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Abstract

Background SARS-CoV-2 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). While vaccines are crucial, much
attention has been directed towards managing the symptoms of acute respiratory distress syndrome. Our present
study highlights the potential in counteracting lung inflammation triggered by SARS-CoV-2 SP of the intranasal
administration of the engineered probiotic Lactobacillus paracasei F19 expressing the enzyme NAPE-PLD (pNAPE-LP)
able to in situ release palmitoylethanolamide (PEA) under a super-low boost of palmitate.

Methods C57BL/6J) mice undergo prophylactic treatment with intranasal pNAPE-LP/palmitate for 7 days before a 7
days challenge with intranasal SARS-CoV-2 SP. Then the capability of pNAPE-LP of colonizing the lungs and actively
release PEA in situ have been determined by immunofluorescence, western blot and HPLC-MS. Moreover, the innate
immune system downregulation and the histological damage rescue exerted by pNAPE-LP have been tested by
immunofluorescence, hematoxylin and eosin staining, western blot analysis and ELISA test for the release of the pro-
inflammatory mediators.

Results pNAPE-LP effectively colonizes mice lungs and releases the anti-inflammatory compound PEA. Moreover,
pNAPE-LP exhibits a protective effect on alveolar morphology, innate immune cells infiltration and in the reduction
of neutrophil count, effectively reducing lung injury induced by SARS-CoV-2 SP. This is achieved by mitigating TLR4-
mediated NLRP3 activation and the downstream pro-inflammatory products such as ILs, TNFa, C-reactive protein and
the myeloperoxidase activity. Interestingly we observed a global reduction ACE2 expression in the lungs.

Conclusion pNAPE-LP actively protect from severe inflammatory-related symptoms in SP-challenged mice. Also,
it can downregulate the expression of ACE-2 receptors at the lung site potentially preventing the spreading of the
infection.

Keywords Engineered probiotic, Palmitoylethanolamide, SARS-CoV-2, Spike protein, ARDS, NLRP3

*Correspondence:
Alessandro Del Re
alessandro.delre@uniromal.it

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3668-9861
http://crossmark.crossref.org/dialog/?doi=10.1186/s41231-024-00167-x&domain=pdf&date_stamp=2024-3-18

Del Re et al. Translational Medicine Communications (2024) 9:9

Background

Over the past two decades, there has been a concerning
surge in the emergence of novel viral diseases [1] and
lastly the world has been grappling with the SARS-CoV-2
pandemic, resulting in nearly 7 million deaths to date [2].
SARS-CoV-2 is classified within the coronaviridae fam-
ily and engages human cells through a direct interaction
with the angiotensin-converting enzyme-2 (ACE-2) via
the viral Spike Protein (SP). This infection precipitates a
range of symptoms, notably including acute respiratory
distress syndrome (ARDS) and multiorgan failure in the
worst-case scenario [3].

Despite the conclusion of the crisis and the gradual
global reversion to a state of normalcy, numerous schol-
arly investigations are underscored by the prospect that
COVID-19 possesses the capacity to transmute its epi-
demiological characteristics from a pandemic manifesta-
tion into an endemic counterpart [4], thereby undergoing
a change into a seasonal infection. Moreover, taking into
account the the impending threat of future pandem-
ics [5], coupled with the fact that recent viral diseases
predominantly propagate via airborne transmission, an
imperative and pressing demand arises for efficacious
preventative interventions.

While vaccines were effectively preventing the worst
clinical outcomes of the COVID-19 [6], the possible
emergence of new variants of concern as well as the pos-
sibility of new airborne outbreaks, much attention has
been directed towards managing ARDS. This condition
occurs when macrophages and mast cells fail to regulate
the innate immune response [7, 8], leading to an exces-
sive release of pro-inflammatory mediators furtherly
amplified by the activation of the Nod-like receptor fam-
ily pyrin domain containing 3 (NLRP3) inflammasome
[9-12]. It appears that the SP of SARS-CoV-2 triggers
this hyper-inflammatory response by interacting with the
Toll-like receptor 4 (TLR4) and triggering a sort of bacte-
rial-like response in the innate immune system [13-15].
Extensive research has demonstrated the direct asso-
ciation between these components, which plays a pivotal
role in ARDS development and various short-term and
long-term manifestations of COVID-19 [16, 17]. Further-
more, TLR4-related pathways may enhance viral infec-
tivity by indirectly upregulating the ACE-2 receptor in
different cell subtypes during inflammatory conditions
[18-20].

Recent scientific studies have shed light on autacoid
local injury amides (ALIAmides), a class of naturally
occurring molecules synthesized by the N-acyl phospha-
tidylethanolamine-specific phospholipase D (NAPE PLD)
in response to specific demands. ALIAmides are promis-
ing valuable tool in the clinical management of COVID-
19 and other viral diseases by acting on peroxisome
proliferator-activated receptors (PPARs) and reducing
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the inflammatory response [21-23]. They achieve this
by downregulating the expression of several pro-inflam-
matory mediators and cytokines, including interleukin
(IL)-6 and IL-1P. Additionally, ALIAmides can decrease
the expression of TLR4 and NLRP3, both of which are
involved in the development of ARDS [24-26].

Our research group recently demonstrated that pal-
mitoylethanolamide (PEA), a specific type of ALIAmide,
can effectively reduce in vitro the expression of ACE-2 in
alveolar macrophages activated by the SP of SARS-CoV-2
(see Fig. 1 for a summary of our previous findings) [18].
Notably, clinical trials have shown the clinical efficacy
and safety of PEA in treating other viral lung diseases
such as influenza and the common cold [27]. Currently,
PEA is the subject of two clinical trials in Italy and the
United States, assessing its effectiveness in managing
COVID-19-related symptoms [28, 29].

