptide + 
increasing amount of OMVsΔ60. Mice were injected subcutaneously on day 0 and day 7 and spleen were 
analized on day 12. Three groups of mice were immunized with 5 μg OVA  peptide plus 0,1 μg, 1 μg, 10 μg 
of OMVsΔ60. Splenocytes harvested on day 12 were stimulated with either 5 μg/ml of the OVA  peptide (black) 
or 5 μg/ml of irrelevant peptide (red). Statistical significance was calculated using an unpaired two-tailed T-
test. Not significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001 Samine Jessica Isaac, PhD thesis, 2020.  

Next, we performed a dose-response experiment keeping the dose of OMVs fixed and testing 

different doses of peptides. More specifically, C57BL6 mice were immunized twice at one-week 

intervals with formulations containing 10 μg OMVsΔ60 and increasing concentrations (0.5 μg, 5 μg 

and 50 μg) of either OVA or SV40 peptides. On Day 12, spleens were harvested and IFNγ+CD8+ T 

cells were analysed by flow cytometry after splenocyte stimulation with the corresponding 

synthetic peptides (Samine Jessica Isaac, PhD thesis, 2020). As shown in Figure 26, 0.5 μg of both 

peptides were sufficient to elicit good frequencies of specific CD8+ T cells, frequencies that were 

essentially similar to those obtained with 5 μg of peptide. No further increase of OVA-specific T 

cells was observed when the formulations contained 50 g of peptide. In fact, for both OVA and 

SV40 epitopes, the frequencies seemed to decrease with respect to the lower concentrations.  

We repeated the same dose range experiment using the Adpgk peptide. In this case, the 

immunizations were done using 5 µg OMVs and the frequencies were analyzed by ELISpot. OMVs 

formulated with this peptide appeared to induce good activation frequencies of ADPGK-specific 

CD8+ T cells only when absorbed with 5µg of peptide. 
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Figure 26. Percentage/number of epitope-specific IFNγ+ CD8+ T cells induced by immunization with 

OMVsΔ60 + increasing amount of epitopes. 0.5 μg, 5 μg, or 50 μg of epitope peptide (OVA in A) and SV40 in 

B) were added to 10 μg OMVs and 0.5 μg, 5 μg, or 50 μg of ADPGK epitope peptide C) was added to 5 μg 

OMVs. The mixtures were injected subcutaneously in CD1 mice on day 0 and day 7. On day 12, splenocytes 

were stimulated  with either 5 μg/ml of peptide epitope (black) or 5 μg/ml of an irrelevant peptide as 

negative control (red). Statistical significance was calculated using an unpaired two-tailed T-test. Not 

significant (ns)= P>0.1; *= P<0.1; **= P<0.01; ***= P<0.001 (A and B Samine Jessica Isaac, PhD thesis, 2020). 

 

 

4.2.3.4  OVA-specific T cells induced by OMVs engineered with the 

OVA peptide 
 

All experiments reported so far were carried out using formulations constituted by mixtures of 

OMVs and synthetic peptides. We next asked the question whether OMVs decorated with specific 

MHC I epitopes by genetic manipulation of the OMV-producing strain could also elicit epitope-

specific T cells. From a theoretical standpoint, supported by several experimental evidences (160–

162), since the physical association of the epitope to the adjuvant guarantees their co-delivery to 

the same APC, the frequencies of epitope-specific T cells elicited upon vaccination with 

engineered OMVs should be improved. On the other hand, to induce epitope-specific CD8+ T cells, 

phagocytosed OMVs have to enter the immune-proteasome degradation pathway and the 

engineered epitope has to be correctly processed and presented on the surface of the APC in the 

context of the MHC I molecules. The efficiency with which OMV-associated CD8+ T cell epitopes 

are “cross-presented” remains to be investigated. 

To study the capacity of the engineered OMVs to elicit epitope-specific CD8+ T cells, we expressed 

the OVA peptide fused to the C-terminus of FhuD2, a protein that accumulates in the OMV 

membrane with high efficiency (149).  More specifically, the peptide was fused in three copies, 

each copy separated from each other by a glycine-glycine flexible spacer (GG) (Michele Tomasi, 

PhD thesis, 2018). The construct was inserted in pET(21b+), generating the recombinant plasmid 
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(pET-LS-FhuD2-OVA3x). After transformation in the E. coli OMV-overproducing strain 

BL21(DE3)Δ60, OMVs were purified from the culture supernatant (see material and methods). As 

shown in Figure 27, the FhuD2-3x OVA fusion accumulated in the OMVs at a quantity that by 

densitometry analysis of the gel was estimated to be approximately 20% of total OMV proteins. 

Considering that the three copies of the OVA peptide account for approximately 10% of the fusion 

protein, we estimated that 5 g of engineered OMVs included approximately 0.1-0.15 g of OVA 

peptide.  

                                                                         

Figure 27. OMVsΔ60 were efficiently engineered with heterologous epitopes. SDS-PAGE analysis of 10 µg 

of OMVs purified from BL21(DE3)Δ60, Lpp-FhuD2-OVA3x-OMVsΔ60. OMVs purified from BL21(DE3)Δ60 

strain transformed with the empty pET vector (“Empty” OMVs) were used as a control. Recombinant fusion 

protein is indicated by a red star. 

