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Lactobacillus (L.) rhamnosus CRL1505 accumulates inorganic polyphosphate (polyP) in its cytoplasm in
response to environmental stress. The aim of this study was to evaluate the potential effects of polyP
from the immunobiotic CRL1505 on an acute respiratory inflammation murine animal model induced
by lipopolysaccharide (LPS).
First, the presence of polyP granules in the cytoplasm of CRL1505 strain was evidenced by specific

staining. Then, it was demonstrated in the intracellular extracts (ICE) of CRL1505 that polyP chain length
is greater than 45 phosphate residues. In addition, the functionality of the genes involved in the polyP
metabolism (ppk, ppx1 and ppx2) was corroborated by RT-PCR. Finally, the possible effect of the ICE of
CRL1505 strain containing polyP and a synthetic polyP was evaluated in vivo using a murine model of
acute lung inflammation. It was observed that the level of cytokines pro-inflammatory (IL-17, IL-6,
IL-2, IL-4, INF-c) in serum was normalized in mice treated with ICE, which would indicate that polyP
prevents the local inflammatory response in the respiratory tract. The potential application of ICE from
L. rhamnosus CRL1505 as a novel bioproduct for the treatment of respiratory diseases is one of the
projections of this work.
� 2021 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Probiotic lactobacilli are microorganisms with health-
promoting capacities on the host by different mechanisms such
as enhancement of epithelial barrier function and modulation of
immune response. Most of them are due to the interaction
between the host cells and extracellular or intracellular compo-
nents produced by the probiotic bacteria. Exopolysaccharides, bac-
teriocins, surface-associated and extracellular proteins/peptides as
well as lipoteichoic acid are examples of well-known bioactive
components from probiotics (Menard et al., 2004; Yan et al.,
2007; Ewaschuk et al., 2008; Heuvelin et al., 2009; Petrof et al.,
2009).
These beneficial bacteria and or their bioactive components are
an interesting alternative as supplementary treatments for respira-
tory diseases (Dumas et al., 2018; Liu et al., 2018; Libertucci and
Young, 2019). Acute respiratory diseases (ARDs) are infectious dis-
eases that can affect the respiratory upper tract and even the lungs
in more severe cases thus causing damage due to excessive inflam-
matory response. Mild cases of ARDs are treated with antibiotics,
antivirals and anti-inflammatory drugs such as glucocorticoids.
Intranasal drug administration is the most appropriate route for
corticosteroids administration due to its rapid absorption and sys-
temic distribution, fluticasone propionate and budesonide being
the most frequently used despite some adverse effects, e.g., risk
of dysphonia, oral candidiasis and cough.

Lactobacillus (L.) rhamnosus CRL1505 (CRL1505) is a widely
studied probiotic strain (Salva et al., 2010; Kitazawa and Villena,
2014; Villena et al., 2016; Zelaya et al., 2016) that has been suc-
cessfully transferred to the dairy industry in Argentina within the
frame mark of social projects (Villena et al., 2012b). This strain
improves the immune responses in the gut and beyond the gas-
trointestinal tract in mice (Salva et al., 2010) as well as in children
attending pre-school daycare community centers (Villena et al.,
2012b). Besides, CRL1505 also has protective effect against bacte-
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rial respiratory pathogens using nasal administration in mice
model (Herrera et al., 2014). In addition, changes induced by nasal
administration of L. rhamnosus CRL1505 in the respiratory tract,
increased resistance to infection with Respiratory Syncytial Virus
(Chiba et al., 2013; Tomosada et al., 2013) and Influenza Virus
(Zelaya et al., 2014; Zelaya et al., 2015; Tonetti et al., 2020).
Recently, the beneficial effect of CRL1505 on respiratory immunity
using model of acute lung inflammation triggered by the activation
of TLR3 was demonstrated (Clua et al., 2017). Also, nasal immuno-
competent adult mice challenged with LPS showed that soluble
factors of Lactobacillus reuteri CRL1098 can modulate pro-
inflammatory cytokine production and recruitment of immune
cells to the airways and reduce the inflammatory tissue damage
(Griet et al., 2014). These researches show that immunobiotic
CRL1505 can be used as an interesting alternative to modulate
the immune response in the respiratory tract in inflammatory
diseases.