However, the clinical utility of PEA is limited by its low
solubility and the consequent need of using high doses
to attain and maintain the therapeutic effect, under-
scoring the importance of localizing the release of PEA
to enhance regional absorption [30]. To enhance its
local bioavailability, our laboratory developed a modi-
fied strain of Lactobacillus paracasei subsp. paracasei
FI19 carrying a plasmid that expresses the NAPE-PLD
enzyme (pNAPE-LP). By releasing PEA under a super-
low boost of palmitate, this probiotic system has already
demonstrated effectiveness in reducing inflammation
in the gut across various colitis models. In these previ-
ous investigation we observed an optimum of PEA pro-
duction at the palmitate concentration of 0.003 pM [31,
32]. Moreover, considering the established connection
between lung microbiota disruption and ARDS, pNAPE-
LP holds promise as a prophylactic agent against ARDS
by mitigating inflammatory responses also by restoring
lung microbiota [33, 34]. Finally, its local action makes it
a compelling candidate for intranasal delivery. Therefore,
the objective of this study is to investigate the prophylac-
tic anti-inflammatory effect of intranasal administration
of the pNAPE-LP system combined with palmitate in a
SARS-CoV-2 SP-induced lung injury model. Initially, we
confirmed the ability of pNAPE-LP to colonize the lungs
and release PEA in situ. Subsequently, through histo-
logical, immunofluorescence, Western blot, and ELISA
analyses, we assessed the ability of our probiotic system
to preserve alveolar architecture integrity and reduce the
increase of pro-inflammatory markers (NLRP3, TLR4,
etc.).

Materials and methods

Generation of genetically modified strains of Lactobacillus
paracasei subsp. paracasei F19

The pTRKH3-slpGFP vector obtained from Add-
gene (Watertown, MA, USA) underwent several
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SARS-CoV-2 SP

Fig. 1 Summary of previous findings. Effect of ultramicronized(um)-PEA on SP-challenged murine alveolar macrophages. Anti-inflammatory effect of
um-PEA in SARS-CoV-2 spike protein challenged murine alveolar macrophages depends upon PPARa-mediated control of NF-kB and NLRP3 inflamma-
some signaling pathways. Schematic representation of SARS-CoV-2 spike protein-induced inflammasome activation and relative proposed anti-inflam-
matory mechanism of um-PEA in mice alveolar macrophages. Spike protein interacts at TLR4 and ACE-2 receptor sites, activating phosphorylation of
p38MAPK and consequent NF-kB activation. This is accompanied by cytokine release (IL.-6 and TNF-a) and inflammasome pathway activation, featured
by NLRP3 and Caspase-1/IL-13 upregulation. Um-PEA acting at PPAR-a receptor site inhibits NF-kB transcription and NLRP-3 inflammasome signaling
leading to a significant anti-inflammatory effect in spike protein-challenged alveolar macrophages

modifications. Firstly, the GFP sequence was eliminated
at Sall/Pstl restriction sites, followed by the insertion of
T7 transcriptional terminators at BamHI/EcoRV sites,
and finally, linker sequences containing Bsal-Bsal were
added at Pstl/Xmal restriction sites. Then, using the In-
Fusion method (Clontech, Mountain View, CA, USA),
the cDNA of human NAPE-PLD was inserted into the
Bsal sites. Electroporation was used to transfect the
resulting pTRKH3-slp-NAPE-PLD construct and the
parental plasmid (which does not express the NAPE-PLD
gene and is used as a negative control) into Lactobacil-
lus paracasei subsp. paracasei F19 strain (Arla Foods,
Hoersholm, Denmark). Positive clones were obtained by
erythromycin (5 pg/mL) selection. The parental plasmid
(pLP) and NAPE-PLD-expressing bacteria (pNAPE-LP)
were then anaerobically amplified in Man, Rogosa and
Sharpe (MRS)-broth (Conda, Torrejon de Ardoz Madrid,

Spain) and isolated in MRS agar (Conda, Torrejéon de
Ardoz Madrid, Spain) supplemented with erythromycin
5 pg/mL (Sigma-Aldrich, Milan, Italy) under anaerobic
conditions at 37 °C for 72 h. Finally, the viability of the
bacteria was determined by manually counting colonies,
and the colony forming units (CFU)/mL were obtained
by correcting the number of colonies for the dilution
factor.

Animals and experimental plan

Eight-week-old male C57BL/6] mice (Charles River,
Lecco, Italy) were used for the experiments. Sapienza
University’s Ethics Committee approved all experimen-
tal procedures. Animal care was in compliance with the
IASP and European Community (EC L358/1 18/12/86)
guidelines on the use and protection of animals in
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experimental research. The Experimental plans last for 14
days in total (from day —7 to day 7, see Fig. 2).