 

Based on the above calculations, groups of C57BL6 mice were s.c. immunized with either 5 μg of 

FhuD2-3xOVA-OMVsΔ60 or 5μg empty OMVsΔ60 + 0.15 μg of OVA peptide on day 0 and day 7. On 

Day 12, OVA-specific CD8+ T cells were analyzed not only in the spleen but also in the blood and 

in the draining lymph node by ELISpot assay. From the data reported in Figure 28, we can draw 

two conclusions. First, OVA-specific T cells could be detected at appreciable frequencies in all 

three compartments, including blood. This is of interest since it is conceivable to believe that the 

effector CD8+ T cells elicited by the vaccines could potentially be disseminated in most 

tissues/organs. Second, the two formulations performed essentially in a similar manner. We are 

currently confirming this result using other epitopes, such as SV40 and ADPGK.   
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Figure 28. Immunizations with OMVsΔ60 engineered with OVA3x and  OMVsΔ60 “absorbed” with the same 

amount of OVA peptide administered s.c. elicits  peptide-specific IFNγ+-CD8+ T cell. C57BL/6 mice were 

immunized with 5 μg of Lpp-FhuD2-OVA3x-OMVsΔ60 and 5 μg OMVsΔ60 absorbed with 0,15 μg of OVA peptide 

administered s.c.. After 5 days the second immunization, splenocytes/PBMC/ draining lymph nodes were 

collected from each mouse and peptide‐specific IFNγ+-CD8+ T cells were counted by ELISpot, after stimulation 

with the OVA peptide (black=spleen, blue=PBMC, green=lymph node) or an irrelevant peptide (red). 

 

4.2.4 CONCLUSIONS 

 

While it has been demonstrated that OMVs can elicit CD8+ T cells, the efficiency with which they 

do so and how they compete with other adjuvants has been poorly investigated so far.  

As already pointed out, the use of OMVs as an adjuvant/delivery system for cytotoxic CD8+ T cell 

responses might have potential advantages and drawbacks that need to be investigated. In 

particular, it is conceivable to believe that the efficiency of OMV-mediated CD8+ T cell responses 

is governed by two main mechanisms with possible opposite outcomes: co-presentation of MHC 

II and MHC I epitopes on APCs, and cross-presentation. From the one hand, once the OMV vaccine 

is phagocytosed, both the MHC I epitope(s) and the many OMV-associated MHC II epitopes will 

be presented on the surface of the same APC. This should guarantee a potent stimulation of 

effector CD8+ T cells mediated by a large population of CD4+ Th1 cells (see figure 25).  On the 

other hand, the cross-presentation process with which the phagocytosed OMV vaccine is released 

into the cytoplasm and enters the MHC I presentation pathway might be too inefficient to 

promote a robust production of effector cytotoxic T cells.  

To dissect the two opposite mechanisms, we first immunized animals with mixtures of OMVs and 

synthetic peptide epitopes. In so doing, once OMVs and peptides are simultaneously taken up by 

the same APC, the MHC I epitope can be cross-presented independently from the OMVs and 

therefore it should be promptly transported into the ER and loaded onto MHC I. In other words, 

should the OMV cross-presentation process be inefficient, this should not affect the cross-

presentation of the MHC I epitope. It has to be pointed out that an alternative mechanism, with 
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which the synthetic epitope can be presented on the MHC I molecules of APCs, envisages its direct 

binding to MHC I molecules after the displacement of peptides bound with lower affinity. This 

mechanism is theoretically possible considering that the synthetic peptides used in a number of 

our experiments have the exact amino acid composition and length of the described OVA, SV40 

and ADPGK epitopes.    

Our data demonstrate that when OMVs and synthetic MHC I epitopes are mixed together, 

epitope-specific CD8+ T cells are induced with high efficiency. For all three model epitopes used 

in this study (OVA, SV40 and ADPGK), <5 g of peptide were sufficient to elicit epitope-specific 

cytotoxic T cells with frequencies that, for the highly immunogenic OVA and SV40 epitopes, could 

be as high as 5 - 10% of total CD8+ T cells. To the best of our knowledge such frequencies are at 

least as good as those obtaining mixing 50 g of the same peptides with other adjuvants, such as 

CpG and Poly I:C.   

Our data also show that 5 g of OMVs are more than enough to elicit saturating levels of peptide-

specific cytotoxic T cells. In fact, in a particular experiment using OVA + OMV mixtures, 1 g of 

OMVs gave excellent OVA-specific CD8+ T cell frequencies. These results are particularly relevant 

for future clinical studies in that they suggest that the use of low dosages of OMVs would avoid 

potential reactogenic reactions without impairing their adjuvanticity. 

To investigate the efficiency of OMV cross-presentation, we engineered the OMVs with the OVA 

peptide and after immunization with 5 g of OVA-OMVs, we followed the presence of OVA-

specific CD8+ T cells in the spleen, in the draining lymph node and in blood. The engineering of 

OMVs was carried out by fusing three copies of the OVA epitope to the C-terminus of FhuD2, a 

protein we routinely use as a carrier to decorate OMVs with foreign polypeptides. Our data show 

that good frequencies of OVA-specific T cells could be measured in all three analyzed 

compartments. Our quantitative analysis of the OVA peptide in the engineered OMVs indicate 

that 5 g of OMVs (the dose used for immunization) contain approximately 0.1-0.15 g of OVA. 

Therefore, we compared the frequencies of OVA specific T cells elicited by OVA-OMVs with the 

mixture of 5 g of OMVs and 0.15 g of synthetic OVA peptide. Interestingly, the frequencies were 

comparable, suggesting that the cross-presentation of OMVs could be more efficient than what 

we originally thought.  Should this result be confirmed with other MHC I epitopes, this should 

facilitate the development of OMV-based vaccines aiming at eliciting cytotoxic T cell responses.   

 

 

 



68 
 

5 FINAL CONCLUSIONS  

 

 

The growing interest in the exploitation of OMVs as a vaccine platform can be appreciated by 

looking at the number of OMV-related publications. As of March 2023, the interrogation of the 

PubMed database using “OMVs [and] vaccines” as key words, results in a total of 950 papers 

retrieved, most of them published in the last 10 years. Such publications report the capacity of 

OMV-based vaccines to elicit protective immune responses against several bacterial and viral 

pathogens and against cancer. 

However, only a few of the published papers (see Table 5) try to investigate, in quantitative terms, 

the conditions necessary to elicit optimal immune responses against specific antigens present in 

the OMVs.  Such information is instrumental to establish the real potential of the OMV platform, 

considering the existence of several alternative platforms against which OMVs have to compete. 