In the last decade, studies on probiotics (Villena et al., 2009;
Kolling et al., 2015) support evidences of non-viable immunobi-
otics stimulating the immune system. This is the start point for
developing novel bioproducts mainly for immunocompromised
hosts (Markowicz et al., 2015) since it is possible to have beneficial
effects regardless the cell viability that is an imperative require-
ment for probiotic products. In this sense, the peptidoglycan of
CRL1505 is able to preserve the immunomodulatory capacity of
non-viable CRL1505 (Kolling et al., 2015). In addition, recently it
was demonstrated that CRL1505 may also accumulate inorganic
polyphosphate (polyP) in the cytoplasm in response to environ-
mental stress (Deza et al., 2017). These polyanions granules
derived from probiotic strains have anti-inflammatory effects in
inflammatory murine models as it was recently reported
(Kashima et al., 2015; Tanaka et al., 2015).

From the above, the aim of this study was to evaluate the poten-
cial effects of polyP accumulated by the immunobiotic CRL1505 on
an acute respiratory inflammation murine animal model induced
by lipopolysaccharide (LPS), for which the polyP granules in the
cytoplasm of CRL1505 were quantified and it was estimated their
molecular weight. Finally, the genes involved in polyP metabolism
were evidenced in CRL1505.
2. Materials and methods

2.1. Microorganism and culture conditions

L. rhamnosus CRL1505 was obtained from the culture collection
of Centro de Referencia para Lactobacilos (CERELA-CONICET, San
Miguel de Tucumán, Tucumán, Argentina). The strain was grown
in MCM broth (Deza et al., 2017) at 37 �C for 20 h, under free pH
conditions and without agitation.

2.2. Visualization of polyP by Neisser staining

Smears of L. rhamnosus CRL1505 cultures were air-dried on
clean and degreased slides and stained with Neisser’s solution
(Sigma-Aldrich Co, St. Louis, MO, United States), which specifically
reveals the presence of inorganic polyP granules (Gurr, 1965;
Alcántara et al., 2014). The granules were observed with an optical
microscope (CX, Olympus, Tokyo, Japan) using an immersion
objective (100�).

2.3. Electrophoresis of polyP in polyacrylamide gels (PAGE)

Intracellular extract (ICE) of L. rhamnosus CRL1505 obtained
from active cultures was prepared for PAGE visualization. The pel-
let was recovered by centrifugation (10,000g, 15 min) and mixed
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with glass beads (150–212 lm diameter, Sigma-Aldrich Co, St.
Louis, MO, United States) with a pellet:bead ratio 1:1 (w/w). Then,
the cells were disrupted with a Mini-Bead Beater-8 cellular disrup-
tor (Biospec Products Inc., Bartlesville, OK, United States) at maxi-
mum speed using 7 cycles of 1.5 min each, and ice intervals of
1 min between cycles. The cell debris and glass beads were
removed by centrifugation (14,500g, 5 min, and 4 �C) and the ICE
obtained was kept at �20 �C until used.

The polyP size of CRL1505 was determined in the ICE with the
method of Leitão et al. (1995) with minor modifications. Briefly,
20 lL of ICE were mixed with the seed dye [Tris-Borate-EDTA buf-
fer (5�, TBE): 90 mM Tris; 90 mM Borate; 2.7 mM EDTA; 5% glyc-
erol; 0.01% bromine blue phenol and 0.02% xylene cyanol; pH 8.3]
and loaded on 4% polyacrylamide gels (acrylamide:bisacrylamide
ratio 20:1). The gels were run in TBE buffer (1�) and stained with
a solution of toluidine blue (0.05%) in 25% methanol. A polyP stan-
dard composed of 45 phosphate residues (polyP 45; MW: 4748 Da;
Sigma-Aldrich Co, St. Louis, MO, United States) was used as molec-
ular size marker. This technique uses toluidine blue as basic stain-
ing dye for polyP. MCM broth medium was included to avoid
interferences with other polyanions that may be present and also
react with toluidine blue, as well as the culture supernatant (SN)
of CRL 1505 to determine the presence of polyP in the extracellular
medium as it was reported for L. paracasei JCM 1163 (Saiki et al.,
2016)