For the intranasal administration the animals were
lightly anesthetized by inhaled isoflurane (Abbott Labo-
ratories, Montreal, PQ, Canada), and 2 or 4 volumes
(25 pl each) of bacterial suspensions, SP solution, Pal-
mitate solution or vehicle were intranasally delivered
dropwise to the nares using a pipetman (model P20 or
P200, Gilson) while the mouse was in a supine position.
In details, the animals were randomly divided into 5
groups n=8 each and undergo treatments as follow: (1)
Vehicle, daily intranasal administration of sterile saline
solution along the entire experimental plan; (2) SARS-
CoV-2 SP 500 ug/Kg, daily intranasal administration of
sterile saline solution from day —7 to -1 and daily intra-
nasal administration of SP 500 pg/Kg from day 1 to day
7; (3) pNAPE-LP/Palmitate 0.003 pM, daily intranasal
administration of 10° CFU of pNAPE-LP+Palmitate
0.003 pM from day —7 to day —1 and daily intranasal
administration of SP 500 pg/Kg from day 1 to day 7; (4)
pLP/Palmitate 0.003 uM, daily intranasal administration
of 10° CFU of pLP+ Palmitate 0.003 uM from day —7 to
day —1 and daily intranasal administration of SP 500 pg/
Kg from day 1 to day 7; (5) Palmitate 0.003 uM, daily
intranasal administration of Palmitate 0.003 uM from
day —7 to day —1 and daily intranasal administration of
SP 500 pg/Kg from day 1 to day 7. All the solutions for
the intranasal inoculation have been prepared in sterile
saline as described in the Supplementary Table 1. Rectal
temperature was measured daily for the entire duration
of the experiment. To obtain the rectal temperature, the
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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. At day 7 the animals were sacrificed by
CO, hypoxia.

Sample collection and preparation

Broncho-alveolar lavage fluid (BALF) was collected in
the following manner. The mice were dissected to expose
the trachea, and a small incision was made. A sterile tube
(with an internal diameter of 0.58 mm) was inserted
through the incision and connected to a sterile syringe
needle. To create an airtight seal, a piece of sterile sur-
gical thread was tightly wrapped around the intubated
trachea. 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 between
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 pro-
cedural controls. BAL fluid was prepared by pooling the
two sequential lavages from each mouse, resulting in up
to 2 mL of total BAL fluid per mouse.

To prepare perfused lungs for H&E and immuno-
fluorescence analysis, 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 sub-
sequently immersed in the same fixative for 24 h. Follow-
ing fixation, the lungs were perfused and then immersed

Groups

. Vehicle

. SARS-CoV-2 SP 500 pg/Kg

. PNAPE-LP/Palmitate 0.003 uM + SARS-CoV-2 SP 500 pg/Kg
. pLP/Palmitate 0.003 pM + SARS-CoV-2 SP 500 pg/Kg

. Palmitate 0.003 pM + SARS-CoV-2 SP 500 pg/Kg

Days

=» = Daily intra nostril inoculation of pNAPE-LP + Palmitate 0.003 pM or pLP + Palmitate 0.003 uM or Palmitate 0.003 pM or Vehicle

=> = Daily intra nostril inoculation of SARS-CoV-2 Sp 500 pg/Kg

¥ = Sacrifice and samples collection

Fig. 2 Experimental plan
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in 30% sucrose for 24 h. Finally, the lungs perfused and
immersed in OCT for a period of 24 h before the cryostat
cutting.

Lungs homogenates were obtained from non-PFA fixed
lungs. The snap-frozen lungs were thawed, weighed,
transferred to different tubes on ice containing hypo-
tonic lysis buffer (10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM phenylmethylsulphonylfluoride, 1.5 mg/mL
soybean trypsin inhibitor, 7 mg/mL pepstatinA, 5 mg/mL
leupeptin, 0.1 mM benzamidine and 0.5 mM dithioth-
reitol (DTT)). The samples were centrifuged at 10,000 x
g for 10 min and supernatants were transferred to clean
microcentrifuge tubes, frozen on dry ice and stored at
-80 for the analysis.

Confirmation of pNAPE-LP lung colonization

BALF collected from groups 1 and 3 as previously
described were immediately diluted in serial 1/10 dilu-
tions (from 107! to 107°) and plated in MRS agar
enriched with Erythromycin [50 pg/mL] as selection
marker. The plates were incubated for 72 h at 37 °C in a
microaerophilic environment and then the colonies from
each spot were counted to determine the CFU/mL con-
tained in the BALF samples. N=4 single colonies have
been picked up from the 10~° dilution and inoculated in
MRS liquid media enriched with Erythromycin [50 pg/
mL] and growth overnight. According to the procedure
previously described [17] with slight modifications,
immunofluorescence analysis was performed in both
pNAPE-LP and in the cultured pLP as a negative con-
trol. Briefly, the cultures undergo spinning and the pellets
were washed in phosphate buffer saline (PBS). For immu-
nofluorescence staining of both pNAPE-LP and in the
pLP, 1x107 bacterial cells were placed on polyethylenei-
mine-coated coverslips and fixed with 4% PFA. Blocking
solution containing 1% bovine serum albumin (BSA) in
PBS (w/v) was used. Labelling was performed using poly-
clonal rabbit anti-NAPE-PLD antibody (1:100 dil. v/v)
(Cell Signaling Technology, Inc., Danvers, MA, USA).
Secondary fluorescein isothiocyanate-conjugated anti-
rabbit antibodies were incubated at room temperature
for 2 h in the dark. Samples were examined by Optika
XDS-3L4 microscope (Ponteranica, Bergamo, Italy).
Images were captured at 100x by a high-resolution digital
camera (Nikon Digital Sight DS-U1).