With this work we provide a thorough analysis of both the humoral and cell-mediated immune 

responses induced by OMVs. The data, which we believe are of particular interest for the scientific 

community working in the field, strengthen the attractive features of the OMVs and justify their 

use as prophylactic and therapeutic vaccines.  

In essence, we show that minute amounts (1-5 g) of OMVs decorated with a specific antigen are 

sufficient to elicit high titers of antigen-specific antibodies, as long as the antigen represents 

around 4-5% of the total OMV proteins. Considering that our strategies for OMV engineering 

usually result in the expression of the heterologous antigens at concentrations well above 10%, 

this makes the OMV platform particularly attractive. In this respect it is important to keep in mind 

that a number of commercially available vaccines (pertussis, meningococcus, HBV, HPV) are 

formulated with substantially higher amounts of antigens and adjuvants. 

Moreover, our data described for the first time the conditions necessary to induce effective cell-

mediated immunity. Considering that OMV vaccines have been shown to be protective in a 

number of tumor mouse models, our results are of paramount importance to optimally design 

novel cancer vaccines.  

Overall, thanks to the results of this study our laboratory have demonstrated the effectiveness of 

OMV-based vaccines against a number of different pathogens and such vaccines are now ready to 

move the development phase.   
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OMVs producing 

strain 

Heterologous antigen(s) Pathogen Type of OMV-

antigen 

association 

Type of 

immune 

response 

analyzed 

Ref 

1 E. coli ClyA-GFP Proof of concept Engineered: 

external (5%) 

Antibody 

production 

125 

2 E. coli S. aureus antigens (LukE, 

Hla, SpA, FhuD2, Csa1) 

Staphylococcus 

aureus 

Engineered: 

external (LukE 

and Hla: 2%-10%; 

SpA, FhuD2, Csa1: 

10-20%) 

Antibody 

production 

121 

3 E. coli ClyA-Omp22 Acinetobacter 

baumannii  

Engineered: 

external (1%) 

Antibody 

production 

130 

4 E. coli GAS/GBS antigens (Slo, 

SpyCEP, Spy, SAM) 

Group A/B 

Streptococcus  

Engineered: 

luminal (Slo: 5%, 

SpyCEP: 10%, 

Spy: 0.5%-1%, 

SAM: 0.5%) 

Antibody 

production 

96 

5 E. coli HtrA Chlamydia 

muridarum 

Engineered: 

luminal (0.16%-

0.2%) 

Antibody 

production 

126 

6 S. enterica  PspA Streptococcus 

pneumoniae 

Engineered: 

luminal (0.8%) 

Antibody 

production 

129 

7 Salmonella  Hbp-PspA Streptococcus 

pneumoniae 

Engineered: 

external  

Antibody 

production 

131 

8 S. typhimurium 

GMMA  

fHbp  N. meningitidis, 

Salmonella 

Engineered: 

luminal (3.9% in 

OAg-/2.2% in 

OAg+); 

Conjugated: 

external (11.2% in 

OAg+ 

conjugate/19.8% 

in OAg- 

conjugate) 

Antibody 

production 

(163

) 

9 B. thetaiotaomicron  F1, V  Yersinia pestis Engineered: 

luminal (V 

antigen, 15 

μg/mL total 

protein); 

Engineered: 

external (F1 

antigen, 10 

Antibody 

production 

(164

) 
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μg/mL total 

protein) 

10 S. typhimurium 

GMMA  

Hemagglutinin (HA) Influenza A virus Conjugated: 

external (19.8%); 

mixed 

Antibody 

production 

(165

) 

11 S. typhimurium 

GMMA  

Rabies virus 

glycoprotein (RABVG) 

Rabies virus Conjugated: 

external (25%); 

mixed 

Antibody 

production 

(165

) 

12 N. meningitidis  HexaPro Spike SARS-CoV-2 virus Conjugated: 

external 

Antibody 

production 

(166

) 

13 E. coli  Influenza antigens 

(A/California/7/2009 

(H1N1), 

A/Victoria/361/2011 

(H3N2), and 

B/Massachusetts/2/201

2) 

Influenza A virus Mixed Antibody 

production 

(167

) 

14 E. coli  H1N1 HA Influenza A virus Mixed Antibody 

production 

(168

) 

15 N. meningitidis  PhtD and PhtD-C Streptococcus 

pneumoniae 

Mixed Antibody 

production 

(169

) 

16 E. coli ClearColi ClyA-M2e Influenza A virus Engineered: 

external (6%) 

Antibody 

production 

(170

) 

17 S. typhimurium  SaoA Streptococcus 

suis 

Engineered: 

external (10%) 

Antibody 

production 

(171

) 

18 E. coli  CPS14 Streptococcus 

pneumoniae 

Engineered: 

external (1.3%) 

Antibody 

production 

(172

) 

19 N. meningitidis  RBD dimer SARS-CoV-2 virus Mixed Antibody 

production 

(173

) 

20 E. coli  RBD and core peptide 

NG06 

SARS-CoV-2 virus Engineered: 

luminal (RBD: 5%) 

external (ClyA-

NG06: 0.5%) 

Antibody 

production 

(174

) 

21 N. meningitidis  PD5 Dengue virus Mixed Antibody 

production 

(175

) 

22 N. meningitidis  Protein D Haemophilus 

influenzae 

Mixed Antibody 

production 

(176

) 

23 E. coli Nissle 1917 ClyA-Apxr Actinobacillus 

pleuropneumonia

e 

Engineered: 

external (0.6%) 

Antibody 

production 

(177

, 

178) 

24 N. meningitidis  RBD SARS-CoV-2 virus Mixed Antibody 

production 

(178

) 
 

25 S. parathyphi 

GMMA 

Vi, 0:2 O Salmonella 

serovars 

Engineered: 

external (9,6%) 

Antibody 

production 

(179

) 
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26 E. coli EsxA, Sbi, SpAKKAA Staphylococcus 

aureus 

Mixed Antibody 

production 

(180

) 
 

