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Abstract: Lacticaseibacillus rhamnosus CRL1505 and Lactiplantibacillus plantarum CRL1506
increase the resistance of mice to Gram-negative pathogens infections. In this work, we
advanced the characterization of the CRL1505 and CRL1506 immunomodulatory properties
by evaluating their effect on the Toll-like receptor 4 (TLR4)-triggered immune response
in macrophages. We performed experiments in murine RAW 264.7 macrophages stimu-
lated with lipopolysaccharide (LPS) to evaluate the transcriptomic changes induced by
lactobacilli. These in vitro experiments were complemented with in vivo studies in mice to
determine the effect of CRL1505 and CRL1506 strains on Peyer’s patches and peritoneal
macrophages. Microarray transcriptomic studies and qPCR confirmation showed that the
CRL1505 and CRL1506 strains modulated the expression of inflammatory cytokines and
chemokines as well as adhesion molecules in LPS-challenged RAW macrophages, making
the effect of L. rhamnosus CRL1505 more remarkable. Lactobacilli also modulate regulatory
factors in macrophages. L. plantarum CRL1506 increased il10 and socs2 while L. rhamnosus
CRL1505 upregulated il27, socs1, and socs3 in RAW cells, indicating a strain-specific effect.
However, in vivo, both strains induced similar effects. Peyer’s patches and peritoneal
macrophages from mice treated with lactobacilli produced higher levels of tumor necrosis
factor (TNF)-«, interferon (IFN)-vy, interleukin (IL)-6, and colony stimulating factor (CSF)-3
after LPS stimulation. This effect would allow improved protection against pathogens.
In addition, both lactobacilli equally modulated socs1 and socs2 expressions and IL-10
and IL-27 production in Peyer’s patches macrophages and socs3 and IL-10 in peritoneal
cells. Furthermore, lactobacilli reduced the production of IL-1f3, IL-12, CSF2, C-C motif
chemokine ligand (CCL)-2, and CCLS8 in LPS-challenged macrophages. This differential
modulation of regulatory and inflammatory factors would allow minimal inflammatory-
mediated tissue damage during the generation of the innate immune response. This
work provides evidence that L. rhamnosus CRL1505 and L. plantarum CRL1506 modu-
late macrophages’ TLR4-mediated immunotranscriptomic response, helping to improve
protection against Gram-negative bacterial infections.
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1. Introduction

Gram-negative bacteria, particularly those belonging to the Enterobacteriacacae family,
including Salmonella, Citrobacter, Shigella, and pathogenic Escherichia, induce severe diarrhea
and systemic disease through the damage of the intestinal mucosa [1]. This damage can
be triggered by their virulence factors as well as by the induction of a host’s deregulated
inflammatory response [1]. The intestinal innate immune system detects the presence of
Gram-negative pathogens through the interactions of the microbial-associated molecular
patterns (MAMPs) with pattern recognition receptors (PRRs) expressed in intestinal ep-
ithelial cells (IECs) and tissue-resident immune cells [2]. The MAMPs-PRRs interaction
conducts the activation of nuclear factor kB (NF-kB), mitogen-activated protein kinase
(MAPK), and interferon regulatory factor-3 (IRF3) signaling pathways, leading to the pro-
duction of antimicrobial peptides, inflammatory cytokines and chemokines, and type I
interferons (IFNs) that mediate the clearance of pathogens. The generation of inflamma-
tory responses in the intestinal mucosa in front of the pathogen’s attacks is necessary to
eliminate the invading microorganisms. However, if this innate line of defense is dysregu-
lated or prolonged, it may lead to intestinal damage and dysfunction [3]. The infection of
the intestinal epithelium by Gram-negative pathogens induces the production of potent
inflammatory mediators like interleukin (IL)-1 and IL-18 that induce the recruitment and
activation of neutrophils and monocytes that collaborate in the elimination of pathogens
like Shigella [4] and Salmonella [5]. On the other hand, several studies have shown that the
dysregulated activation of the Toll-like receptor 4 (TLR4) by the Gram-negative MAMP
lipopolysaccharide (LPS) decreases the villus height and alters the expression of the genes
associated with the intestinal barrier function through the induction of inflammatory factors
including tumor necrosis factor-oc (TNF-«), IL-13, and IL-6 [6,7]. These studies show that
the appropriate production of inflammatory cytokines and chemokines and their regulation
by anti-inflammatory mediators like IL-10 and IL-27 is of crucial importance for eliminating
pathogens with minimal damage to the host.