HPLC-MS determination of PEA level in mice lungs

Specimens from the lung from every groups of mice
were isolated to evaluate PEA concentrations in vivo.
Tissues were processed according to the method
described by the Endocannabinoid Research Group
[39]. Extraction and analysis were performed accord-
ing to Gachet et al. [40], with slight modifications.
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Analyses were run on a Jasco Extrema LC-4000 system
(Jasco Inc., Easton, MD, USA) coupled to an Advion
Expression mass spectrometer (Advion Inc., Ithaca,
NY, USA) equipped with an electrospray (ESI) source.
Mass spectra were recorded in positive SIM mode. The
capillary voltage was set at +180 V, the spray voltage
was at 3 kV, the source voltage offset was at +20 V,
and the capillary temperature was set at 250 °C. The
chromatographic separation was performed on a Kine-
tex C18 analytical column (150x4.6 mm, id. 3 pm, 100
A) and security guard column, both supplied by Phe-
nomenex (Torrance, CA, USA). The analyses were
performed at a flow rate of 0.3 mL/min, with solvent
A (water containing 2 mM ammonium acetate) and
solvent B (methanol containing 2 mM ammonium
acetate and 0.1% formic acid). Elution was performed
according to the following linear gradient: 15% B for
0.5 min, 15-70% B from 0.5 to 2.5 min, 7-99% B from
2.5 to 4.0 min and held at 99% B from 4.0 to 8.0 min.
From 8 to 11.50 min, the column was equilibrated to
15% B and conditioned from 11.5 to 15.0 min at 15%
B. The injection volume was 10 puL and the column
temperature was fixed at 40 °C. For quantitative analy-
sis, standard curves of PEA (Sigma-Aldrich St. Louis,
MO, USA) were prepared over a concentration range
of 0.0001-1 ppm with six different concentration lev-
els and duplicate injections at each level. All data were
collected and processed using JASCO ChromNAV
(v2.02.04) and Advion Data Express (v4.0.13.8).

Western blot analysis

Proteins were extracted from lung tissue or bacte-
ria pellets and processed by Western blot analysis.
For protein extraction by the bacterial pellet, a spe-
cific CelLytic™ lysis buffer (Sigma-Aldrich, Milan,
Italy) was used according to manufacturer’s instruc-
tions. Tissue samples were homogenized in ice-cold
hypotonic lysis buffer [10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 1.5 mM
MgClI2, 10 mM KCI, 0.5 mM phenylmethylsulphonyl-
fluoride, 1.5 pg/ml soybean trypsin inhibitor, 7 mg/
ml pepstatin A, 5 mg/ml leupeptin, 0.1 mM benzami-
dine, and 0.5 mM dithiothreitol (DTT)]. Both bacte-
rial- and tissue-deriving protein extracts were mixed
with a non-reducing gel loading buffer [50 mM Tris
(hydroxymethyl)aminomethane (Tris), 10% sodium
dodecyl sulfate (SDS), 10% glycerol, 2 mg/ml bromo-
phenol] at a 1:1 ratio, and then boiled for 3 min fol-
lowed by centrifugation at 10,000xg for 10 min. The
protein concentration was determined using Brad-
ford assay and equivalent amounts (50 pg) of each
homogenate underwent electrophoresis through a
polyacrilamide minigel. After the transfer the mem-
branes were incubated with 10% nonfat dry milk in
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Table 1 Antibodies for western blot

Antibody Host Clonality Dilution Brand

Anti-NLRP3 Rabbit Monoclonal 1:100 v/v Thermo Fisher Scientific, Waltham, MA, USA, Cat #MA5-32255
Anti-cleaved caspase 1 Mouse Monoclonal 1:100 v/v Santa Cruz Biotechnology, Dallas, TX, USA, sc-56,036
Anti-NAPE-PLD Rabbit Polyclonal 1:200 v/v AbCam, Cambridge, UK, ab95397

Anti-TLR4 Rabbit Polyclonal 1:50 v/v Bioss Antibodies, Boston, MA, USA, bs-1021R

Table 2 Antibodies for immunofluorescence

Antibody Host Clonality Dilution Brand

Anti-NLRP3 Rabbit Monoclonal 1:100 v/v Thermo Fisher Scientific, Waltham, MA, USA, Cat #MA5-32255
Anti-ACE2 Mouse Monoclonal 1:50 v/v Santa Cruz Biotechnology, Dallas, TX, USA, sc-390,851
Anti-CD68 Goat Monoclonal 1:200 v/v AbCam, Cambridge, UK, ab289671

Anti-TLR4 Rabbit Polyclonal 1:50 v/v Bioss Antibodies, Boston, MA, USA, bs-1021R

PBS overnight at 4 °C and then exposed, depending on
the experiments, with the appropriate primary anti-
body according to standard experimental protocols
(see Table 1). Membranes were then incubated with
the specific secondary antibodies conjugated to HRP
(Dako, Milan, Italy). Immune complexes were exposed
to enhanced chemiluminescence detection reagents,
and the blots were analyzed by scanning densitometry
(Versadoc MP4000; Bio-Rad, Segrate, Italy). Results
were expressed as optical density (OD; arbitrary
units=mm?2) and normalized against the expression
of the housekeeping proteins B-actin for mice samples
and GroEL for bacterial pellets.

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

Frozen sections of the lungs were sectioned using a
cryostat at 8 um and placed onto slides. The sections
were stained with H&E according to Ling et al. [35].
The histopathological analysis has been performed in
the following manner. Number of epithelial cells, and
the number infiltrated neutrophils in alveolar spaces
and interstitial space were analyzed by NIH Image J.
Ten 40x fields from each group were chosen for the
counting of the epithelial and infiltrated neutrophils.
Lung injury score was measured as described by Mat-
ute-Bello et al. [36] following a scale (see Supplemen-
tary Table 2).