27 Escherichia 

coli W3110 

ΔmsbB/ΔpagP 

Influenza antigens 

(A/California/7/2009 

(H1N1), 

A/Victoria/361/2011 

(H3N2), and 

B/Massachusetts/2/201

2) 

Influenza A virus Mixed Antibody 

production 

(118

) 

28 S. typhimurium  RBD SARS-CoV-2 virus Mixed Antibody 

production 

(181

) 
       

 
OMVs producing 

strain 

Heterologous epitope Tumor Type of OMV-

antigen 

association 

Type of 

immune 

response 

analyzed 

Ref 

29 E. coli DH5α BFGF TC-1 skin tumor 

model 

Engineered: 

luminal, mixed 

Autoantibodie

s production 

(182

) 

30 E. coli Nissle, E. 

coli BL21(DE3)Δomp

A 

SV40 epitope 

(VVYDFLKL), OVA 

(SIINFEKL) 

B16F10 

melanoma model 

Engineered: 

external 

CD8+ T cells (149

) 

31 E. 

coli BL21(DE3)Δomp

A 

EGFRvIII, M30 B16F10 

melanoma model 

Engineered: 

external 

CD4+ and 

CD8+ T cells 

(95) 

32 E. coli DH5α HPV16E7 TC-1 skin tumor 

model 

Engineered, 

mixed 

CD4+ and 

CD8+ T cells 

(183

) 

33 E. coli  OVA, Adpgk B16F10 

melanoma 

model, MC38 CRC 

model 

Conjugated, 

mixed 

CD4+ and 

CD8+ T cells 

(184

) 

34 E. coli  OVA, Adpgk B16F10 

melanoma model 

Engineered: 

external, mixed 

CD4+ and 

CD8+ T cells 

(132

) 

 

Table 5. State of the Art Research on OMV-based vaccines 
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6 Materials and methods 

6.1 Animals 

 

Female BALB/C, CD1 and C57BL/6 mice between 6–8 weeks of age were purchased from Charles 

River laboratories. All Mice were treated in accordance with the Animal Ethical Committee of The 

University of Trento and the Italian Ministry of Health. Mice were monitored once a day in order 

to evaluate any signs of stress such as respiration rate, posture, and loss of weight (more than 

20%) according to humane endpoints. Mice showing such conditions were anesthetized and 

subsequently sacrificed in accordance with experimental protocols. 

 

6.2 Mice immunization 

 

CD1 mice were intraperitoneally immunized three times (0-14-28) with different concentrations 

of OMVsΔOmpA and  OMVsΔ60 empty or engineered with FhuD2, HlA or SpAKKAA  antigens formulated 

alone or in presence of 2 mg/ml Alum hydroxide as adjuvant in a final 200µl solution containing 

phosphate-buffered saline (PBS)(Gibco) to arrive at volume. Mouse sera were collected after 10 

days of the last immunization. Instead for T cell generation, BALB/C or C57BL/6 mice were 

immunized two or three times per intraperitoneal, subcutaneous or intramuscular routes with 

different peptide and OMV, derived from E. coli BL21(DE3)ΔOmpA or Δ60 strains, concentrations 

using different schedule of immunizations as described previously (0-7-12; 0-7-14-19). Mice 

immunized intraperitoneally received a final volume of vaccine of 200ul, instead mice immunized 

subcutaneously 100 µl and mice immunized intramuscularly 50 µl of vaccine. Mice immunized per 

subcutaneous and intramuscular routes were sedated. 

 

6.3 Bacterial strains and culture conditions 

 

In this work were used four E. coli strains: E. coli BL21(DE3)ΔOmpA, E. coli BL21(DE3)Δ60, E. coli 

HK100 and E. coli  BL21(DE3). These E. coli strains were grown in Luria-Bertani (LB) broth medium 
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(Sigma 25g/L) at two different temperatures at 37°C or 30°C with shaking at 200 RPM, adding 

Ampicillin when required at the final concentration of 100 μg/mL. Depending on the need the E. 

coli strains were grown in different LB volumes, 50 ml, 500ml or in 2L in fermenter. For 

fermentation processes, bacteria grew at temperature 30°C until optical density at 600nm (OD600) 

0.5, then growth continued at 25°C; pH 6.8 (±0.2), dO2 > 30%; rpm 280-500 rpm; antigen induction 

at OD600 1.0 by adding 0.1 mM IPTG, 1 mL ampicillin (100 mg/mL). 

 

6.4 Chemically competent cells preparation 

 

E. coli BL21(DE3)ΔOmpA, E. coli BL21(DE3)Δ60, E. coli HK100 and E. coli BL21(DE3) stocked in 

glycerol were inoculated in 5 mL of sterile LB medium and incubated overnight at 37°C while 

shaking 200rpm. The precultures were diluted to OD600 0.1 in 100mL medium until they reach an 

OD600nm of 0.5-0.7. The pellet was collected with a centrifugation of the culture at 4 °C, 2500 x g 

for 20 minutes. The supernatant was discarded and the pellet was gently resuspended in 10 mL of 

cold sterile 100mM MgCL2 on ice for 30 minutes. After another centrifugation at 2500xg for 20 

minutes at 4 °C, discarded the supernatant, the pellet was resuspended in 2mL of a cold sterile 

solution of 100mM CaCl2 in 15% glycerol. The aliquots were rapidly frozen at -80°C. 