The intestine is a complex heterogeneous tissue with different populations of macrophages
that occupy microanatomical niches and adapt their function according to the surrounding
microenvironment [8]. Macrophages within the gut have a crucial function in the generation
of effector responses that protect the intestinal tissue against pathogens with minimal inflam-
matory damage. TLR4 pathway activation in macrophages significantly contributes to the
production of inflammatory mediators that coordinate the pathogen’s clearance. Macrophages
also produce anti-inflammatory factors that help to control inflammation and participate in the
healing of damaged tissue [2,8]. Then, the regulation of inflammatory and anti-inflammatory
factors by activated macrophages during intestinal infections has been considered a therapeu-
tic target for improving resistance to infections and protecting the host against inflammatory-
related damage [9]. In this regard, beneficial microbes with immunomodulatory capacities
were proposed as modulators for improving the resistance against Gram-negative pathogens
through the regulation of TLR4-mediated innate immune response [10,11]. Studies with dif-
ferent immunomodulatory lactobacilli demonstrated that beneficial bacteria could modulate
the cytokines produced by macrophages in a strain-dependent manner. Using the murine
RAW 264.7 macrophage cell line, it was demonstrated consistently that probiotic lactobacilli
can regulate the expression of inflammatory and regulatory cytokines in response to LPS
stimulation. Latilactobacillus sakei CNSO01WB and Lactobacillus pentosus WB693 downregulated
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the expressions of tnfa, il6, and il1B in RAW macrophages stimulated with LPS [12]. Similarly,
Lactiplantibacillus plantarum LRCC5314 diminished the synthesis of IFN-y, TNF-«, IL-6, and
IL-1p [13]. It was also reported that Lacticaseibacillus rhamnosus 4B15 or Lactobacillus gasseri
4M13 significantly reduced the production of TNF-«, IL-6, and IL-1(3 [14]. Lactobacillus helveti-
cus NS8 reduced il12 [15], and Lactiplantibacillus plantarum LOC1 diminished the expression of
the inflammatory factors il18, il12, csf2, cxcl3, cxcll, and cx3cll, while augmenting tnfu, il6, ifn-y,
il15, cxcl9, and csf3 in RAW macrophages after the activation of TLR4 pathway [16]. Of note,
L. rhamnosus 4B15 and L. gasseri 4M13 diminished the production of IL-10 [14], and L. helveticus
NS8 augmented il10 expression [15] while L. plantarum LOC1 induced no effect on /10 but
augmented i[27 expression [16]. Similar findings were described in experiments in which pri-
mary cultures of Peyer’s patches or peritoneal macrophages were used to evaluate the effect of
lactobacilli on the TLR4 pathway [17,18]. These studies show the importance of macrophages
in the beneficial modulation induced by lactobacilli on the immune responses against intesti-
nal pathogens and highlight the strain-dependent effect. Thus, each immunomodulatory
lactobacilli must be specifically evaluated in terms of its interaction with macrophages since
extrapolations cannot be made with other strains, even from the same species.
Lacticaseibacillus rhamnosus CRL1505 and Lactiplantibacillus plantarum CRL1506 are two