Immunofluorescence

Frozen sections of the lungs were sectioned using
a cryostat at 8 um and placed onto slides. Sections
were blocked with bovine serum albumin (BSA) and
subsequently stained with the appropriate primary
antibody (See Table 2). Slices were then washed with
PBS 1X and incubated in the dark with fluorescein
isothiocyanate-conjugated anti-rabbit or anti-mouse
(Abcam, Cambridge, UK). Nuclei were stained with
Hoechst. Sections were analyzed with a microscope
(Nikon Eclipse 80i), and images were captured by a

high-resolution digital camera (Nikon Digital Sight
DS-U1).

Myeloperoxidase assay

Myeloperoxidase (MPO), a marker of polymorphonuclear
leukocyte accumulation, was determined as previously
described (Mullane et al., 1985). After removal, lungs tis-
sues 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 X g 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 spectrophotometri-
cally measured at 650 nm. MPO activity was determined
as the amount of enzyme degrading 1 mmol/min of per-
oxide at 37 °C and was expressed in milliunits (mu) per
100 mg of wet tissue weight.

Enzyme-linked immunosorbent assay (ELISA)

ELISA for IL-1pB, IL-6, TNFa and CRP (all from Thermo
Fisher Scientific, MA, USA) was carried out on lungs
homogenate according to the manufacturer’s protocol.
Absorbance was measured on a microtiter plate reader.
IL-1B, IL-6, TNFa and CRP levels were determined using
standard curve methods.

Results

PNAPE-LP colonizes mice lungs and actively releases PEA
in situ

In order to validate the lung colonization by our probi-
otic system, we cultured the BALF obtained from groups
(1) and (3) on MRS agar supplemented with erythro-
mycin [50 pg/mL]. Our findings revealed the presence
of erythromycin-resistant colonies exclusively in the
samples derived from the group subjected to intranasal
administration of pNAPE-LP (Fig. 3, A). Additionally, the
samples from group (3) exhibited an average level of 10*
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Fig. 3 Confirmation of pNAPE-PLD colonization of the mice lungs. At the end of the experimental protocol the BALF from pNAPE-LP/Palmitate group
displays significant levels of erythromycin resistant CFU compared to the Vehicle group (A). Once picked and amplified, these cells are revealed to express
the NAPE-PLD enzyme as confirmed by immunofluorescence (C), and western blot analysis (46 kDa) (housekeeping protein GroEL, 57 kDa) (D, E). The
HPLC-MS analysis of homogenates of lungs revealed a significant increase in the levels of PEA only in pNAPE-LP/Palmitate group (B). Results are expressed
as mean+SD of n=7 or 9 experiments performed in triplicate. *** p<0.001, **p < 0.01, * p<0.05 vs. Vehicle, n.d.=non detectable

CFU/mL (Fig. 3, B), thereby confirming the successful
colonization of the lungs by pNAPE-LP. To further cor-
roborate our observations, four colonies were selected
from each sample and cultured overnight in MRS liquid
media supplemented with erythromycin. Subsequently,
the resulting cultures underwent Immunofluorescence
and western blot analyses to ascertain the expression
of the NAPE-PLD enzymes. Our immunofluorescence

analysis (Fig. 3, C) and western blot results (Fig. 3, D-E)
demonstrated the selective expression of the NAPE-PLD
enzyme exclusively in the bacterial cells isolated from the
BALF of group (3).

Moreover, to validate the capacity of pNAPE-LP to
locally produce and release PEA under minimal stimula-
tion with palmitate, homogenates of mouse lung samples
from groups (1), (3), and (4) were subjected to HPLS-MS
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analysis to determine the levels of PEA. Once again, only
the samples obtained from animals treated with pNAPE-
LP and palmitate exhibited a significant increase in PEA
levels (p<0.001 vs. Vehicle group) (Fig. 3, B).

PNAPE-LP protects alveolar morphology and reduces the
lung injury score from SARS-CoV-2 SP pro-inflammatory
effect

After 7 days of intranasal delivery of SARS-CoV-2 SP,
mice in group 2 exhibited a substantial deterioration in
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their alveolar architecture, indicating significant dam-
age to the small air sacs in their lungs. In contrast, the
prophylactic administration of pNAPE-LP/Palmitate (3)
demonstrated a protective effect, effectively preserving
the alveolar morphology in the mice’s lungs. It is note-
worthy that the combination of the engineered probiotic
pNAPE-LP and palmitate played a pivotal role in confer-
ring histological protection in our experimental model
(Fig. 4, A). The results clearly highlight the efficacy of this
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2. SP [500 pg/Kg]

3. pNAPE-LP/Paimitate + SP [500 pg/Kg]
4. pLP/Palmitate + SP [500 pg/Kg]
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Fig.4 Prophylactic administration of pNAPE-LP/Palmitate accounts for histological damage attenuation, reduction of pro-inflammatory markers expres-
sion and MPO activity in mice lungs. Hematoxylin and eosin (H and E) stained lung specimens (A), relative quantification of infiltrated epithelial cells (B),
the neutrophil count (C) and the global lung damage score (D) showing the protective effect of pNAPE-LP/palmitate treatment on SP-induced lung injury
(magnification 7?x, scale bar: ??? um). Representative immunofluorescence images showing the co-expression of NLRP3 (green) and ACE-2 (red) and
their merge (E) on the left and the expression of TLR4 (red) on the surface of CD68™ (green) cells in mice lung specimens with their respective quantifica-
tion (G,H) display the protective effect of pNAPE-LP/Palmitate treatment on mice lungs following SP-mediated injury. Effect of pNAPE-LP prophilactic
treatment in reducing the MPO activity in lung tissue (I). Nuclei were also investigated using DAPI staining. Results are expressed as mean+SEM of n=5
experiments performed in triplicate. *** p<0.001, **p <0.01 vs. SP [500 pg/Kg]. Scale bar =20 um; magnification 20x
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specific combination in mitigating the detrimental effects
induced by SARS-CoV-2 SP.