 

6.5 Plasmids construction using the Polymerase Incomplete 
Primer Extension (PIPE) 

 

The Polymerase Incomplete Primer Extension (PIPE) method was used to insert all E. coli 

BL21(DE3) genes described in this thesis project in pET15. The PIPE method is based on the 

observation that normal PCR amplifications result in mixtures of products which are not fully 

double stranded (Table 6). This technique combines cloning and mutagenesis. In fact DNA 

polymerase, once the primer is recognized, duplicate sequences starting 15-20 nucleotides further 

downstream from the start site. 5’ ends segment on the synthetic amplification of the primers 

overlap with the unpaired 5′ ends on the PCR products. In fact the primers that recognize the 

insert PCR (I-PIPE) are designed with the first 19 bases on the 5′ ends that overlap with 5′ ends to 

the vector PCR (V-PIPE). In this way it is possible to introduce sequences in the terminal portion 

of these incomplete fragments to build an hybrid consisting of vector and insert. At this point, 
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enzyme manipulation is not needed. V-PIPE and I-PIPE products are transformed in HK100 E.coli 

recombinase chemical competent strain and plated overnight on LB-Agar.  

To eliminate DNA not duplicated with PCR cycle, it is necessary to add 1µl of DpnI (Thermofisher 

scientific) a restriction enzyme.   

In Table 7 are represented the list of primers designed and applied for the construction of 

plasmids, in table 8 the list of plasmids used in this work and in table 9  the recombinant proteins 

features exploited in this work 

 

 

  

Table 6. PCR protocol  

 

Code Description Sequence (5’-3’) 

Primers for Vector (V) PIPE PCR 

EK-

1084 

Primer forward 

V-PIPE 

pET15b 

GCCCTGGAAGTACAGGTTTTC 

EK-

1085 

Primer reverse 

V-PIPE 

pET15b 

CGCGACTTAATTCTAGCATAAC 

Primers for Insert (I) PIPE-PCR (“flap”- primer) 

EK-

1486 

Primer forward 

I-PIPE BamA 

ctgtacttccagggc GCTGAAGGGTTCGTAGTGAA 

LC-

1498 

Primer reverse 

I-PIPE BamA 

tagaattaagtcgcg TTACCAGGTTTTACCGATGTTAAAC 

i-f-cpoB Primer forward 

I-PIPE CpoB 

ctgtacttccagggc CAGGCACCAATCAGTA 

i-r-cpoB Primer reverse 

I-PIPE CpoB 

tagaattaagtcgcg TTACATCGCGTTCAGACGT 

EK-

1486 

Primer forward 

I-PIPE FhuE 

ctgtacttccagggc GCACCAGCCACTGAAGAAAC 

LC-

1499 

Primer reverse 

I-PIPE FhuE 

tagaattaagtcgcg TCAGAATTGATACGTGCCGGTAA 

i-f-fkpA Primer forward 

I-PIPE FkpA 

ctgtacttccagggc ATGAAATCACTGTTTAAAGTAACGC  
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i-r-fkpA Primer reverse 

I-PIPE FkpA 

tagaattaagtcgcg TTATTTTTTAGCAGAATCTGCGGC 

i-f-glpQ 

Primer forward 

I-PIPE GlpQ 

ctgtacttccagggc ATGAAATTGACGCTGAAAAACC 

i-r-glpQ 

Primer reverse 

I-PIPE GlpQ 

tagaattaagtcgcg TTACTCTTTATTAAGGAATTTTACTGCC 

EK-

1482 

Primer forward 

I-PIPE HisJ 

ctgtacttccagggc GCGATTCCGCAAAACATCCG 

LC-

1494 

Primer reverse 

I-PIPE HisJ 

tagaattaagtcgcg TTAGCCACCATAAACATCAAAATCGAAG 

EK-

1484 

Primer forward 

I-PIPE LpoA 

ctgtacttccagggc TGTGGCACCCATACTCCCGA 

LC-

1496 

Primer reverse 

I-PIPE LpoA 

tagaattaagtcgcg TTAACTGACGGGGACTACCTGACC 

i-f-malE 

Primer forward 

I-PIPE MalE 

ctgtacttccagggc ATGAAAATAAAAACAGGTGCACGC 

i-r-malE 

Primer reverse 

I-PIPE MalE 

tagaattaagtcgcg TTACTTGGTGATACGAGTCTGC 

EK-

1479 

Primer forward 

I-PIPE OmpF 

ctgtacttccagggc GCAGAAATCTATAACAAAGATGGCA 

LC-

1491 

Primer reverse 

I-PIPE OmpF 

tagaattaagtcgcg TTAGAACTGGTAAACGATACCCAC 

i-f-oppA 

Primer forward 

I-PIPE OppA 

ctgtacttccagggc ATGACCAACATCACCAAGAGAAG 

i-r-oppA 

Primer reverse 

I-PIPE OppA 

tagaattaagtcgcg TTAGTGCTTCACAATGTACATATTCCG 

i-f-pal 

Primer forward 

I-PIPE PaL 

ctgtacttccagggc TGTTCTTCCAACAAGAA 

i-r-pal 

Primer reverse 

I-PIPE PaL 

tagaattaagtcgcg TTAGTAAACCAGTACCGCA 

EK-

1485 

Primer forward 

I-PIPE RlpA 

ctgtacttccagggc TGTACAAGCGATGATGGTCAG 

LC-

1497 

Primer reverse 

I-PIPE RlpA 

tagaattaagtcgcg CTACTGCGCGGTAGTAATAAATGA 

EK-

1489 

Primer forward 

I-PIPE SurA 

ctgtacttccagggc GCCCCCCAGGTAGTCGATAA 

LC-

1501 

Primer reverse 

I-PIPE SurA 

tagaattaagtcgcg TTAGTTGCTCAGGATTTTAACGTAGGC 

EK-

1483 

Primer forward 

I-PIPE YbiS 

ctgtacttccagggc GTAACTTATCCTCTGCCAACCG 

LC-

1495 

Primer reverse 

I-PIPE YbiS 

tagaattaagtcgcg TTAATTCAGACGAACCGGCATC 

i-f-ydcL 

Primer forward 

I-PIPE YdcL 

ctgtacttccagggc ATGCGTACCACATCATTTGC 

i-r-ydcL 

Primer reverse 

I-PIPE YdcL 

tagaattaagtcgcg CTACTTTTTGTTAACGTCAAACATGG 

EK-

1490 

Primer forward 

I-PIPE YncE 

ctgtacttccagggc GCAGAAGAAATGCTGCGTAAAG 

LC-

1502 

Primer reverse 

I-PIPE YncE 

tagaattaagtcgcg TTACAGCGCAATACGAATCACAT 

Primers for screenings 

LC-

1507 

Primer reverse 

colony PCR 

CTGAATACTGATTTTCTGTG 
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CI-1004 (T7P) Primer 

forward 

sequencing 

CCCTATAGTGAGTCGTATTA 

CI-1005 (T7T) Primer 

reverse 

sequencing 

GCTAGTTATTGCTCAGCGG 

Table 7. List of primers designed and applied for the construction of plasmids through V-PIPE and I-PIPE, 

for the expression of N-terminal His-tagged recombinant proteins. Primers used to perform colony PCR 

screenings and next-generation sequencing are indicated at the bottom of the table. 