immunomodulatory strains with the ability to increase resistance against Gram-negative
pathogens. We demonstrated previously that the oral administration of L. rhamnosus CRL1505
or L. plantarum CRL1506 improved the protection against Salmonella enterica subsp. enterica
serovar Typhimurium infection in mice [19]. The CRL1505 and CRL1506 strains diminished
the Salmonella counts in the liver and spleen and reduced the intestinal damage, effects
that were associated with the induction of improved levels of TNF-«, IL-13, IFN-y, and
IL-10 in the intestinal mucosa and serum. Similar results were obtained in a mice model of
enterotoxigenic E. coli (ETEC) infection. Animals receiving the CRL1506 strain had significantly
lower percentages of bodyweight loss, ETEC counts in jejunum and ileum, and intestinal
tissue damage than control mice [20]. Furthermore, L. plantarum CRL1506 avoided the spread
of ETEC to the liver, spleen, and blood. The protective effect conferred by the CRL1506
strain was associated with reduced levels of TNF-«, the functional IL-8 homolog KC and
monocyte chemoattractant protein-1 (MCP-1) and increased production of IFN-y and IL-10
in the intestinal mucosa. Studies performed in porcine intestinal epithelial cells (PIE cells)
demonstrated that L. plantarum CRL1506 is able to differentially modulate the expression of
inflammatory cytokines and chemokines after the activation of TLR4 [20]. PIE cells treated
with the CRL1506 strain had significantly higher expression levels of il6 and ccl8 and lower
il8, ccl2, cxcl5, cxcl9, and cxcl11 than controls. This effect was related to the capacity of the
CRL1506 strain to modulate the expression of the negative regulators of the TLR4 signaling
as shown by the reductions in tnfaip3 (A20) and bcl3, and the increase of mkp1. In addition,
the ex vivo evaluation of phagocytic and bactericidal activities as well as cytokine production
carried out in peritoneal macrophages isolated from mice treated with L. plantarum CRL1506
showed that this strain was capable of increasing macrophages’ phagocytic activity and their
capacity to produce IFN-y in response to LPS stimulation [20]. The modulation of these
parameters in peritoneal macrophages was also observed after the oral treatment of mice with
L. rhamnosus CRL1505 [21]. These previous results suggest that CRL1505 and CRL1506 strains
could modulate the transcriptional response of intestinal and peritoneal macrophages in the
context of TLR4 activation, improving the resistance to Gram-negative pathogens infections.
While previous studies suggest that CRL1505 and CRL1506 strains influence macrophage
responses, the precise transcriptional mechanisms involved remain unclear. This study aims to
bridge that knowledge gap by evaluating the effect of L. rhamnosus CRL1505 and L. plantarum
CRL1506 on macrophages in the context of TLR4-mediated inflammation. We conducted
in vitro studies in murine RAW macrophages to evaluate the ability of the lactobacilli strains
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to modulate the transcriptomic response after LPS stimulation. In addition, we performed
experiments in mice to demonstrate in vivo the effect of CRL1505 and CRL1506 strains on
Peyer’s patches and peritoneal macrophages’ ability to produce cytokines and chemokines
in response to TLR4 activation.