2.4. Quantification of polyP as soluble phosphate

A spectrophotometric technique to quantify intracellular polyP
was developed. Stationary phase cultures of L. rhamnosus CRL1505
were used for obtaining the ICE, which was treated with 1 M HCl at
100 �C for 30 min to hidrolized the polyP and release the
orthophosphates molecules that form this polyanion. The soluble
phosphate released was quantified by a spectrophotometric tech-
nique, according to De Angelis et al. (2003) and Smith et al.
(2010). Briefly, 100 lL of ICE were mixed with 100 lL of a color
reagent, formed by 80% solution A [1.5% (w/v) ammonium molyb-
date and 5.5% (v/v) acid sulfuric] and 20% solution B [2.7% (w/v)
ferrous sulphate]. Samples were incubated at room temperature
for 20 min and the absorbance was subsequently measured at
700 nm in a microplate reader (VERSA max, Molecular Devices,
USA). Phosphate concentration was determined by reference to a
standard curve using Na2HPO4 (2 mg/mL) (Figure Supplementary
Fig. 1). The results were expressed as intracellular phosphate con-
tent in CRL1505 ICE (mg Na2HPO4/mL of extract).

2.5. Transcriptional analysis of coding genes for PPX1, PPX2 and PPK
enzymes

Ppk, ppx1 and ppx2 encoding a polyphosphate kinase (PPK) and
two exopolyphosphatases (PPX1 and PPX2, respectively), which
are involved in the polyP metabolism of lactic acid bacteria
(Alcántara et al., 2014). Total RNA isolation of CRL1505 (culture
in MCM broth at 37 �C for 20 h, under free pH) was performed
according to Raya et al. (1998). The isolated RNA was treated with
the TURBO-free DNATM kit (Ambion�, Invitrogen, Buenos Aires,
Argentina) according to the manufacturer’s instructions before
cDNA synthesis. The cDNA synthesis was performed from 5 lg of
total DNA-free RNA using the SuperScriptTM III First-Strand Synthe-
sis System kit (Invitrogen, Thermo Fisher Scientific, Buenos Aires,
Argentina). The primers used in the RT-PCR are listed in Table 1.
These were designed according to the ppx1, ppx2 and ppk
sequences in the genome of L. rhamnosus GG (NCBI Reference
Sequence: NC_013198.1) and CRL 1505 (GenBank N�:
ATBI00000000.1) with the First Quest program (Integrated DNA
Technologies, Inc.). The RT-PCR reactions were performed in dupli-



Table 1
Primers used in PCR reactions for the identification of the ppk, ppx1, and ppx2 genes.

Gen Primer Sequence 50 ? 30 Tm (�C) Product Lenght (bases)

Polyphosphate kinase ppk-Foward ATGCGGCTGTGTTCCAGTAA 51,78 898 bp
ppk-Reverse TCACGGCCCGATTGATTTGA 51,78

Expolyphosfatase 1 ppx1-Foward ATTCACGGCTCGGGTGTTC 53,25 909 bp
ppx1-Reverse AGGTAGCAACTCTGCACGAA 51,78

Exopolyphosfatase 2 ppx2-Foward GAATCTTTTGCTGCCGCGAT 51,78 881 bp
ppx2-Reverse ACCGTTGCGGGTGTATGAAA 51,78

Fig. 1. Experimental protocol used in this work. Male 6-wk-old Swiss albino mice received nasally lipopolysaccharide (LPS) from Escherichia coli O55: B5 (200 mg/kg). They
were randomized into four groups to receive the different nasal treatments at 30 min after the inflammatory challenge: distillated water (inflamed control, I group),
budesonide (5.6 lg/mL) (BUDE group), synthetic polyP (P45 group) or ICE from CRL1505 (ICE group). Healthy animals that not receive the treatment with LPS were used as
healthy control (not inflamed control, NI group). Samples were obtained at 6 h post-administration of LPS. Six animals per groups were used in the experiments.
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cate using cDNA (60 ng), the primer (1 lM each), the reaction mix-
ture (1�) for PCR (Green GoTaq� Reaction Buffer Promega, Buenos
Aires, Argentina), and 0.1 lL of the enzyme GoTaq� DNA Poly-
merase (Promega, Buenos Aires, Argentina), final volume of
12.5 lL per reaction. The following controls were included for each
sample: a non-template control (without cDNA), a positive control
represented by the invariable expression of the 16S rDNA gen, and
a positive control for each primer using the genomic DNA as a tem-
plate. The PCR conditions were: initially, 4 min/95 �C, 30 cycles
consisting of 30 s/95 �C, 30 s/50 �C, 60 s/72 �C followed by a final
extension at 72 �C for 5 min. The PCR products were separated
on 1.5% (w/v) agarose gel at 90 V in 1� TAE buffer (40 mM Tris
pH 7.6, 20 mM acetic acid, 1 mM EDTA) and subsequently stained
with the solution of Gel Red 0.001% (v/v) (Biotium, Genbiotech,
Buenos Aires-Argentina). The gels were photographed using a dig-
ital photo documentation system (ChemiDoc XRS +, Biorad, Buenos
Aires, Argentina) and analyzed with the Image Lab Software
program.
2.6. Experimental model of acute respiratory inflammation

