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A B S T R A C T   

While current anti-Spike protein (SP) vaccines have been pivotal in managing the pandemic, their limitations in 
delivery, storage, and the inability to provide mucosal immunization (preventing infections) highlight the 
ongoing necessity for research and innovation. To tackle these constraints, our research group developed a 
bacterial-based vaccine using a non-pathogenic E. coli Nissle 1917 (EcN) strain genetically modified to express the 
SARS-CoV-2 spike protein on its surface (EcN-pAIDA1-SP). We intranasally delivered the EcN-pAIDA1-SP in two 
doses and checked specific IgG/IgA production as well as the key immune mediators involved in the process. 
Moreover, following the initial and booster vaccine doses, we exposed both immunized and non-immunized mice 
to intranasal delivery of SARS-CoV-2 SP to assess the effectiveness of EcN-pAIDA1-SP in protecting lung tissue 
from the inflammation damage. We observed detectable levels of anti-SARS-CoV-2 spike IgG in serum samples 
and IgA in bronchoalveolar lavage fluid two weeks after the initial treatment, with peak concentrations in the 
respective samples on the 35th day. Moreover, immunoglobulins displayed a progressively enhanced avidity 
index, suggesting a selective binding to the spike protein. Finally, the pre-immunized group displayed a decrease 
in proinflammatory markers (TLR4, NLRP3, ILs) following SP challenge, compared to the non-immunized 
groups, along with better preservation of tissue morphology. Our probiotic-based technology provides an 
effective immunobiotic tool to protect individuals against disease and control infection spread.   

1. Introduction 

Over the past four years, the global community has confronted the 
profound ramifications of the COVID-19 pandemic, extending beyond 
immediate health concerns to encompass significant economic and so-
cial challenges. The rapid global spread of SARS-CoV-2 in our inter-
connected and globalized societies prompted the World Health 
Organization to state COVID-19 a pandemic by March 11, 2020. 

Although the pandemic phase of COVID 19 infection has been declared 
concluded on May 5th 2023 by the WHO, on February 4, 2024, over 774 
million confirmed cases and more than seven million deaths have been 
reported globally (https://covid19.who.int/). 

The urgent need for a more effective and fast response from the 
global scientific and healthcare communities is a still significant 
challenge. 

The etiopathogenic agent of COVID-19 is SARS-CoV-2, which 
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belongs to the Coronaviridae family and infects human cells by directly 
interacting with the angiotensin-converting enzyme-2 (ACE-2) through 
the viral Spike Protein (SP) [1]. Consequently, the SP is the targeted 
antigen for vaccine development [2–4]. 

While current anti-SP vaccines have been pivotal in managing the 
pandemic, their limitations in delivery, storage, and the inability to 
provide mucosal immunization (preventing infections) highlight the 
ongoing necessity for research and innovation. This is vital not only for 
addressing existing challenges but also for preparing against future 
pandemics [5–7]. 

To tackle these constraints, our research group developed a bacterial- 
based vaccine using a non-pathogenic E. coli Nissle 1917 (EcN) strain 
genetically modified to express the SARS-CoV-2 SP on its surface (EcN- 
pAIDA1-SP), leveraging the bacteria’s immunogenicity [8]. Specifically, 
we engineered an EcN strain with a plasmid encoding SP, utilizing the 
adhesin involved in diffuse adherence 1 (AIDA1) as an autotransporter 
(pAIDA1-SP). This design facilitates the surface expression of 
SARS-CoV-2 SP on the otherwise non-pathogenic bacteria. The presen-
tation of the viral epitope by commensal bacteria not only extends its 
half-life upon administration but also enhances the immune response, as 
the surface proteins of gram-negative bacteria serve as adjuvants [9,10]. 

Several bacteria have been investigated as delivery systems to ex-
press recombinant proteins. For example, E. coli represents one of the 
most studied and employed microorganisms due to its safety profile, 
high growth rate, genomic simplicity, and ease of handling [11–13]. A 
proof-of-concept study introduced a killed whole-genome-reduced E. 
coli vaccine with a surface expression of the SARS-CoV-2 fusion peptide, 
and the authors reported the feasibility of this platform against 
SARS-CoV-2. Although promising, this approach failed to elicit strong 
neutralizing humoral immune responses against the fusion peptides in a 
porcine model [14]. 

Preliminary evaluations demonstrated the effectiveness of EcN- 
pAIDA1-SP in eliciting long-term systemic IgG-mediated immunization 
against SP following oral administration, coupled with a strong mucosal 
IgA response [15]. This is particularly noteworthy considering that only 
a limited number of currently available vaccines have been assessed for 
their ability to induce mucosal protection in both the upper (URT) and 
lower respiratory tract (LRT) [16,17]. Indeed, the nasal turbinate (NT) 
in the URT stands out as one of the most critical entry points for 
SARS-CoV-2 in humans. Ciliated nasal epithelial cells in the NT exhibit 
the highest expression of ACE2 and transmembrane serine protease 2 
(TMPRSS2) [18] — another crucial receptor for SARS-CoV-2 entry and 
infection. Additionally, the LRT tissue also expresses a significant 
amount of ACE2 in various cell types, including macrophages, bronchial 
and tracheal epithelial cells, and type 2 pneumocytes [19], making the 
LRT another crucial area for SARS-CoV-2 infection. The revelation that 
EcN-pAIDA1-SP can induce a targeted mucosal IgA-mediated response 
in the lungs instills confidence in its potential as a promising strategy for 
preventing viral spread [20,21]. 