The observed loss of alveolar architecture in group 2
was accompanied by a significant increase in the infiltra-
tion of epithelial cells (p<0.001 vs. Vehicle), as well as a
marked elevation in the neutrophil count (p<0.001 vs.
Vehicle), indicating a pronounced lung injury (p<0.001
vs. Vehicle). However, the prophylactic treatment with
pNAPE-LP/Palmitate (3) reversed the histological dam-
age observed in this group. Specifically, it successfully
normalized the percentage of infiltrated epithelial cells
(p<0.001 vs. SP [500 pg/Kg]), reduced the neutrophil
count (p<0.01 vs. SP [500 pg/Kg]), and consequently
decreased the overall lung injury score (p<0.01 vs. SP
[500 ug/Kg]) to levels comparable to those observed in
the vehicle group (Fig. 4, B-D). Consistent with expec-
tations, the two internal control groups, namely pLP/
Palmitate (4) and Palmitate alone (5), did not show any
significant differences compared to the SP [500 pg/Kg]
group (2) in terms of deterioration in their alveolar archi-
tecture, the percentage of infiltrated epithelial cells, the
neutrophil count and the lung injury score (Fig. 4, A-D).

PNAPE-LP attenuates TLR4-mediated NLRP3 activation in
the lungs of mice and reduces global ACE2 expression

To gain insights into the role of SARS-CoV-2 SP agonism
on TLR4 in vivo and explore the potential protective
effect of pNAPE-LP/Palmitate, we conducted immuno-
fluorescent analysis on lung sections of mice. Our objec-
tive was to examine the expression of TLR4 in alveolar
macrophages (CD68+cells) and its influence on the co-
expression of NLRP3 and ACE-2, two important markers
of ARDS onset and viral invasion, respectively.

Our findings revealed a significant upregulation of
TLR4 in CD68" cells (p<0.001 vs. Vehicle) in samples
from the SP [500 pg/Kg] group (2). Similarly, we observed
a parallel increase in the co-expression of NLRP3 and
ACE-2 (p<0.001 vs. Vehicle) following daily administra-
tion of SARS-CoV-2 SP (Fig. 4E-H).

Consistent with previous observations, treatment with
pNAPE-LP/Palmitate significantly mitigated the pro-
inflammatory environment in the lungs of mice. Notably,
the expression levels of TLR4 in CD68" cells were mark-
edly reduced (p<0.001 vs. SP [500 pg/Kg]), as were the
overall numbers of CD68" cells, indicating the beneficial
effects of the probiotic system compared to the SARS-
CoV-2 SP group (2). Similarly, the global co-expression of
NLRP3/ACE-2 was significantly diminished by the engi-
neered probiotic (p<0.001 vs. SP [500 ug/Kg]), further
confirming its anti-inflammatory properties (Fig. 4E-H).

In contrast, our investigation of the internal control
groups, namely pLP/Palmitate (4) and Palmitate alone
(5), revealed no significant changes in the expression of
the aforementioned markers compared to the SP [500 pg/
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Kg] group (2). Specifically, there were no notable dif-
ferences observed in the levels of TLR4 expression in
CD68* cells or concerning the co-expression of NLRP3
and ACE-2. These findings suggest that the administra-
tion of pLP/Palmitate or Palmitate alone did not exert a
significant impact on reducing the expression of these
markers when compared to the SP [500 pg/Kg] group
(Fig. 4E-H).

PNAPE-LP reduces the MPO activity in mice lungs

To gain a deeper comprehension of the role of innate
immunity in SP-induced lung inflammation and to
understand the therapeutic potential of pNAPE-LP/Pal-
mitate system, we conducted an MPO assay on samples
obtained from all experimental groups.

As anticipated, the SP [500 pg/Kg] group (2) exhib-
ited an elevated MPO activity, indicative of an inflam-
matory state in the lungs of mice (p<0.001 vs. Vehicle).
In contrast, treatment with pNAPE-LP/Palmitate
reduced MPO activity to physiological levels (p<0.001
vs. SP [500 pg/Kg]), thereby confirming the probiotic
system’s ability to restrain over-activation of the innate
immune system.

Once again, the internal control groups, pLP/Pal-
mitate (4) and Palmitate alone (5), demonstrated no
significant changes in MPO activity levels when com-
pared to the SP [500 pg/Kg] group (2) (Fig. 4, I).

Western blot analysis confirms pNAPE-LP-mediated
modulation of NLRP3, TLR4, and caspase 1 expression in
SARS-CoV-2 SP-induced lung injury

To further validate the findings obtained from immu-
nofluorescent analysis and delve into the activation of
procaspase 1 upon NLRP3 expression, western blot
analysis was conducted on lung homogenates.

Corroborating the previous data, our investiga-
tion revealed a significant increase in the abundance
of TLR4 (p<0.001 vs. Vehicle), NLRP3 (p<0.001 vs.
Vehicle), and the cleaved form of caspasel (p<0.001
vs. Vehicle) in the SP [500 pg/Kg] group (2) when com-
pared to the levels observed in the Vehicle group (1).

Once again, the prophylactic administration of
pNAPE-LP/Palmitate demonstrated its ability to
reverse this inflammatory trend. It not only reduced
the expression of TLR4 (p<0.001 vs. SP [500 pg/Kg])
and NLRP3 (p<0.001 vs. SP [500 pg/Kg]) but also
decreased the levels of the effector protein caspasel
p<0.01 vs. SP [500 ug/Kg]) derived from NLRP3.