Six-week old Swiss albino male mice were obtained from the
closed colony kept at CERELA-CONICET, Tucuman, Argentina. The
mice were housed under controlled conditions with 12 h light–
dark cycles during the trials. The acute respiratory inflammation
was induced in mice by nasal administration of LPS from Escheri-
chia coli O55: B5 (Sigma Aldrich-Product No. L2880) at a dose of
200 mg/kg body weight (Griet et al., 2014). The mice were random-
ized into four groups 30 min after the inflammatory challenge to
receive different nasal treatments: 25 lL of distilled water
(inflamed control, I group); 25 lL of budesonide (5.6 lg/mL)
(anti-inflammatory effect, positive control, BUDE group); 25 lL
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of a synthetic polyP (P45 group), and 25 lL of ICE from CRL1505
(ICE group). The experimental model scheme is shown in Fig. 1.
Animals without receiving LPS were used as healthy control (not
inflamed control, NI group). Thirty mice in total were used in the
experiment. Samples were obtained after 6 h post-administration
of LPS. Animal protocols were approved by the Ethical Animal Pro-
tection Committee of CERELA-CONICET, Tucuman, Argentina,
under the protocol number LEF-2013–01, and all trials comply
with the current laws of Argentina and international organizations
for the use of experimental animals.

2.7. Leukocyte counts in blood and bronchoalveolar lavage (BAL)

Blood samples were obtained from ketamine-xylazine-
anesthetized animals by cardiac puncture in heparinized tubes.
BAL samples were obtained as described previously Kolling et al.
(2015). Briefly, the trachea was exposed surgically and incubated
with a catheter. A small incision was made in the trachea and
1 mL of sterile PBS with 1% heparin was instilled into the lungs.
The recovered fluid was centrifuged at 2500 rpm for 4.5 min. The
supernatant was stored at �20 �C and the pellet was used for
leukocyte counting according to the conventional hematological
methodology. Total numbers of blood and BAL leukocytes were
determined with a hemocytometer. Differential cell counts were
performed by counting 200 cells in blood and BAL smears stained
with May-Grünwald Giemsa using a light microscope (1000�)
and absolute cell numbers were calculated (Kolling et al., 2015).

2.8. Concentration of cytokines in BAL and blood

Tumor necrosis factor a (TNF-a), interferon c (IFN-c), inter-
leukin (IL) �6, IL-10, IL-17A, IL-4, and IL-2 were determined in
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serum and BAL by using commercially available Th1/Th2/Th17 CBA
kit (Cytometric Bead Array) following the manufacturer’s recom-
mendations (BDTM catalog No. 560485). The concentrations were
expressed in picograms (pg)/mL using standard curves.
2.9. Statistical analysis

The data obtained in this work corresponded to at least three
independent trials and were reported as mean values ± standard
deviation (SD). After verification of the normal distribution of data,
the 2-way ANOVA was performed using GraphPad Prism 7. Differ-
ences were considered significant with p < 0.05.
Fig. 3. Analysis by PAGE (4%) of polyP from L. rhamnosus CRL1505 grown in MCM
(free pH, 37 �C, stationary growth phase). Lines: (1) Molecular size marker (polyP
45); (2); Intracellular extract from CRL1505 (ICE) (3); Sterile culture media (MCM);
(4) Culture supernatant from CRL1505 (SN).
3. Results

3.1. PolyP accumulation in L. rhamnosus CRL1505

Previous studies (Deza et al., 2017) using transmission electron
microscopy and a DAPI-based fluorescence technique put in evi-
dence the accumulation of large amounts of polyP by the immuno-
biotic L. rhamnosus CRL1505 when growing in MCM medium with
9.2 g/L of inorganic phosphate. In this work, polyP was evidenced
in CRL1505 strain by specific staining with methylene blue (Neis-
ser staining). In addition, the molecular weight of this polyanion
was estimated by electrophoresis in polyacrylamide gels. Fig. 2
shows L. rhamnosus CRL1505 cells stained with Neisser’s reagent
and observed by immersion optical microscopy. PolyP inclusions
into the cytoplasm of CRL1505 were visualized as high intensity
blackheads.