 

Plasmid name Source 

Plasmids for production of engineered OMVs 

pET21b(+)_lpp_FhuD2 In-house (123) 

pET21b(+)_lpp_HlaH35L In-house (123) 

pET21b(+)_lpp_SpAKKAA In-house (123) 

Plasmids for expression of E. coli recombinant proteins 

pET15b_His6_TEV_BamA Cloned 

pET15b_His6_TEV_CpoB Cloned 

pET15b_His6_TEV_FhuE Cloned 

pET15b_His6_TEV_FkpA Cloned 

pET15b_His6_TEV_GlpQ Cloned 

pET15b_His6_TEV_HisJ Cloned 

pET15b_His6_TEV_LpoA Cloned 

pET15b_His6_TEV_MalE Cloned 

pET15b_His6_TEV_OmpF Cloned 

pET15b_His6_TEV_OppA Cloned 

pET15b_His6_TEV_PaL Cloned 

pET15b_His6_TEV_RlpA Cloned 

pET15b_His6_TEV_SurA Cloned 

pET15b_His6_TEV_YbiS Cloned 

pET15b_His6_TEV_YdcL Cloned 

pET15b_His6_TEV_YncE Cloned 

Table 8. List of plasmids used in this work. Plasmids for production of strains producing engineered OMVs 

were cloned as described in Irene et al. 2019 (123).   
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Protein Compartment Solubility 
MW 

[kDa] 
pI 

Molar 

extinction 

coefficient (Ɛ) 

Buffer 

A and B 

pH 

BamA* OM insoluble 88,4 4.9 140165 7.6 

CpoB* PP soluble 
28.2 

(25.4) 
8 21890 7.6 

FhuE* OM insoluble 77,4 4.5 143590 7.6 

FkpA PP soluble 26,2 6.7 15930 7.6 

GlpQ PP soluble 
40,8 

(38.2) 
5.4 (5.2) 51800 7.2 

HisJ PP soluble 26,2 5.2 17545 7.6 

LpoA* LP soluble 70 5.1 67505 7.6 

MalE PP soluble 40,7 5.6 (5.2) 66350 7.2 

OmpF* OM insoluble 37 4.6 54210 7.6 

OppA PP 
soluble 

(partially) 
58,4 6 (5.85) 113345 7.2 

Pal* LP soluble 
18.8 

(16.6) 
5.6 (6.1) 11920 7.6 

RlpA* LP soluble 35,7 5.1 16055 7.0 

SurA* PP soluble 45 6.1 29450 7.6 

YbiS PP 
soluble 

(partially) 
30,8 5.6 27390 7.6 

YdcL LP soluble 22,4 6.8 22920 7.6 

YncE* PP soluble 35,3 8.8 28420 7.0 

 

Protein Solubility MW [kDa] pI 
Molar extinction 

coefficient (Ɛ) 

Buffer 

A and 

B pH 
HlaH35L 

(Hla) 
Soluble 30 8.2 64860 6.3 

FhuD2 Soluble 34 9.7 55350 7.6 

SpAKKAA 

(SpA) 
Soluble 28.3 4.6 5960 7.6 

The table 9  summarizes the recombinant protein features exploited in this work. Proteins specified with 

the asterisk are present in the original strain E. coli BL21(DE3) ΔompA and not deleted in the E. coli BL21(DE3) 

Δ60 strain. Information on protein compartment was retrieved from UniProt (The UniProt Consortium 

UniProt: the universal protein knowledgebase in 2021). Protein solubility was evaluated with the B-PER® 

protein solubility test. Molar extinction coefficient, isoelectric point (pI) and molecular weight were predicted 

with the EMBOSS-Pepstats tool (EMBL-EBI). 

 

6.6 Colony PCR and sequencing 

 

Colony PCR allows checking the insertion of I-PIPE in the plasmid. Two primers were drawn, T7 

promoter and another specific primer on the insert gene sequence. The reaction mixture is 

https://www.uniprot.org/uniprot/P0A940
https://www.uniprot.org/uniprot/P45955
https://www.uniprot.org/uniprot/P16869
https://www.uniprot.org/uniprot/P45523
https://www.uniprot.org/uniprot/P09394
https://www.uniprot.org/uniprot/P0AEU0
https://www.uniprot.org/uniprot/P45464
https://www.uniprot.org/uniprot/P0AEX9
https://www.uniprot.org/uniprot/P02931
https://www.uniprot.org/uniprot/P23843
https://www.uniprot.org/uniprot/P0A912
https://www.uniprot.org/uniprot/P10100
https://www.uniprot.org/uniprot/P0ABZ6
https://www.uniprot.org/uniprot/P0AAX8
https://www.uniprot.org/uniprot/P64451
https://www.uniprot.org/uniprot/P76116
https://www.uniprot.org/uniprotkb/P09616/entry
https://www.uniprot.org/uniprotkb/A0A0H3JRD4/entry
https://www.uniprot.org/uniprotkb/Q70AB8/entry
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performed by Taq DNA polymerase, dNTPs and primers, 1x buffer. The presence of a band to the 

correct molecular weight in the agarose gel, confirms the good success of cloning (agarose gel 

(1,5%) in TAE 1X buffer at 120 Volts). The positive colonies were incubated ON in agarose gel and 

plasmids were extracted with QIAprep Spin Miniprep Kit (QIAGEN). All plasmids were sequenced 

by Eurofins genomics using mix2seq kit. The results of sequencing were analyzed using the 

benchling software. Finally, E. coli BL21 (DE3) were transformed with correct pET15-HIS6x-gene 

plasmids.  