In contrast, the internal control groups (4,5) did not
exhibit any consistent effect in reducing the levels of
the aforementioned proteins. The levels observed in
these control groups were comparable to those of the
SP [500 pg/Kg] group (2) (Fig. 5, A-D).
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Fig. 5 Prophylactic administration of pNAPE-LP/Palmitate reduces pro-inflammatory markers expression and body temperature in mice. Western blot
analysis on lung specimens to detect TLR4 (95 kDa), cleaved Caspase 1 (50 kDa), NLRP3 (120 kDa) and the housekeeping protein 3-actin (40 kDa) (A), and
the relative densitometric quantification (B, C, D) showing the protective effect of pNAPE-LP/palmitate treatment on SP-induced lung injury. pNAPE-
LP+ palmitate treatment reduces ILs (E, F), TNF-alpha (G) and CRP (H), thus reducing the body temperature (I) in SP-challenged mice. Results are ex-
pressed as mean +SEM of n=5 experiments performed in triplicate. *** p <0.001, **p <0.01, * p<0.05 vs. SP [500 pg/Kg]

pNAPE-LP/Palmitate treatment reduce the release of IL-1f3,
IL-6, TNFa and CRP in the lungs of mice

In conjunction with the western blot analysis, we con-
ducted ELISA tests to assess the levels of downstream
effectors released upon activation of the TLR4-NLRP3

pathway in the lungs of mice, including ILs, TNFa and
CRP.

Following the same pattern as the previous data, the
ELISA test demonstrated a significant increase in the
release of IL-1B (p<0.001 vs. Vehicle), IL-6 (p<0.001 vs.
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Vehicle), TNFa (p<0.001 vs. Vehicle) and CRP (p<0.001
vs. Vehicle) in the SP [500 pg/Kg] group (2) as a result of
TLR4/NLRP3 pathway activation.

Conversely, the pre-treatment with pNAPE-LP/pal-
mitate led to a parallel reduction in the release of IL-1f
(p<0.05 vs. SP [500 pg/Kg]), IL-6 (p<0.01 vs. SP [500 pg/
Kg]), TNFa (p<0.01 vs. SP [500 pg/Kg]) and CRP
(p<0.001 vs. SP [500 pg/Kg]), aligning with the down-
regulation observed in the upstream proteins. In con-
trast, the pLP/palmitate (4) and Palmitate (5) groups did
not exhibit such effects, as they displayed similar levels
of IL-1f, IL-6, and TNFa to those observed in the SP
[500 pug/Kg] group (2) (Fig. 3, E-H).

pNAPE-LP mitigates hyperthermia in mice

Because of the pro-inflammatory markers overexpres-
sion, the mice from SP [500 pg/Kg] group (2) displayed
an increased body temperature during the SP exposition
(p<0.05 vs. Vehicle). Again, the prophylactic pNAPE-LP/
Palmitate treatment was able to mitigate the hyperther-
mia to physiological levels (p<0.05 vs. SP [500 pg/Kg]).

Discussion

The present study highlights the remarkable potential of
the probiotic system pNAPE-LP in counteracting lung
inflammation triggered by SARS-CoV-2 SP. This excep-
tional probiotic effectively colonizes mice lungs and
releases the anti-inflammatory compound PEA. More-
over, pNAPE-LP exhibits a protective effect on alveolar
morphology, effectively reducing lung injury induced by
SARS-CoV-2 SP. This is achieved by mitigating TLR4-
mediated NLRP3 activation and global ACE2 expression
in the lungs, while also reining in innate immune system
over-activation.

The notion of harnessing probiotics as formidable allies
in the battle against COVID-19 has gained momentum
due to their remarkable ability to modulate the micro-
biota in hollow organs [37, 38]. This modulation, in turn,
exerts a positive influence on immune responses [39],
resulting in a potential reduction in systemic inflamma-
tion [40, 41]—a critical factor in severe COVID-19 cases.
Specifically, when probiotics are administered intrana-
sally, they have demonstrated the capacity to shape the
composition of the respiratory microbiota [42], a pivotal
player in determining immune responses [43]. These
beneficial microbial agents fortify the respiratory tract’s
defense mechanisms, fostering a stronger and more bal-
anced immune reaction to viral infections [44]. By pro-
moting 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
[45, 46].
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By integrating the inherent attributes of probiotic
strains with the capacity of pNAPE-LP to release PEA
on-site, our probiotic system accomplishes the objective
of significantly enhancing the anti-inflammatory impact
in comparison to the unmodified strain. The majority of
PEA’s anti-inflammatory characteristics stem from its
ability in counteracting the NF-kB signaling pathway via
the activation of PPAR receptors, with a strong affinity
for PPAR-a [47]. Additionally, PEA has the capability to
hinder NF-kB through a dual mechanism: direct interac-
tion with NF-kB p65 or the stimulation of NF-«B inhibi-
tors (IkBs) expression across diverse cell types [48]. In our
model, the opposition to the NF-«kB signaling pathway
was indirectly validated by the observation of diminished
levels of upstream (TLR4) and downstream (NLRP3, ILs,
etc.) signaling molecules. Through this pathway inhibi-
tion, pNAPE-LP effectively governs several genes linked
to pro-inflammatory cytokine transcription, culminating
in reduced release of IL-6 and TNF-a.