PAGE was also used to separate and visualize the polyP from ICE
of L. rhamnosus CRL1505. Fig. 3 shows the electrophoretic runs. The
standard polyP 45 (lane 1) used as molecular weight marker was
located in the lower area of the gel, while the ICE band (lane 2)
was placed in the upper part of the gel suggesting that the
CRL1505-polyP chain length is greater than 45 phosphate residues.
The polyP bands obtained (synthetic polyp 45 and polyP from ICE)
are characteristic of polyP migration in polyacrylamide gels as it
was reported (Clark and Wood, 1987; Leitão et al., 1995; Mullan
et al., 2002; Smith et al., 2010; Alcántara et al., 2014; Saiki et al.,
2016). No band in the line corresponding to the sterile MCM broth
(lane 3) was observed indicating absence of interference with the
medium components. Likewise, the absence of bands in lane 4 (cul-
ture supernatant) indicates that polyP remains inside the cells.

The amount of polyP-ICE (as soluble phosphate) was deter-
mined by a spectrophotometric technique adapted for quantifica-
tion of the phosphate released by hydrolysis of the polyP from
CRL 1505. The intracellular phosphate concentration was 3.24 ± 0.
06 mg Na2HPO4/mL of extract.

From L. rhamnosus CRL1505 genome sequence deposited at
Genbank (ATBI00000000) was feasible to find out the genes ppk,
Fig. 2. Optical immersion micrographs (100�) of L. rhamnosus CRL1505 grown in
MCM (free pH, stationary phase, 37� C) with Neisser staining.
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ppx and ppx2 encoding for the enzymes involved in the polyP
metabolism: a polyphosphate kinase (PPK) and two exopolyphos-
phatases (PPX1 and PPX2), respectively. To validate the functional-
ity of these gens, a transcriptional analysis of L. rhamnosus CRL1505
was performed. The RT-PCR revealed the presence of ppk, ppx and
ppx2 transcripts (Fig. 4), in agreement with results obtained by
Neisser staining and PAGE that evinced the presence of polyP in
CRL1505.

3.2. Nasal administration of CRL1505-ICE in LPS-challenged mice

The functionality of the ICE from L. rhamnosus CRL1505 contain-
ing polyP and the standard polyp 45 was evaluated using a murine
model of acute respiratory inflammation induced by LPS (Griet
et al., 2014). The pure ICE-CRL1505 with a phosphate concentra-
tion of 3.24 ± 0.06 mg Na2HPO4/mL was used. In order to define
the dose of standard polyP to be administered to the mice, dilu-
tions of this hydrolyzed polyP were quantified as soluble phos-
phate (Na2HPO4). The linearity of the correlation curve obtained
(standard polyP concentration vs phosphate concentration) was
optimal, with R2 = 0.9979 (Fig. S1). This curve was used to match
the phosphate concentration present in the ICE of CRL1505 to a
solution of polyP 45. The concentration of standard polyP calcu-
lated from the correlation analysis for use in the murine model
was 0.57 ± 0.01 mg of polyP 45/mL, equivalent to 3.24 ± 0.06 mg
Na2HPO4/mL (ICE-CRL1505 concentration).

In the experimental model of acute respiratory inflammation
used, local administration of LPS induced a significant (p < 0.05)



Fig. 4. Agarose gel electrophoresis of amplification products (~900 bp) of the genes
ppk, ppx1 and ppx2 by RT-PCR in L. rhamnosus CRL1505. The strain was cultivated in
MCM (free pH, stationary growth phase). Lines: (1) Molecular weight marker, (2)
ppx1, (3) ppx2, (4) ppk, (5) 16 S rRNA.
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increase in the cell counts (leukocytes, macrophages, neutrophils)
in BAL of the inflamed group (I group) (Fig. 5). The treatment with
ICE, polyP 45 or budesonide significantly reduced these counts in
the respiratory tract (41.3–57.2% in macrophages and 90.5–93%
Fig. 5. Total leukocyte counts (A) and counts of macrophages (B) and neutrophils (C) in b
control; I, inflamed control group; BUDE, budesonide group; P45, group treated with Pol
are significantly different (p < 0.05).
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in neutrophils) showing values similar to those of normal mice
(NI group) (Fig. 5).