 

6.7 Purification of recombinant E. coli BL21 (DE3) Proteins 

 

Recombinant E. coli BL21 (DE3) Proteins were purified using the TEV protease purification strategy 

(cesaratto et al.,2016) . As described before, the synthetic E. coli BL21 (DE3) genes, amplified by I-

PIPE, were fused at their 5’ to the sequence coding for His 6 -tag and the TEV cleavage site and 

regulated by T7 inducible promoter. 0,8-1,6 g of bacterial biomass were resuspended in 10 ml of 

lysis buffer A (500 mM NaCl, 10 mM NaH2PO4, variable pH 6-8 ) with the addition of 0.2 mM 

phenylmethansulfonyl fluoride solution protease inhibitor (PMSF) (Sigma life science), sonicated 

5 time for 30” at 4°C and the total cell lysate was finally centrifuged (15.000 x g, 30 min, 4°C). The 

supernatant was accurately filtered (0.22 µm) using an ÄKTA purifier System (GE) and was applied 

to Ni-affinity chromatography (IMAC) and a 5 ml HiTrap IMAC column (GE) monitoring absorbance 

at 280 nm. The column washing was performed at concentration of 50 mM imidazole (10%). 

Proteins bound to column were eluted using a linear gradient by increasing buffer B (500 mM 

NaCl, 10 mM NaH2PO4, 500 mM imidazole, pH 6-8) from 10% to 100% (the only concentration that 

changes is imidazole). Several fractions, containing the His-tagged recombinant proteins, were 

produced and were dialyzed at 4°C against buffer A and then digested with Tobacco Etch Virus 

Protease (TEV) (1 mg per 100 mg protein) with the addition of 5 mM β-mercaptoethanol. TEV-

digested proteins pool were applied to Ni-affinity chromatography and the flow-through, 

containing the untagged recombinant proteins, were applied to a final polishing step by size-

exclusion chromatography using a HiLoad 16/600 Superdex 75 pg column. 
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6.8 Western blot 

 

1µg  or 1.5 µg OMVsΔOmpA and decreasing protein concentrations were resuspended in Laemmli 

buffer and were boiled at 95 °C. Than samples were run in (SDS-PAGE) and transferred on 

nitrocellulose membrane (iBlot™ Transfer Stack, nitrocellulose, Thermo Fisher Scientific) with 

iBlot® Dry Blotting System (Thermo Fisher Scientific). Blocking was done at RT for 30 minutes by 

shaking using 10% skimmed milk (Serva) dissolved in TPBS. Membranes were treated with serum 

of mice immunized with 10µg of OMVsΔOmpA serum (in black in the image) or serum of mice 

immunized with 10µg recombinant protein + alum (in blue in the image) resuspended in TPBS 3% 

skimmed milk at final concentration of 1:1000, ON at 4°C. After three washing steps of 5’ in PBST, 

polyclonal rabbit anti-mouse immunoglobulins (Dako) were resuspended in TPBS 3% skimmed 

milk at the final concentration of 1:2000 and used to treat membranes for 45 minutes. 

Subsequently, 2 washes were done of 5’ in PBST and 1 wash of 5’ in PBS, antibody binding was 

detected by using the Amersham™ detection Kit (Cytiva) at ChemiDOC (BioRAS) instrument. To 

allow some bands to develop, many membranes were clipped. In this way, the intensity of the 

protein bands adjacent to the one of interest did not disturb its proper development. 

                                                            

Table 9  shows protein and quantity loaded on western blot  

 

6.9 pET-FhuD2-OVA generation 

 

50 µl of chemically competent cells were mixed with 100 ng of purified pET21B plasmid containing 

the gene of interest. Vials were incubated on ice for 30 minutes. Subsequently, cells were heat-

shocked at 42°C for 45 seconds and immediately transferred on ice for 2 minutes. The cells were 

Protein name
Loaded protein

 quantity 
FkpA 65 ng

GlpQ 6 µg

MalE 350 ng

OppA 70 ng

YbiS 4,5 µg

HisJ 5 µg

YdcL 5 µg

CpoB 4µg

LpoA 300 ng

PaL 6µg

RlpA 800 ng

SurA 400 ng

YncE 150 ng

BamA 70 ng

OmpF 6 µg

FhuE 1,5 µg
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moved in a volume of 950 µL of LB broth at 37°C and shaking at 200 rpm and subsequently 800 µl 

and 150 µl were plated overnight on LB-Agar (Luria/Miller) plate (Carl Roth), containing Ampicillin 

at final concentration of 100 µg/mL. 

pET-Sta6-OVA3x generation plasmid assembly was made by the polymerase incomplete primer 

extension (PIPE) method. Full sequence of FhuD2 was previously cloned in our laboratory in the 

pET21b+ plasmid. The synthetic gene encoding for 3 copies of OVA257-264 epitope with its flanking 

sequences separated by a glycine-glycine flexible spacer was purchased from GeneArt® Gene 

Synthesis (LifeTechnologies). The sequence of the construct is as follows: 5’- 

CAGCTGGAAAGCATTATTAACTTTGAAAAACTGACCGAAGGTGGTCAGCTGGAAAGCATTATTAACTTTG

AAAAACTGACCGAAGGTGGTCAGCTGGAAAGCATCATCAACTTCGAAAAACTGACCGAA-3’. To clone 

OVA to pET-FhuD2 and obtain the fusion protein FhuD2-OVA, pET-FhuD2 was linearized, OVA 

construct was amplified with OVA-F and OVA-R primers. Subsequently, PCR products were mixed 

together and plasmids were used to transform E. coli HK100 competent cells, obtaining pET-FhuD2 

-OVA.  