While the currently available vaccines may not entirely prevent 
infection, they notably provide robust protection against severe clinical 
outcomes, such as acute respiratory distress syndrome (ARDS) and 
multiorgan failure associated with the advanced stages of the disease 
[4]. ARDS occurs when macrophages and mast cells fail to regulate the 
innate immune response [22,23], leading to an excessive release of 
pro-inflammatory mediators [24,25], which is further amplified by the 
activation of the NOD-like receptor family pyrin domain containing 3 
(NLRP3) inflammasome [26,27]. 

It appears that the SP of SARS-CoV-2 initiates a hyper-inflammatory 
response through its interaction with Toll-like receptor 4 (TLR4) [28]. 
Substantial research from our group and others has established a direct 
association between these components, playing a pivotal role in the 
development of ARDS and various short-term and long-term manifes-
tations of COVID-19 [29,30]. In a prior publication, we proposed a po-
tential mechanism by which the interaction of SP with TLR4 induces this 
inflammatory milieu, involving the phospho-p38/NF-кB/NLRP3 

pathway [31]. Additionally, we demonstrated the up-regulation of 
ACE-2 receptor expression in different cell subtypes during SP-induced 
inflammatory conditions, possibly linked to TLR4-related downstream 
products [32]. 

Based upon these notions, an anti-SARS-CoV-2 vaccine able to trigger 
the production of mucosal IgA against SP may operate on a dual level: 
opsonization of viral particles preventing the infection and direct 
interference with SP-TLR4 interaction to mitigate the pro-inflammatory 
action of this antigen [33]. 

In this research paper, we assessed the capability of EcN-pAIDA1-SP 
to induce specific IgG/IgA-mediated long-term immunization against 
the SARS-CoV-2 SP through intranasal delivery of the engineered bac-
teria. Additionally, we examined the main immune mediators involved 
in the process. Moreover, following the initial and booster vaccine doses, 
we exposed both immunized and non-immunized mice to intranasal 
delivery of SARS-CoV-2 SP to assess the efficacy of EcN-pAIDA1-SP in 
protecting lung tissue from the pro-inflammatory environment. 

2. Materials and methods 

2.1. Generation of E. coli Nissle expressing SARS-CoV-2 spike protein on 
the cell membrane as an immunogen 

The adhesin involved in diffuse adherence (AIDA) of E. coli has been 
used for the expression of recombinant proteins on the outer membrane 
of E. coli. The surface translocation system of AIDA-I is an anchor pro-
tein from the Escherichia coli (Escherichia coli strain 2787). Surface 
expression using AIDA required three parts: signal peptide, passenger 
domain, and anchor protein AIDAc. The signal peptide aided in trans-
porting the protein to the membrane, the passenger domain was the 
protein of interest, and the AIDAc was the anchor protein, whose 
β-barrel structure could be anchored on the outer membrane so that the 
protein of interest could be expressed on the surface. A specific plasmid 
pAIDA1 was exploited to express the SARS-CoV-2 SP on the EcN 
membrane. 

The plasmid coding for the SARS-CoV-2 SP was purchased from 
Genewiz, Suzhou, China, product cat n◦ GS-200519_A001 (https: 
//climsprod.genewiz.com.cn/ECProduct/Products/S-in-pCDNA3-1, 
accessed on 3 February 2022), and we cloned the SARS-CoV-2 SP from 
this plasmid for the pAIDA1 vector. The primers for RT-PCR are listed 
below (the red sequences are flanking sequences around the KpnI/SacI 
sites from the pAIDA1 vector (Addgene 79180, http://www.addgene. 
org/79180/, accessed on 3 February 2022), which were used for over-
lapping in-fusion in the next step: 

Spike-FW2: 
CAGGGTCCGGGTACCATGTTTGTTTTTCTTGTTTTATTGC 

Spike-RV2: CAGGTTTTCGAGCTCTGTGTAATGTAATTTGACTCC 
The pAIDA1 vector was digested with KpnI/SacI, and the PCR 

product was inserted into the cutting site by using the in-fusion method 
from Clontech, resulting in the pAIDA1-SP. The plasmid was transduced 
into the EcN and confirmed by Western blotting and immunofluorescent 
microscopy for the expression of the spike protein on the outer mem-
brane of the EcN [15]. 

2.2. Animals, immunization protocol, and sample collection 

All experiments involving animals were conductedaccording to the 
Federico II University’s Ethics Committee (Organizzazione per il ben-
essere animale, OPBA). All animal experiments complied with the 
ARRIVE guidelines and were carried out following the U.K. Animals 
(Scientific Procedures) Act, 1986, and associated guidelines, E.U. 
Directive 2010/63/EU for animal experiments. Six-week-old female 
C57BL/6Jmice were used for the experiments (Charles River, Lecco, 
Italy). All mice were maintained on a 12 h light/dark cycle in a 
temperature-controlled environment with access to food and water ad 
libitum. The mice were euthanized at various time points by CO2-induced 
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hypoxia. We conducted an initial set of experiments to assess the safety 
of the intranasally administered probiotic EcN-pAIDA1-SP at days 14 
and 35 and its ability to elicit a consistent immunological memory 
following the booster dos at day 28. In the second set of experiments, we 
investigated whether the treatment with EcN-pAIDA1-SP effectively 
prevents lung damage and the upregulation of pro-inflammatory 
markers that follow the intranasal administration SARS-CoV-2-SP in 
both the acute (post-intranasal administration of SP 50 ng/mouse) and 
chronic (25 days post-intranasal administration of SP 50 ng/mouse) 
phases of the disease. Here, mice were randomly divided into 5 groups of 
12 animals each: (1) Vehicle; (2) SP; (3) EcN-pAIDA1-SP; (4) EcN- 
pAIDA1-SP + SP; (5) EcN-pAIDA1 + SP. The entire protocol lasted 60 
days, and the 5 groups received treatments listed in Table 1. 