Challenge with LPS reduced the number of blood leukocytes in
all the experimental groups compared to NI group (Fig. 6). How-
ever, only the ICE group showed leukocytes counts significantly
(p < 0.05) higher compared to I group at 6 h post-challenge, though
without reaching values of the NI control group (Fig. 6A). In addi-
tion, LPS also decreased significantly the blood neutrophil count
(p < 0.05) in mice of I group with respect to NI group (Fig. 6B),
but treatment with either P45 or ICE produced an increase in neu-
trophil numbers, which was lower than group NI control.

As shown in Fig. 7, challenge with LPS induced an increase in
cytokines (IL-10, IL-17A, TNF-a, IFN-c, IL-6, IL-4 and IL-2) in both
BAL and serum in the I group respect to control mice (NI group),
no effect being detected by different the different anti-
inflammatory treatments at 6 h post challenge (Fig. 7A). In con-
trast, at systemic level, treatment with ICE, P45 and BUDE signifi-
cantly decreased all cytokines levels compared to I group
reaching values similar to those of control healthy mice (NI group,
Fig. 7B).

4. Discussion

Biologically active components derived from probiotic lacto-
bacilli strains represent the evolution of science in probiotic stud-
ies and their applications. In this area, recent studies describe
polyP of lactic acid bacteria as a biocomponent responsible for pro-
biotic effects in animal models (Segawa et al., 2011;Tanaka et al.,
2015; Kashima et al., 2015; Sakatani et al., 2016). In previous stud-
ies we demonstrated that probiotic L. rhamnosus CRL1505 accumu-
lates intracellular polyP through transmission electronic
microscopy and a DAPI-based fluorescence technique (Deza et al.,
2017). In this work, the presence of polyP granules was observed
by Neisser’s specific staining and optical microscopy, with similar
results to those reported for other lactobacilli (Alcántara et al.,
2014; Huang et al., 2016). Studies by PAGE indicated that
CRL1505 accumulates polyP inside the cell, which would have a
chain length greater than 45 phosphate residues (compared to
ronchoalveolar lavage (BAL) at 6 h post LPS-challenge. Mice groups: NI, not inflamed
yP-45; ICE, group treated with ICE from CRL 1505. a, b, c Groups with different letter



Fig. 6. Total leukocyte counts (A) and neutrophil counts (B) in blood at 6 h post LPS-challenge. Mice groups: NI, not inflamed control; I, inflamed control group; BUDE,
budesonide group; P45, group treated with polyP-45; ICE, group treated with ICE from CRL 1505. a, b, c Groups with different letter are significantly different (p < 0.05).

Fig. 7. Cytokine levels in broncho-alveolar lavages (A) and blood (B) at 6 h post LPS-challenge. Mice groups: NI, not inflamed control; I, inflamed control group; BUDE,
budesonide group; P45, group treated with polyP-45; ICE, group treated with ICE from CRL 1505. The results represent data from three independent experiments. Results are
expressed as mean ± SD. a,b,c,d Means in a bar with different letters were significantly different (p < 0.05).
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polyP 45 used as standard) and it is not excreted. Similar results
were reported by Saiki et al. (2016) for the polyP of L. paracasei
JCM 1163, which has about 700 phosphate residues. In this case,
however, polyP was also found in the culture supernatants but in
very low quantities (about 1000 times lower than the intracellular
content). From this evidence, authors suggest that polyP is not
actively excreted but rather it would leak out of the cells.