Furthermore, in alignment with our prior in vitro find-
ings, a significant reduction in NLRP3 expression was
demonstrated, consequently lowering inflammasome
activation within the cohort subjected to pNAPE-LP
and palmitate treatment. This data strongly suggests that
pNAPE-LP might hold a pivotal role in the regulation of
the inflammatory processes implicated in the initiation
of ARDS. By curtailing NLRP3-dependent pathways,
this probiotic systematically targets and downregulates
downstream products, including IL-1B, a significant
mediator in ARDS pathogenesis [49] and a potential
pharmacological target in the early phases of COVID-
19 [50]. The inhibition of the NLRP3/caspase-1 pathway
within lung tissue also stands to be crucial in preventing
the initiation of pyroptosis * [51]. Such prevention could
be deemed strategic since, in numerous pathological con-
ditions and models, extensive pyroptosis triggered by
NLRP3/caspase-1 activation has been linked to height-
ened neutrophil recruitment [52, 53] (See Fig. 6).

This scenario was notably observed in our experimental
model’s group treated with SP, as evidenced by increased
neutrophil count and heightened MPO activity. In contrast
to resident tissue macrophages, neutrophils exhibit greater
immunoreactivity [54], and their activation often results
in intensified inflammation. Notably, an excessive recruit-
ment of neutrophils has been reported in severe stages of
COVID-19 [55, 56]. The mitigation of pyroptosis facilitated
by pNAPE-LP pre-treatment was indirectly confirmed by
the reduction in neutrophil count and MPO activity within
lung samples.

Furthermore, specific probiotic strains, notably from the
Lactobacillus family, have exhibited direct antiviral effects
[57-59], displaying the capacity to impede viral replication.
While the precise mechanisms demand further elucida-
tion, probiotics from the Lactobacillus genus seem adept
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Fig. 6 Graphical representation of the main findings of the present paper

at lowering viral infection rates by establishing an antiviral
state within macrophages [60, 61]. Within our probiotic sys-
tem, this inherent antiviral activity of Lactobacillus strains
harmonizes with PEA’ ability to hinder SARS-CoV-2 infec-
tion by directly engaging with SP and ACE2 receptors [62],
as well as its inhibitory influence on PPAR-a, which curbs
viral replication [63]. Recent in vitro studies have indeed
indicated that PEA’s binding to the SARS-CoV-2 S protein
results in approximately 70% reduction in viral infection
among Huh-7 cells [62]. Furthermore, a previous research
contribution from our team underscored SP’s in vitro capa-
bility to elevate ACE2 receptor expression by instigating
TLR4-mediated inflammatory responses [18]. Once again,
this pattern was substantiated in our current in vivo study,
evident in the ACE2/NLRP3 co-expression within lung
tissues.

Scientific understanding dictates that proinflammatory
elements, such as LPS (lipopolysaccharides) and/or patho-
logical inflammatory states, are linked to elevated ACE-2
expression on tissue macrophages [19, 64]. Numerous
investigations have indicated that elevated ACE expres-
sion in macrophages accentuates the immune response
of these cells, potentially leading to a shift towards the M2
phenotype, indicating a regulatory role in the inflamma-
tory process. It is plausible that SARS-CoV-2’s SP potentially
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fosters viral infection by enhancing ACE?2 receptor expres-
sion in neighboring cells via the induction of inflammatory
conditions in alveolar macrophages [18, 65]. However, the
precise mechanism governing this ACE-2 upregulation
by SP remains elusive and necessitates further exploration
through additional studies. Conversely, our probiotic sys-
tem effectively reversed the over-expression of ACE2 recep-
tors, likely attributable to its anti-inflammatory impact. This
intriguing effect holds the potential to mitigate the propaga-
tion of infection within lung tissue.

The findings presented in this study open up several
avenues for future research and have significant implica-
tions for healthcare practices, particularly in the context of
addressing lung inflammation triggered by SARS-CoV-2.
Future research could focus on translating these find-
ings into clinical trials to evaluate the safety and efficacy of
PNAPE-LP in human subjects with SARS-CoV-2 infections.
If proven effective, this probiotic system could be developed
as a novel therapeutic strategy for managing COVID-19 and
other respiratory infections. On the other hand, considering
the complex nature of COVID-19 and its associated inflam-
matory responses, future investigation may also explore
combination therapies. Combining pNAPE-LP with other
anti-inflammatory agents or medications commonly used in
COVID-19 treatment might enhance therapeutic outcomes.
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This approach could be explored in preclinical models and,
subsequently, in clinical trials.

Conclusion

In essence, the notion of harnessing probiotics as allies in
the battle against COVID-19 is rapidly gaining traction. A
number of studies have focused on the preclinical efficacy
of recombinant probiotics as potential platform for oral
and intranasal vaccines. The probiotic system, known as
PNAPE-LP, has exhibited promising potential in addressing
the lung inflammation triggered by SARS-CoV-2 SP, lead-
ing to a reduction in the excessive expression of the ACE2
receptor and a dampening of the inflammatory reaction.
This holds the promise of yielding significant advantages in
averting severe symptoms and secondary infections among
COVID-19 patients, particularly within diverse demo-
graphics such as children and the elderly. Emphasizing the
significance of localized PEA release is paramount. Nota-
bly, pPNAPE-LP not only enhances the accessibility of PEA
but also has the unique capability to selectively augment its
presence precisely where it is required. This characteristic
positions it as a novel and auspicious tool within the realm
of precision medicine. Furthermore, the combination of
immune-modulatory attributes inherent in a probiotic with
the potent anti-inflammatory effects of PEA bestows upon
pNAPE-LP a distinct superiority when compared to these
two individual components in isolation.

In conclusion, the innovative synergy between pro-
biotics and the pNAPE-LP system holds potential in
reshaping our approach to combating COVID-19 and its
associated inflammatory challenges.
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