For the intranasal administration, volumes (10 μl each) of bacterial 
suspensions, SP solution or vehicle were intranasally delivered dropwise 
to the nares using a pipetman (model P20, Gilson) while the mouse was 
in a supine position. A total of N = 4 animals were euthanized on days 
14, 35, 42, and 60 (Scheme 1). 

2.3. Sample collection and preparation 

Blood samples were collected from the tail vein [34] at each time 
point. Blood samples were stored at 37 ◦C for 1 h, and then the serum 
was separated from blood cells by centrifuging at 12,000 RPM for 5 min 
[35]. Serum samples were stored at − 80 ◦C until they were analyzed. 

Broncho-alveolar lavage fluid (BALF) was collected follows. Mice 
were dissected to expose the trachea, and a small incision was made. A 
sterile tube (diameter 0.58 mm) was inserted through the incision and 
connected to a sterile syringe needle. To create an airtight seal, a piece of 
sterile surgical thread was tightly wrapped around the intubated tra-
chea. Two rounds of instillation and retrieval of 1 mL of sterile 
phosphate-buffered saline (PBS) into the lungs were then performed 
using the sterile syringe. To ensure the integrity of the procedure, the 
tubing-needle-syringe setup was rinsed thoroughly with sterile PBS be-
tween each sample collection. Sterile PBS (n=2) was used for lavage, 
and PBS rinses (n=4) of the syringe, needle, and tubing (before and after 
lavage) were collected as procedural controls. BALF was prepared by 
pooling the two sequential lavages from each mouse, resulting in up to 
2 mL of total BALF per mouse. 

To prepare perfused lungs for H&E and immunofluorescence anal-
ysis, a solution of 4% PFA was injected directly into the lung through the 
trachea, which was then secured with a piece of thread. The lungs were 
subsequently immersed in the same fixative for 24 h. Following fixation, 
the lungs were perfused and then immersed in 30% sucrose for 24 h. 

Lung’s homogenates were obtained from non-PFA fixed lungs. The 
snap-frozen lungs were thawed, weighed, transferred to different tubes 
on ice containing hypotonic lysis buffer (10 mM 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES), 1.5 mM MgCl2, 10 mM KCl, 
0.5 mM phenylmethylsulphonylfluoride, 1.5 mg/mL soybean trypsin 
inhibitor, 7 mg/mL pepstatin A, 5 mg/mL leupeptin, 0.1 mM benzami-
dine and 0.5 mM dithiothreitol (DTT)). The samples were centrifuged at 
10,000 RPM for 10 min and supernatants were transferred to clean 
microcentrifuge tubes, frozen on dry ice and stored at − 80 ◦C for the 
analysis. 

2.4. Rectal temperature assessment 

Rectal temperature was measured daily for the entire duration of the 
experiment. To obtain the rectal temperature, the mice were hand- 
restrained and placed on a horizontal surface. The tail was then lifted, 
and the probe (covered with Vaseline) was gently inserted into the 
rectum, up to a fixed depth [36]. 

2.5. ELISA for specific anti-SARS-CoV-2 SP IgG and IgA antibodies, LPS, 
TNF-α and IL-1β detection 

Specific anti-SARS-CoV-2-S protein IgG quantification was per-
formed on the sera samples collected every 2 weeks (0, 2, 4, 6, 8, 10, 12, 
14, and 16), using Mouse Anti-2019 nCoV(S)IgG ELISA Kit 96 T. Specific 
anti-SARS-CoV-2-S protein IgA levels in the BALF samples were assessed 
every 4 weeks (0, 4, 8, 12, and 16) using Mouse Anti-2019 nCoV(S)IgA 
ELISA Kit 96 T. All the ELISA analyses were performed according to the 
manufacturer’s instructions (Fine Biotech Co., Wuhan, China). ELISA for 
LPS, TNF-α, and IL-1β (all from Thermo Fisher Scientific, MA, USA) was 
carried out on mouse plasma and homogenized lung tissue according to 
the manufacturer’s protocol. Absorbance was measured on a microtiter 
plate reader. LPS levels were determined using standard curve methods. 

2.6. Relative avidity index for anti-SARS-CoV-2 SP IgA and IgG 

Plasma and BALF samples were tested for antibody avidity by a 
Mouse Anti-2019 nCoV(S)IgA and Anti-2019 nCoV(S)IgG ELISA kit 
equipped with recombinant SARS-CoV-2 2019 SP pre-coated wells (Fine 
Biotech Co., Wuhan, China). To determine the relative avidity index 
(RAI), two microplate wells were used for each analysis. In one well, the 
anti-SARS-CoV-2 ELISA was carried out according to the manufacturer’s 
instructions while an additional urea treatment (5.5 M for 10 min) was 
performed in the other well to detach the low-avidity antibodies from 
the antigen [37–39]. The RAI was calculated as the ratio of the absor-
bance with and without urea incubation and expressed as a percentage 
and fold increase vs. Vehicle group. 

2.7. Western blot analysis for spike protein detection in homogenized 
lungs tissue 

40 μg of extracted proteins were electrophoretically transferred onto 
polyvinylidene difluoride membranes. Subsequently, the membranes 
were blocked with PBS containing 5% w/v non-fat milk powder (Sigma- 
Aldrich Corporation-Merk KGaA, St. Louis, MO, USA) and then incu-
bated with rabbit SARS-CoV-2 SP S1 polyclonal antibody (1:1000 dil. v/ 
v) (Invitrogen, Waltham, MA, USA). Membranes were then incubated 
with the specific secondary antibodies conjugated to HRP. Immune 
complexes were exposed to enhanced chemiluminescence detection re-
agents, and the blots were analyzed by scanning densitometry (Versadoc 
MP4000; Bio-Rad, Segrate, Italy). Results were expressed as optical 
density (OD; arbitrary units = mm2). 