2. Results
2.1. Effect of L. rhamnosus CRL1505 and L. plantarum CRL1506 on Macrophages TLR4-Mediated
Transcriptomic Response
2.1.1. The CRL1505 and CRL1506 Strains Modulate Immune Factors in LPS-Stimulated
RAW Macrophages

The transcriptomic response of murine macrophages to the stimulation with the TLR4
agonist LPS as well as the impact of the immunomodulatory lactobacilli L. rhamnosus
CRL1505 and L. plantarum CRL1506 on macrophage’s response was evaluated by microar-
ray analysis. When the transcripts of macrophages stimulated with LPS were contrasted
with the ones in non-stimulated cells it was observed that there were 2174 unique genes
(Figure 1A,B) and 1401 unique genes (Figure 1C,D) up-regulated and down-regulated,
respectively. Among the upregulated genes, most of them belonged to the GO Biological
Process pathways “response to stimulus”, “cellular response to stimulus” and “negative
regulators of biological processes” (Figure 1A) while most of the downregulated genes be-
longed to the categories of “negative regulators of biologicals processes”, “negative regula-
tion of cellular biologicals processes” and “regulation of response to stimulus” (Figure 1C).
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Figure 1. Effect of lactobacilli strains in murine macrophages (RAW cells) stimulated with the Toll-like
receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages were treated with Lacticaseibacillus
rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains and then challenged with LPS. The
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expression of genes was determined by microarray analysis 12 h after LPS stimulation. Non-
lactobacilli-treated macrophages stimulated with LPS were used as control. The numbers of up-
regulated (A) and down-regulated (C) genes in the different categories of the Gene Ontology (GO)
database. Venn diagrams show the number of differentially up-regulated (B) and down-regulated
(D) genes for each experimental group.

Of note, it was observed that CRL1505- and CRL1506-treated RAW macrophages had
a differential expression in response to LPS stimulation compared to controls. Although the
three groups had 868 upregulated genes, macrophages treated with the CRL1505 strain had
244 unique genes upregulated while those receiving the CRL1506 strain had 262 unique
genes upregulated (Figure 1B). Furthermore, 18 upregulated genes were detected only in
control LPS-challenged macrophages. Similarly, the three groups shared 610 downregulated
genes, while macrophages treated with the CRL1505 or the CRL1506 strains had 166 and
54 unique genes downregulated, respectively (Figure 1D).

Out of the 3575 differentially regulated genes (Figure 1), 421 were assigned to immune-
related functions according to the GO database (Figure 2A). It was also observed that
CRL1505- and CRL1506-treated RAW macrophages had a differential expression of immune-
related genes compared to controls. Although the three groups had 220 differentially
regulated genes, macrophages treated with the CRL1505 and the CRL1506 strains had 42
and 20 unique genes (Figure 2A). The network analysis of differentially expressed genes
revealed that the most remarkable changes in the transcriptomic response of macrophages
after the LPS challenge were in the expression of cytokines (Figure 2B) and chemokines
(Figure 2C) genes. Although both immunomodulatory lactobacilli are able to modify the
transcriptomic response of RAW macrophages after LPS stimulation, the results showed
that L. rhamnosus CRL1505 had a more remarkable effect than L. plantarum CRL1506.
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Figure 2. Effect of lactobacilli strains in murine macrophages (RAW cells) stimulated with the Toll-like
receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages were treated with Lacticaseibacillus
rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains and then challenged with LPS. The
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expression of genes was determined by microarray analysis 12 h after LPS stimulation. Non-
lactobacilli-treated macrophages stimulated with LPS were used as control. The Venn diagram
shows the number of differentially regulated genes with immune-related functions for each exper-
imental group (A). Protein—protein interaction network of the genes related to cytokines (B) and
chemokines (C) pathways.

Protein—protein interactions analysis among the differentially expressed immune
genes detected central roles for tnf, il1b, il6, il12, il10, il17ra, socl, soc2, and tgfb for cytokines
(Figure 2B) and rela, ccl2, ccl3, ccl4, cclb, cxcll, cxcl2, and jun for chemokines (Figure 2C). Con-
sidering these results, we focused further analysis on the differential expression of cytokines
and chemokines in LPS-challenged macrophages and the influence of immunomodulatory
lactobacilli on those genes.