6.10 OMVs purification and SDS-PAGE 

 

E. coli BL21(DE3)ΔompA and E. coli BL21(DE3)Δ60 strains were engineered with pET21b+ plasmid 

encoding the genes of interest. Recombinant clones were grown at 37°C and 200 rpm in LB 

medium starting OD600 = 0.1 and, when the strains reached an OD600 of 0,5-0,7 protein expression 

was induced by addition of 0.1 mM IPTG (Sigma-Aldrich). Bacterial growth was stopped after 4 

hours of culture by a centrifugation at 5,000 x g for 20 minutes at 4 °C. Supernatants were filtered 

through a 0.22 μm pore size filter (Millipore). Medium containing OMVs was centrifugated in high-

speed centrifugation (200,000 x g for 2 hours). After being pelleted, OMVs were resuspended in 

variable concentration of PBS (1x) 50ul or 500ul and were filtered through a 0.22 μm pore size 

filter (Millex, syringe-driven filter unit). Absorbance of OMV proteins was measured through 

nanodrop spectrophotometer (280nm). Absorbance value was used to determine OMV protein 

concentration using DC protein assay (Bio-Rad). To separate OMV proteins, 10 μg of OMVs 

(protein content) and Laemmli buffer 1x were heated at 95°C for 10’ and were resuspended in 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using Any kD™ Criterion™ 

TGX Stain-Free™ Protein Gel (BioRad) in TrisGlicyne buffer (BioRad). Finally proteins contained in 

SDS-PAGE were revealed by Coomassie Blue staining. 
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6.11 ELISA 

 

Purified proteins were plated over-night at 4 °C on 96-well plates in 1x PBS (200ng/well). The 

plates were blocked with a solution 1% BSA in 1X PBS (100 µl/well) for 45 minutes at room 

temperature. Sera were diluted 1:100 in a Eppendorf tube and subsequently diluted serially 1:3 

on the 96-well plates with the immobilized proteins for 1 hour at RT. The wells were washed for 5 

times with 1x PBS-0,5% Tween20 (TPBS) and then anti-protein specific IgG were detected with a 

goat anti-mouse IgG secondary antibodies (Sigma-Aldrich) diluted 1 to 2000 for 45 minutes at RT. 

The secondary antibodies are conjugated to the alkaline phosphatase enzyme. After triple TPBD 

wash, Alkaline phosphatase conjugated antibody was detected by adding 100 µl/well of 3 mg/L of 

para-nitrophenyl-phosphate disodium hexaidrated in 1M diethanolamine buffer (pH 9.8). After 20 

minutes at room temperature in the dark, plates were analyzed at 405 nm spectrophotometer by 

Varioskan plate reader.   

 

6.12 Splenocytes and lymph node cells 

 

Spleens and lymph nodes were homogenized and splenocytes and lymph node cells filtered using 

a 70 μm cell Strainer (BD). Splenocytes and lymph node cells were resuspended at a concentration 

of 2.5x106 cells per ml in Roswell Park Memorial Institute (RPMI) medium (Gibco)+ 10%  heat 

inactivate fetal bovine serum (FBS) (Gibco)  and  2mM L-glutamine (Fisher scientific) and 1X 

Penicillin/Streptomycin (EuroClone). As positive and negative controls, cells were stimulated with 

phorbol 12-myristate 13-acetate (PMA, 0.5 mg/ml) and Ionomycin (1 mg/ml) or with 5 mg/ml of 

an unrelated peptide, respectively. 

 

6.13 PBMC 

 

Blood was collected by cardiac puncture. About 500μl of blood was obtained from each BALB/C 

mouse to which was added 20μl heparin (2,6 mg/ml)  (Sigma-Aldrich). The blood sample was 

diluted to a 1:1 volume ratio with PBS. It was added 5ml of Ficoll-Paque PLUS (GE Healthcare) to 

a fresh tube. After centrifugation at 400x g for 30 minutes, PBMC were isolated with a pipette 
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directly through the upper plasma layer at the interface. PBMC were washed twice in the PBS 

(400x g). 

6.14 IFN-γ ELISpot 

ELISpot plates (Mouse IFN-γ ELISpotPLUS kit (ALP), Mabtech) were washed 4 times with sterile PBS 

(200μl/well). Subsequently the plates were conditioned with medium (200 µl/well), containing 

10% of the same serum used for the cell suspension and they were incubated 30 minutes at room 

temperature. Removed the medium, 2.5x 105 cells resuspended in 100μl of medium were added 

followed by peptides diluted in 100μl of medium(5μg/ml). As positive and negative controls, cells 

were stimulated with phorbol 12-myristate 13-acetate (PMA, 0.5 μg/ml) and Ionomycin (1 μg/ml) 

or with 5 μg/ml of an unrelated peptide, respectively. The plates were putted in a 37°C humidified 

incubator with 5% CO2 and incubated for 12-18 hours. The cells were removed by the plates, 

washing the wells 5 times with PBS (200μl/well). The detection antibody (R4-6A2-biotin) was 

diluted to 1μg/ml in PBS containing 0.5% fetal calf serum (PBS-0.5% FCS). 100μl/well were added 

and the plates were incubated for 2 hours at room temperature. After this step, the plates were 

washed 5 times with sterile PBS (200μl/well). To detect primary antibodies were added 100μl/well 

of Streptavidin-ALP (1:1000) in PBS-0,5% FCS for 1 hour at room temperature. The plates were 

washed as the previous steps. The ready-to-use substrate solution (BCIP/NBT-plus) was filtered 

through 0.5 μm filter and 100μl/well were added. The color was stopped by washing with water. 

The spots were counted by stereomicroscope. Graphs were processed using GraphPad Prism 5.03 

software. 

6.15 Synthetic peptides 

All synthetic peptides used in this work were purchased from GenScript.   
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