2.8. Hematoxylin and Eosin (H&E) staining and lung injury assessment 

Lungs were cryo-sectioned at 8 μm and placed onto slides. The 

Table 1 
Experimental groups and treatments along the 60 days of the experimental plan.  

Groups Days 0–3 (1st 
dose) 

Day 21 (Booster 
dose) 

Days 35–42  

(1) Vehicle Intranostril 
delivery of sterile 
PBS 

Intranostril 
delivery of sterile 
PBS 

Intranostril delivery 
of sterile PBS  

(2) SP Intranostril 
delivery of sterile 
PBS 

Intranostril 
delivery of sterile 
PBS 

Intranostril delivery 
of Spike protein 
(50 ng/mouse) in 
sterile PBS  

(3) EcN- 
pAIDA1-SP 

Intranostril 
delivery of EcN- 
pAIDA1-SP (109 

CFU) 

Intranostril 
delivery of EcN- 
pAIDA1-SP (109 

CFU) 

Intranostril delivery 
of sterile PBS  

(4) EcN- 
pAIDA1-SP 
þ SP 

Intranostril 
delivery of EcN- 
pAIDA1-SP (109 

CFU) 

Intranostril 
delivery of EcN- 
pAIDA1-SP (109 

CFU) 

Intranostril delivery 
of Spike protein 
(50 ng/mouse) in 
sterile PBS  

(5) EcN- 
pAIDA1 þ
SP 

Intranostril 
delivery of EcN- 
pAIDA1 (109 CFU) 

Intranostril 
delivery of EcN- 
pAIDA1 (109 CFU) 

Intranostril delivery 
of Spike protein 
(50 ng/mouse) in 
sterile PBS  
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sections were stained with H&E according to Ling et al. [40].The his-
topathological analysis has been performed in the following manner. 
The number of epithelial cells and the number of infiltrated neutrophils 
in alveolar spaces and interstitial space were analyzed by NIH Image J. 
40x fields (n=10) from each group were chosen for the counting of the 
epithelial and infiltrated neutrophils. Lung injury score (LIS) was 
measured as described by Matute-Bello et al. [41,42] following a scale 
(Table 2). 

2.9. Immunofluorescence analysis 

Lungs were cryo-sectioned at 8 μm and placed onto slides. Sections 
were blocked with bovine serum albumin (BSA) and subsequently 
stained with the appropriate primary antibody (Table 3). Slices were 
then washed with PBS 1X and incubated in the dark with fluorescein 
isothiocyanate-conjugated anti-rabbit or anti-mouse (Abcam, Cam-
bridge, UK). Nuclei were stained with Hoechst (DAPI). Sections were 
analyzed with a microscope (Nikon Eclipse 80i), and images were 
captured by a high-resolution digital camera (Nikon Digital Sight DS- 
U1). 

2.10. Myeloperoxidase assay 

Myeloperoxidase (MPO), a marker of polymorphonuclear leukocyte 
accumulation, was determined as previously described by Mullane et al. 
[43]. After removal, lung tissues were rinsed with a cold saline solution. 
Then, the tissues were homogenized in a solution containing 0.5% 
hexadecyltrimethylammonium bromide (Sigma-Aldrich, Milan, Italy), 
dissolved in 10 mM potassium phosphate buffer, and centrifuged for 
30 min at 20,000 RPM at 37◦C. An aliquot of the supernatant was mixed 
with a solution of tetramethylbenzidine (1.6 mM; Sigma-Aldrich, Milan, 
Italy) and 0.1 mM hydrogen peroxide (Sigma-Aldrich, Milan, Italy). The 
solution was then spectrophotometrically measured at 650 nm. MPO 
activity was determined as the amount of enzyme degrading 
1 mmol/min of peroxide at 37◦C and was expressed in milliunits (mu) 
per 100 mg of wet tissue weight. 

2.11. BALF cell count 

BALF was obtained from mice at each designated time point and 
subsequently centrifuged at 2000 RPM for 15 min. The resulting pellet 
was then reconstituted in 50 μl of DMEM, and an equal volume of 0.4% 
Trypan Blue was added and gently mixed. The mixture was incubated at 
room temperature (15◦C – 25◦C) for 5 minutes. 

Subsequently, 10 μl of the stained cell suspension was carefully 
placed into the hemocytometer chamber. Using a hand tally counter, the 
cells (stained nuclei) were enumerated within each of the four external 
squares of the hemocytometer. The overall number of nucleated cells per 
milliliter was dertermined as the average cell count per square x dilution 
factor x 104 [44]. 

2.12. Statistical analysis 

Results are expressed as the mean ± standard deviation (SD) of n 
experiments performed in triplicate, depending upon the experiment 
(see figure legends). Statistical analyses were performed using one-way 
ANOVA, and multiple comparisons were performed using a Bonferroni 
post hoc test. 

3. Results 

3.1. Intranasal administration of EcN-pAIDA1-SP is an effective and safe 
system that efficiently expresses SARS-CoV-2 spike protein without 
inducing lung toxicity 

EcN-pAIDA1-SP did not adversely affect pulmonary physiology 
following both the initial and booster doses administration, as it is 
confirmed by histological lung injury score assessments on days 14 
(Fig. 1A–B) and 35 (Fig. 1A–B). We performed ELISA tests on lung tissue 
homogenate to assess the levels of lipopolysaccharide (LPS), and no 
bacterial infections were found (Fig. 1C). Furthermore, cell count of pro- 
inflammatory cells in the bronchoalveolar lavage fluids (BALF) revealed 
no significant variations in the infiltrating cell number at pulmonary site 

Scheme 1. Experimental time course.  