2.1.2. The CRL1505 and CRL1506 Strains Modulate Inflammatory and Regulatory
Cytokines in LPS-Stimulated RAW Macrophages

The challenge of murine macrophages with LPS significantly increased the expression
of the proinflammatory cytokines tnf (5.9-fold change), illa (5.2), il1b (9.1), il6 (9.2), il12
(4.6), csf1 (6.3), csf2 (6.3), csf3 (4.8), ifnB1 (6.7), and ifny (3.4) as well as the regulatory factors
il10 (1.6), socs1 (4.1), socs2 (1.6), and socs3 (3.9) (Figure 3).
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Figure 3. Effect of lactobacilli strains in murine macrophages (RAW cells) stimulated with the Toll-like
receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages were treated with Lacticaseibacillus
rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains and then challenged with LPS.
The expression of genes was determined by microarray analysis 12 h after LPS stimulation. Non-
lactobacilli-treated macrophages stimulated with LPS were used as control. Heatmap analysis
(A) and fold expression changes (B) of cytokines. Asterisks indicate significant differences between
the indicated groups and LPS-challenged control macrophages, (*) p < 0.05.

No changes in the expression of i[27 were detected while tgfbr2 was significantly down-
regulated. When the relative expressions of inflammatory and regulatory cytokines were
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used to construct a heatmap it was observed that macrophages treated with L. rhamnosus
CRL1505 have a different expression pattern compared to control and CRL1506-treated
macrophages in response to LPS challenge (Figure 3A). Although both lactobacilli increased
the expression of il6, il9, ifnp1, ifnvy, and csf3, and decreased il12 and tgfbr2, the CRL1505
strain was more efficient to induce this effect than L. plantarum CRL1506 (Figure 3B). In
addition, only L. rhamnosus CRL1505 was able to increase the expression of i/1b, il10, socs1,
socs3, and il27 and reduce csf2 compared to control macrophages. On the other hand,
only the CRL1506 strain augmented the expression of tnf, and socs2 and reduced il1b, and
csfl compared to control macrophages (Figure 3B). These results show that L. rhammnosus
CRL1505 is more efficient in modulating cytokine expressions in LPS-stimulated RAW
macrophages than L. plantarum CRL1506.

2.1.3. The CRL1505 and CRL1506 Strains Modulate Chemokines and Adhesion Molecules
in LPS-Stimulated RAW Macrophages

The challenge of murine macrophages with LPS also augmented the expression of the
chemokines ccl2 (3.1-fold change), ccl4 (3.7), ccl5 (9.3), ccl7 (6.6), ccl8 (6.7), ccl12 (4.1), ccl20
(9.4), cxcl2 (7.2), cxcl9 (6.1), cxcl16 (2.1), and cx3cl1 (3.1) (Figure 4).

A B

ccl9  (—
- *
- | ccl8
i cel7 =
8
’r—’ ccls -
ce7 ccl4 *

Cxcl9 ccl3  |—
Cxcl2 *
Cel§ col2  [—

{ Ccl5 0 2 4 6 8 10
Ccl20 Fold expression
Ccl4
*
Ccl3 cx3cll  j———
Nk excll7 oy
Ccl2
Cx3cll excll6
Cxcll6 exel9 ol .
Ccl9
Cxcll7 excl2 o +
o v v
(- ccl20 - *
LS E
é I~ coll?  |—
Q Q

Fold expression

LPS M CRL1505 CRL1506

Figure 4. Effect of lactobacilli strains in murine macrophages (RAW cells) stimulated with the Toll-like
receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages were treated with Lacticaseibacillus
rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains and then challenged with LPS.
The expression of genes was determined by microarray analysis 12 h after LPS stimulation. Non-
lactobacilli-treated macrophages stimulated with LPS were used as controls. Heatmap analysis
(A) and fold expression changes (B) of chemokines. Asterisks indicate significant differences between
the indicated groups and LPS-challenged control macrophages, (*) p < 0.05.