The polyP accumulation by L. rhamnosus CRL1505 was corre-
lated with the presence of ppk gene codifying for the enzyme
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polyphosphate kinase (PPK), the main one involved in the synthe-
sis of polyP (Rao and Kornberg, 1999). The expression of ppx1 and
ppx2, also involved in the polyP metabolism, was corroborated by
RT-PCR. In CRL1505, ppk, ppx1 and ppx2 make up the same operon,
so their transcription seems to be co-regulated according to results
presented. These results suggest an extra regulation of the PPX
enzyme, thus prevailing polyP synthesis and accumulation over
its degradation, as in E. coli (Kuroda et al., 1997). In this case, both
polyP synthesis and degradation, are regulated by guanosine
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tetraphosphate (ppGpp) that specifically interacts with PPX
inhibiting its activity. In this sense, physiological conditions such
as fasting in amino acids, increases the level of ppGpp resulting
in polyP accumulation while low levels of ppGpp, as it happens
during exponential growth, favors its hydrolysis, thus decreasing
intracellular concentration

Quantification of polyP is of primary importance for its poten-
tial use as therapeutic agent. For this purpose, a spectrophotomet-
ric technique measuring soluble phosphate concentration from
hydrolyzed polyP was used. Through this simple and low cost
methodology it is possible to quantify polyP in terms of phosphate
monomers concentration, as it was previously reported (Mullan
et al., 2002; Smith et al., 2010; Segawa et al., 2011). In contrast,
the PPK/ATP/luciferase system commonly used for the extraction
of polyP and determination of free phosphate released by enzy-
matic degradation of the polymer (Saiki et al., 2016; Bru et al.,
2017) requires considerable investments of money and time.
Recently, a streamlined method for polyP quantification in bacte-
ria, using a silica membrane column extraction optimized for rapid
processing of multiple samples, digestion of polyP with the polyP-
specific exopolyphosphatase ScPPX, and detection of the resulting
free phosphate with a sensitive ascorbic acid-based colorimetric
assay it was reported (Pokhrel et al., 2019). This procedure is
straightforward, inexpensive, and allows reliable polyP quantifica-
tion in diverse bacterial species.

Recent studies report the anti-inflammatory effect of polyP
from different strains of Lactobacillus at the intestinal level. In this
sense, the polyP of L. paracasei JCM 1163 significantly suppresses
the oxidant-induced intestinal permeability in mouse small intes-
tine enhancing intestinal barrier functions (Saiki et al., 2016).
Besides, other researchers reported that the polyP of L. brevis SBC
8803 improves the intestinal barrier (Segawa et al., 2011; Tanaka
et al., 2015), suppresses inflammation and intestinal fibrosis
(Kashima et al., 2015) and even induces apoptosis and inhibits
the progression of colon cancer cells through the activation of
ERK signaling (Sakatani et al., 2016). This group proposes L. brevis
SBC8803-derived polyP as an antitumor drug with fewer side
effects than conventional drugs. However, there is no background
in the literature about the administration of probiotic-derived
polyP by a route other than oral, such as the intranasal route, to
evaluate polyP effects on another mucosa such as the respiratory
mucosa. In this regard, different experimental models of pul-
monary inflammation were used to understand the mechanisms
of lung damage and test new therapeutic strategies (Matute-
Bello et al., 2008; Aeffner et al., 2015; Kumar et al., 2016; Chen
et al., 2017). In the present study, a model of acute respiratory
inflammation induced by intranasal administration of LPS was
used (Griet et al., 2014) which is an agonist of TLR4 (Atabai and
Matthay, 2002). It is known that inhibition of pro-inflammatory
cytokine production, cellular apoptosis, and NF-kB activation after
LPS challenge reduces lung injuries and improves survival rate
(Griet et al., 2014; Chen et al., 2017).

In this study, the protection against LPS-induced acute respira-
tory inflammation in mice by intranasal treatment of cell free
extract of L. rhamnosus CRL1505 containing polyP is reported for
the first time. Gram-negative bacterial cell wall component, LPS,
is a typical immunomodulatory molecule that causes inflammation
and neutrophil recruitment (Hayashi et al., 2003; Reber et al.,
2017). In our model, LPS inhalation elicits pulmonary inflammation
such as acute injury, which occurs after 1–3 h and reaches a max-
imum at 6 h (Griet et al., 2014). At this point, the neutrophils and
macrophages are induced to migrate to the pulmonary space. The
pro-inflammatory cytokines produced by these macrophages
recruited and activated neutrophils, which adhered to the
endothelium of affected capillaries and migrated to air spaces.
Also, a reduction in the macrophages and neutrophils numbs in
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peripheral blood, and an increase in the level of IL-10, IL-17, IL-6,
IL-2, IL-4, INF-c and TNF-a locally and in blood was observed.
These findings are consistent with studies previously reported in
animal models (de Oliveira et al., 2008; Matthay and Howard,
2012; Griet et al., 2014; Lee et al., 2014) as well as in several clin-
ical studies (Soromou et al., 2012) where the accumulation of neu-
trophils in the alveolar spaces contributed to inflammation and
cytotoxic effects on the lung cells.