Table 2 
Parameters for lung injury score assessment.  

Parameter Score per field 

0 1 2 

A Neutrophils in the alveolar space None 1–5 > 5 
B Neutrophils in the interstitial space None 1–5 > 5 
C Hyaline membranes None 1 > 1 
D Proteinaceous debris filling the 

airspace 
None 1 > 1 

E Alveolar Septal thickening < 2X 2X–4X > 4X 

Lung injury score =
[(20 ∗ A) + (14 ∗ B) + (7 ∗ C) + (7 ∗ D) + 2 ∗ E)]

number of field ∗ 100   

Table 3 
Antibodies for immunofluorescence analysis.  

CD- 
103 

mouse 1:100 v/v Proteintech, Manchester, UK 

CD- 
138 

mouse 1:100 v/v Novus Biologicals, Abingdon, UK 

TLR-4 rabbit 1:150 v/v Bioss Antibodies, Boston, MA, USA 
NLRP3 rabbit 1:1000 v/ 

v 
Invitrogen, Thermo Fisher, Waltham, MA, USA 

CD-68 rabbit 1:100 v/v Bioss Antibodies, Boston, MA, USA 
ACE-2 mouse 1:200 v/v Santa Cruz Biotechnology, Santa Cruz, CA, 

United States  
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compared to the vehicle group (Fig. 1D). Then, we measured the SP 
levels in the lung tissue to assess the ability of EcN-pAIDA1-SP to vehicle 
this protein to the target tissue. The WB analysis revealed and increased 
expression of SARS-CoV-2 SP in the lungs of EcN-pAIDA1-SP-treated 
animals at both days 14 (Fig. 1E–F, 0,4193 ± 0,0367, p < 0,0001 **** 
vs. Vehicle) and 35 (Figs. 1I, 1,178 ± 0,0419, p < 0,0001 **** vs. 
Vehicle). The absence of significant variations in the body temperature 
of mice underwent probiotic treatment along the entire follow-up 
compared to the vehicle group, confirming that no pyrogenic potential 
is associated with the intranasal administration of EcN-pAIDA1-SP. 
These results demonstrate the EcN-pAIDA1-SP efficiently expresses 
SARS-CoV-2 spike protein and its intranasal administration represents a 
safe to vehicle this protein to the lung tissue. 

3.2. Engineered EcN-pAIDA1-SP elicits a time-dependent increase in 
adaptative immune response 

The intranasal administration of EcN-pAIDA1-SP resulted in an in-
crease in CD138-positive cells in the lung (Figs. 2A–B, 32,73 ± 1,71, p <
0,0001 **** vs. Vehicle at day 35) and spleen (Figs. 2A–C, 23,40 ± 2261 
p < 0,0001 **** vs. Vehicle at day 35) compared with vehicle group, 
following the second boost of immunization (p < 0,0001 ◦◦◦◦ vs. EcN- 
pAIDA1-SP at day 14 for both lung and spleen). This was associated with 
a time-dependent rise in the anti-SARS-CoV-2 SP Immunoglobulin A 

(IgA) levels in the BALF (Fig. 2D, 0,0532 ± 0,0037, p < 0,0001 **** for 
day 28 vs. day 7; 0,0791 ± 0,0025, p < 0,0001 **** for day 35 vs. day 7) 
and anti- SARS-CoV-2 SP Immunoglobulin G (IgG) in the serum (Fig. 2E, 
0,0779 ± 0,0089, p < 0001 *** for day 28 vs. day 7; 0,1986 ± 0,0229, p 
< 0,0001 **** for day 35 vs. day 7) that follow the booster dose. The 
progressive increase in the relative avidity index (RAI) of BALF IgA 
(Fig. 2F, 32,07 ± 2314, p < 0,0001 **** for day 28 vs. day 14; 40,20 ±
2145, p < 0,0001 **** for day 35 vs. day 14) and serum IgG (Fig. 2G, 
21,27 ± 2052 for day 28 and 28,93 ± 2815 for day 35, p < 0,0001 **** 
vs. day 14), suggesting their progressive increased affinity for the viral 
antigen over time. Taken together, our results confirm that intranasal 
administration of EcN-pAIDA1-SP efficiently evokes an adaptative im-
mune response against SARS-CoV-2 SP consequent to the boost dose 
administration. 

3.3. The engineered EcN-pAIDA1-SP prevents the onset of both acute and 
chronic lung damage and immune cells infiltration induced by SARS-CoV- 
2 SP 

Intranasal administration of SARS-CoV-2 SP impaired the lung tissue 
morphology with a significant increase of lung injury score both in acute 
and chronic phase of inflammation (Fig. 3A–B, 0,0957 ± 0009 p <
0,0001**** for day 42 vs. Vehicle; 0,0448 ± 0005 p < 0,0001**** for 
day 60 vs. Vehicle). A parallel significant increase in pro-inflammatory 

Fig. 1. EcN-pAIDA1-SP is a safe system that expresses SARS-CoV-2 spike protein. (A) H&E histological staining at days 14 and 35 and related (B) quantification of 
histological lung damage. (C) Lung endotoxemia and (D) cell count in bronchoalveolar fluid. Quantification of SP expression in lung tissue homogenized at days 14 
(E-F) and 35 (G-H). (I) Measurement of daily body temperature after intranasal probiotic administration. Results are expressed as the mean ± SD of n = 5 ex-
periments, **** p < 0.0001 vs. vehicle. Image magnification 20X. 
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cells in the BALF was observed in the SP-treated mice both time points 
(Fig. 3C, 93,60 ± 7288, p < 0,0001**** for day 42 vs. Vehicle; 76,33 ±
6,51, p < 0,0001**** for day 60 vs. Vehicle) compared with vehicle 
group. The treatment with EcN-pAIDA1-SP via intranasal route pre-
vented the histological lung damage induced by SARS-CoV-2 SP, as it 
was reflected by attenuated lung injury score (LIS) (Fig. 3A–B, 0,0169 ±
0,0086, p < 0,0001◦◦◦◦ for day 42 vs. SP; 0,0154 ± 0,0093, p < 
0,0001◦◦◦◦ for day 60 vs. SP) and decreased immune cell infiltration in 
the bronchoalveolar fluid (Fig. 3C, 35,00 ± 5580, p < 0,0001◦◦◦◦ for day 
42 vs. SP; 32,00 ± 3440, p < 0,0001◦◦◦◦ for day 60 vs. SP), consistent 
with the histological staining outcomes. No significant changes in the 
lung injury score and number of immune cells in the BALF followed the 
administration of EcN-pAIDA1 in SARS-CoV-2 SP-treated mice, con-
firming that immunization is strictly related to the expression of SP on 
the outer membrane of EcN. The measurement of mice body tempera-
ture from day 35 to day 60 shows a fever peak at day 39 in the SP-treated 
group (Figs. 3D, 38,3 ± 0103, p < 0,0001**** vs Vehicle), which was 
prevented by EcN-pAIDA1-SP (Fig. 3D, 37,0 ± 0204, p < 0,0001◦◦◦◦ vs. 
SP) but not by EcN-pAIDA1. The intranasal administration of EcN- 
pAIDA1-SP did not lead to any changes in the lung histology, cell 
infiltration, and body temperature compared to vehicle mice, confirm-
ing its safety used. Together, our results provide evidence of SP- 

expressing EcN-pAIDA1 effectiveness in the prevention of lung injury 
caused by SARS-CoV-2 SP through the intranasal route. 

3.4. The engineered EcN-pAIDA1-SP prevents the pro-inflammatory 
response in situ associated with acute and chronic lung damage 

The intranasal administration of SP induced an increase in the 
expression of TLR-4 at both 42 and 60 days (Fig. 4A–B, 0,0177 ±
0,0018, p < 0,0001**** for day 42 vs. Vehicle; 0,0154 ± 0,00089, p <
0,0001**** for day 60 vs. Vehicle), with a parallel rise in NLRP3 
expression at the same time points (Fig. 4A–C, 0006 ± 0002, p <
0.0001**** for day 42 vs. Vehicle; 0,0047 ± 0,0014, p < 0,0001**** for 
60 vs. Vehicle). Additionally, a significant infiltration of macrophage 
into the lung tissue was highlighted by the increased expression of 
CD68-positive cells at 42 and 60 days (Fig. 4A–D, 0,0065 ± 0,0014, p <
0,0001**** for day 42 vs. Vehicle; 0,0054 ± 0,00089, p < 0,0001**** 
for day 60 vs. Vehicle). The immunization induced by EcN-pAIDA1-SP 
was effective in preventing the pro-inflammatory response induced by 
SP administration, with a significant reduction in the expression TLR4 
(Fig. 4A–B, 0,0093 ± 0,0014, p < 0,0001◦◦◦◦ for day 42 vs. SP; 0,0080 ±
0,0010, p < 0,0001◦◦◦◦ for day 60 vs. SP), NLRP3 (Fig. 4A–C, 0,00052 ±
0,00022, p < 0,0001◦◦◦◦ for day 42 vs. SP; 0,00038 ± 0,00008, p <

Fig. 2. EcN-pAIDA1-SP induces an IgG- and IgA-mediated response in both the lung and spleen. The images show the CD138 expression in the lungs (A-B) and spleen 
(A-C) at days 14 and 35, respectively. (D) Quantification of IgA in bronchoalveolar lavage, (E) IgG levels in serum, and the corresponding avidity index for IgA (F) 
and IgG (G). Results are presented as the mean ± SD of n = 5 experiments **** p < 0.0001 and *** p < 0.001 vs. vehicle at day 35; ◦◦◦◦ p < 0.0001 vs. EcN-pAIDA1 
at day 14. Image magnification 20X. 
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0,0001◦◦◦◦ for day 60 vs. SP), and CD68 (Fig. 4A–D, 0,0012 ± 0,00066, p 
< 0,0001◦◦◦◦ for day 42 vs. SP; 0,00068 ± 0,00037, p < 0,0001◦◦◦◦ for 
day 60 vs. SP) at 42 and 60 days compared to SP group. The treatment 
with EcN-pAIDA1 induced similar effects of SARS-CoV-2 SP, confirming 
that the effectiveness of EcN-pAIDA1-SP was related to the expression of 
SARS-CoV-2 SP on its outer membrane. 