At present, glucocorticoids are the most frequently used anti-
inflammatory drugs for clinical treatment of respiratory inflamma-
tion. In this study, budesonide was used as positive control of anti-
inflammatory efficiency and compared with polyP (ICE and 45) in
LPS-induced respiratory inflammation. Our results were in line
with the findings of Mokra et al. (2016). Authors showed that the
intratracheal treatment with budesonide reduced lung edema, cell
infiltration into the lung and apoptosis of epithelial cells, and
decreased concentrations of pro-inflammatory markers (IL-1b, IL-
6, IL-8, TNF-a, IFN-c, esRAGE, caspase-3) in lung and blood, thus
resulting in improved ventilation (Gao and Ju, 2016; Ju et al., 2016)

Therefore, we carefully studied the effect of ICE of L. rhamnosus
CRL1505 containing polyP in the mouse model for acute respira-
tory inflammation induced by intranasal instillation of LPS in
hopes of establishing a potential compound against respiratory
inflammation. Intranasal treatment with ICE and synthetic polyP
(P45) decreased total cells number of neutrophils and macro-
phages in BAL compared with I group. The reduction in leukocyte
migration to the bronchoalveolar space it was associated with
the normalization of the number of neutrophils in peripheral
blood. Activated macrophages derived pro-inflammatory cytokines
play critical roles in inflammatory diseases (Huang et al., 2014) and
since they produced acute lung injury (Lee et al., 2014). In this
work, increased levels of all cytokines were observed in BAL at
6 h post-challenge without obtaining significant differences
between the treatment groups (BUDE, P45 and ICE) and the inflam-
mation control (I group). However, the level of cytokines pro-
inflammatory such as IL-17, IL-6, IL-2, IL-4, INF-c in serum was
normalized by polyP (ICE, 45) and budesonide, without differences
among them. On the other hand, only the ICE treatment was able to
normalize serum TNF-a levels unlike polyP 45 and budesonide
groups, which showed values lower than the healthy group (NI
group). The anti-inflammatory effect of polyP was also evinced in
other experimental models. The intrarectal administration of polyP
from L. brevis SBC8803 in a murine model of acute colitis signifi-
cantly improved the survival rate and reduced intestinal injury
by suppressing the production of pro-inflammatory cytokines such
as IL-1b and IL-6 (Segawa et al., 2011). Using the same animal
model, Kashima et al. (2015) reported a significant decrease in
mRNA expression levels of IL-1b, TNF-a and IFN-c in mice treated
with a synthetic polyP. In our study, the therapeutic treatment
with ICE polyP or budesonide normalized the serum levels of IL-
10, unlike the synthetic polyP that showed lower values than the
healthy animals. It is known that IL-10 has an important protective
role in the control of immunopathology during respiratory infec-
tions (Villena et al., 2012a; Chiba et al., 2013) and acute respiratory
damage (Hiroshima et al., 2014; Wu et al., 2014) contributing to
the restitution of the balance between pro-inflammatory and
anti-inflammatory factors. These results suggest that the suppres-
sion of inflammation in the lung by ICE polyP is associated with the
inhibition of pro-inflammatory cytokine release.
5. Conclusion

In summary, polyP is a common product of lactobacilli and
other bacteria. As fast as we know, this is the first report concern-
ing the anti-inflammatory effect in the respiratory tract by intrana-
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sal administration of ICE of CRL1505 containing polyP. In this way,
ICE with polyP was able to prevent the development of a local
inflammatory response in the respiratory mucosa in a murine
model of acute respiratory inflammation. Although several probi-
otic lactic acid bacteria with anti-inflammatory properties are
known, few biomolecules derived from them have been identified
and evaluated (Griet et al., 2014). The properties described for this
new bioactive agent, the polyP of the immunobiotic CRL1505, sup-
port the search for biological alternatives to mitigate inflammatory
disorders of the respiratory tract, which represents a public health
problem like Covid-19. More comprehensive studies are still
required for clinical applications of this bioactive agent.
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