Intranasal administration of SP led to a significantly higher release of 

pro-inflammatory cytokines, including TNF-α (Fig. 4E, 59,00 ± 3525, p 
< 0,0001**** for day 42 for vs. Vehicle; 39,47 ± 3067, p < 0,0001**** 
for day 60 vs. Vehicle), IL-1β (Fig. 4F, 10,28 ± 0287, p < 0,0001**** for 
day 42 vs. Vehicle; 7612 ± 0251, p < 0,0001**** for day 60 vs. Vehicle), 
and myeloperoxidase (MPO) (Figs. 4G, 120, 3 ± 1175, p < 0,0001**** 
for day 42 vs. Vehicle; 94,20 ± 2981, p < 0,0001**** for day 60 vs. 
Vehicle) compared to the vehicle group at both acute and chronic phase 

Fig. 3. EcN-pAIDA1-SP prevents SARS-CoV-2 SP-induced lung injury. (A) H&E histological staining of lung tissue and related (B) the lung injury score is shown at 
days 42 and 60. (C) Cell count in bronchoalveolar fluid and (D) measurement of body temperature. Results are presented as the mean ± SD of n = 5 experiments **** 
p < 0.0001 vs. vehicle; ◦◦◦◦ p < 0.0001 vs. SP. Image magnification 20X. 
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of inflammatory process, respectively. Conversely, the group immunized 
with EcN-pAIDA1-SP displayed a significant reduction in the release of 
TNF-α (Figs. 4E, 1,709 ± 0,1598, p < 0,0001◦◦◦◦ for day 42 vs. SP; 1551 
± 0,1856, p < 0,0001◦◦◦◦ for day 60 vs. SP), IL-1β (Fig. 4F, 51,93 ±
2576, p < 0,0001◦◦◦◦ for day 42 vs. SP; 5,4 ± 1121, p < 0,0001◦◦◦◦ for 
day 60 vs. SP), and MPO (Fig. 4G, 40,07 ± 3025, p < 0,0001◦◦◦◦ for day 
42 vs. SP; 16,00 ± 2572, p < 0,0001◦◦◦◦ for day 60 vs. SP), in contrast to 
the group treated with EcN-pAIDA1. Consistent with the previous re-
sults, the intranasal administration of EcN-pAIDA1-SP prevented the 
lung injury through the inhibition of pro-inflammatory response medi-
ated by SARS-CoV-2 SP. 

4. Discussion 

Both our research group and other authors have previously advo-
cated for the utilization of probiotic strains as vectors for viral or bac-
terial antigens, yielding promising results, including efficacy against 
SARS-CoV-2 as suggested in our previous work [15,45,46]. As the sci-
entific community reflects on the insights gained from the SARS-CoV-2 
pandemic, there arise a critical demand for an alternative vaccine 
platform that is not only cost-effective but also easily scalable, and 
simpler in terms of storage and administration. This could mitigate the 
substantial constraints posed by existing COVID-19 vaccines and 
potentially lay the groundwork for future vaccination strategies against 
the risk of new pandemic emergencies. 

To overcome these limitations, we investigated a probiotic-based 
immunization administered intranasally, using a genetically modified 
non-pathogenic EcN strain to express and present the SARS-CoV-2 SP on 

the bacterial surface. The concept of employing probiotics as a sup-
portive or therapeutic tool in pulmonary conditions is widely embraced, 
particularly for their anti-inflammatory properties [46–49]. Numerous 
studies underscore the effectiveness of specific probiotic strains, espe-
cially when delivered intranasally, in treating LRT viral infections 
[50–54]. 

Intranasal administration of certain strains has demonstrated the 
ability to modulate the respiratory microbiota composition [52], a key 
determinant of immune responses [55]. These beneficial microbes 
reinforce the defense mechanisms of the respiratory tract, promoting a 
robust and well-balanced immune response to viral infections [56]. By 
promoting the production of short-chain fatty acids and 
anti-inflammatory molecules, they have the potential to play a crucial 
role in quelling the body’s inflammatory storm, potentially alleviating 
the severity of COVID-19 [57]. Intriguingly, specific probiotic strains 
have displayed direct antiviral effects, showing the ability to inhibit 
viral replication [47]. Although the precise mechanisms require further 
exploration, some strains appear to establish an antiviral state in mac-
rophages through the production of nitric oxide (NO) and inflammatory 
cytokines such as IL-6 and INF-γ. Significantly, probiotic-based vaccines 
offer solutions to challenges associated with storage and availability. 
Lyophilization, extending storage time and improving stability, elimi-
nates the need for a cold-supply chain or refrigeration. Moreover, these 
vaccines do not necessitate specialized personnel or sterile syringes for 
administration. The feasibility of probiotic-based vaccines establishes 
them as a practical and realistic solution for addressing the healthcare 
needs of remote regions and poor nations. 

In terms of safety, EcN-pAIDA1-SP effectively colonized the lungs of 

Fig. 4. EcN-AIDA1-SP hinders the upregulation of inflammatory markers, diminishes oxidative stress, and mitigates the release of pro-inflammatory cytokines. In 
this figure, the expressions of (A-B) TLR-4, (A-C) CD68, and (A-D) NLRP3 are depicted at days 42 and 60, respectively. (E) Quantification of TNF-α, (F) IL-1β, and (G) 
myeloperoxidase in serum is shown. Results are presented as the mean ± SD of n = 5 experiments **** p < 0.0001 vs. vehicle; ◦◦◦◦ p < 0.0001 vs. SP; image 
magnification 20X. 
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mice since day 14th without eliciting a local or systemic pro- 
inflammatory response following both the initial and booster intra- 
nasal doses. While there are inherent limitations in using a murine 
model, such as predicting adverse reactions and translating results to 
humans, none of the animals in our experiment displayed symptoms 
related to lung issues or fever. Furthermore, we are confident that EcN- 
pAIDA1-SP will not exhibit any adverse reactions. This confidence stems 
from the fact that the chosen antigen carrier, EcN, is a well-established 
commensal bacterium fully integrated into the human gut microbiota. It 
possesses immunomodulatory functions that mitigate the inflammatory 
process [58]. Studies have shown that EcN can induce the production of 
anti-inflammatory mediators like IL-10, dampening the immune 
response of T lymphocytes, macrophages, and other immunocompetent 
cells, even at systemic sites [59,60]. Additionally, EcN stimulates the 
systemic production of antibodies from B lymphocytes associated with 
mucous membranes and induces the production of antibodies (IgM, IgA) 
in adults [61]. 

In terms of the immune response, the intra-nasal administration of 
EcN-pAIDA1-SP triggered systemic immunity, as evidenced by detect-
able anti-SARS-CoV-2 SP IgG in serum samples and IgA in BALF two 
weeks after the treatment initiation. Following the booster dose, both 
IgG and IgA levels reached their peak concentrations in the respective 
samples on the 35th day. Moreover, both serum IgG and secretory IgA 
exhibited a progressively increased avidity index, indicating selective 
binding to the SP. While not considered a gold-standard methodology, 
antibody avidity can be informative in assessing vaccination efficacy. 
Our results align with a gradually reinforced binding between immu-
noglobulins and the epitope, reflecting the maturation of the immune 
response post-booster administration. Additionally, the activation of 
CD138+ cells in the lungs and spleen serves as direct evidence of long- 
term immune memory activation since these cells represent the plas-
macytic effectors responsible for immunoglobulin production and 
release. Finally, our findings suggest the potential of EcN-pAIDA1-SP to 
prevent the invasion and colonization of the intestinal and respiratory 
mucosa by triggering an IgA-mediated immune response. 

To evaluate the neutralizing capacity of post-vaccination antibodies, 
we administered intranasal doses of the SARS-CoV-2 SP to the animals. 
The SP of SARS-CoV-2 appears to directly interact with TLR4, triggering 
a bacteria-like immune response in lung tissue. 

Animals treated with SP in our study exhibited increased TLR4 levels 
in the tissue, along with heightened activation of the NLRP3 inflam-
masome. At the histological level, we also observed increased pro- 
inflammatory cells infiltration and disruption of alveolar morphology. 
Building on prior research, the authors propose that the activation of the 
TLR4/NF-κB pathway is responsible for initiating the inflammasome 
protein complex, contributing to the bacteria-like response observed in 
ARDS patients [31,32]. 

In our model, the pre-immunized group displayed a reduction in pro- 
inflammatory markers, coupled with better preservation of tissue 
morphology. This was attributed to antibodies inhibiting the TLR4/SP 
interaction, blocking NLRP3 activation, and associated pathways, such 
as IL-1β. IL-1β is a key mediator in ARDS and is considered a potential 
target for pharmacological treatment in the early stages of COVID-19. 
Furthermore, inhibiting the NLRP3/caspase-1 pathway in alveolar 
macrophages could be crucial in preventing pyroptosis. This inhibition 
is crucial since, under various pathological conditions, extensive 
macrophage-induced pyroptosis through NLRP3/caspase-1 activation 
led to enhanced neutrophil recruitment. The administration of EcN- 
pAIDA1 did not prevent the effects induced by SARS-CoV-2 SP, con-
firming that immunization is strictly related to the expression of SP on 
the outer membrane of EcN. Unlike a mere recombinant production of 
the Spike protein from bacteria, the membrane anchoring system pAIDA 
allows for a surface exposure of the recombinant Spike protein to opti-
mize its antigenic potential in terms of immune recognition by the host. 
Differently by tissue-resident macrophages, neutrophils exhibit height-
ened immunoreactivity, and their activation can contribute to more 

severe inflammation. In COVID-19 patients, an over-recruitment of 
neutrophils during the most severe stage of the disease has been 
observed. 

Therefore, by averting pyroptosis in alveolar macrophages and 
reducing the release of ILs and other pro-inflammatory mediators, EcN- 
pAIDA-SP may exert multiple protective effects, preventing the onset of 
the most severe symptoms in COVID-19 patients. 

5. Conclusion 

In summary, our study explored the efficacy of the Ecn-pAIDA1-SP 
probiotic-based vaccine when administered intra-nasally to elicit an 
immune response against SARS-CoV-2 SP. The safety assessment in 
mouse models revealed successful colonization of the lungs while pre-
venting pro-inflammatory reactions. Concurrently, we observed acti-
vation of antibody-mediated immunity, evidenced by increased 
CD138+ cell count and production of anti-SP IgG and IgA following 
administration. The gradual enhancement in antibody avidity further 
suggests promising immune responses. Additionally, the lungs of the 
pre-immunized group were shielded from the pro-inflammatory envi-
ronment following intra-nasal administration of SP from SARS-CoV-2. 
We also emphasized how probiotic-based vaccines address logistical 
challenges in terms of storage and accessibility, offering a practical so-
lution for remote regions. The demonstrated preventive capabilities of 
EcN-pAIDA1-SP against mucosal invasion, coupled with its IgA- 
mediated immune response, underscore its effectiveness against severe 
COVID-19 symptoms. The high frequency of sequence mutations (e.g., 
Omicron B.1.1.529; JN.1, etc.) reported in the Spike protein poses a 
significant challenge for the new vaccines being proposed against SARS- 
CoV-2 infections. Although our experimental paradigm has focused, at 
this stage, on the original variant of the Spike protein, it is not excluded 
that, through appropriate biotechnological rearrangements, we can 
display different-antigen expression on bacteria. By this way in the 
future, it may be possible to induce a probiotic-based poly-immuno-
biotic capable of expressing multiple antigenic systems of both SARS- 
CoV-2 and other respiratory viruses. 

Patents 

Engineering of probiotic E. coli Nissle 1917 expressing the SARS-CoV- 
2 spike protein as a chimeric model of intestinal immunization against 
COVID-19 (wo2022219530 (a1)–2022–10–20). 
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