Heatmap analysis revealed that both lactobacilli were able to differentially regulate
the expressions of chemokines in LPS-challenged macrophages, the effect of L. rhamnosus
CRL1505 was more remarkable than L. plantarum CRL1506 (Figure 4A). Macrophages
treated with the CRL1505 strain showed significantly increased expressions of ccl3 and ccl4,
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while CRL1506-treated macrophages had reduced expressions of ccl2, ccl5, ccl7, and ccl§
compared to controls (Figure 4B). Both lactobacilli strains reduced ccl12 and cc/20 in LPS-
challenged macrophages. Of note, cxcl9, cxcl12, and cx3cl1 were significantly increased and
decreased in macrophages treated with L. rhamnosus CRL1505 and L. plantarum CRL1506, re-
spectively (Figure 4A). Like cytokines, L. rhamnosus CRL1505 is more efficient in modulating
chemokine expressions in LPS-stimulated RAW macrophages than L. plantarum CRL1506.

Since both chemokines and adhesion molecules act together to regulate the traffic of
immune cells during inflammation, we also evaluated the expression of adhesion molecule
genes in LPS-challenged murine macrophages (Figure 5). The activation of TLR4 signaling
increased the expression of alcam (2.4-fold change), epcam (2.9), icam1 (4.8), vcam1 (4.5),
and sell (1.5), and reduced cadm1 (1.6). Both lactobacilli were able to differentially regulate
the expressions of adhesion molecules in LPS-challenged macrophages, but the effect of
L. plantarum CRL1506 was more remarkable than L. rhamnosus CRL1505 (Figure 5A). The
CRL1505 strain significantly reduced the expression of vcam and icam2, and augmented
sell while the CRL1506 strain increased amigol and reduced epcam compared to control
macrophages. Both lactobacilli reduced icam1 and increased selp in macrophages after the
activation of the TLR4 pathway. In contrast to cytokines and chemokines, L. rhamnosus
CRL1505 is less efficient in modulating adhesion molecules expressions in LPS-stimulated
RAW macrophages than L. plantarum CRL1506.
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Figure 5. Effect of lactobacilli strains in murine macrophages (RAW cells) stimulated with the Toll-like
receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages were treated with Lacticaseibacillus
rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains and then challenged with LPS.
The expression of genes was determined by microarray analysis 12 h after LPS stimulation. Non-
lactobacilli-treated macrophages stimulated with LPS were used as controls. Heatmap analysis
(A) and fold expression changes (B) of adhesion molecules. Asterisks indicate significant differences
between the indicated groups and LPS-challenged control macrophages, (*) p < 0.05.
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2.1.4. Confirmation of Immune Factors Modulation by CRL1505 and CRL1506 Strains
with gPCR

To confirm the changes induced by L. rhamnosus CRL1505 and L. plantarum CRL1506
on the cytokine expression profile in LPS-challenged murine RAW macrophages, qPCR
was performed on selected genes: tnfw, il1B, il6, ifup, ifny, il12, csf2, and csf3. As shown in
Figure 6, the treatment of macrophages with lactobacilli induced a significant increase in
the expression levels of il6, ifnB, ifny, and csf3 compared to control macrophages. On the
other hand, only the CRL1506 strain was able to increase tnfa levels compared to controls
(Figure 6). Both strains reduced the expression of il13 and il12, while only L. rhamnosus

CRL1505 reduced csf2.
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Figure 6. Effect of lactobacilli strains on the expression of cytokines by murine macrophages (RAW
cells) stimulated with the Toll-like receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages
were treated with Lacticaseibacillus rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains
and then challenged with LPS. The expression of genes was determined by qPCR analysis 12 h after
LPS stimulation. Non-lactobacilli-treated macrophages stimulated with LPS were used as controls.
Asterisks indicate significant differences between the indicated groups and LPS-challenged control
macrophages, (*) p < 0.05; (**) p < 0.01.

The expressions of the chemokines ccl2, ccl8, ccl5, and cx3cl1, as well as the adhe-
sion molecules icam-1 and selp were also analyzed (Figure 7). The treatment of murine
macrophages with the lactobacilli strains significantly decreased the expression of ccl2, ccl8,
and icam1, and increased selp compared to control macrophages after challenge with LPS.
The expression level of cx3cll was significantly increased and reduced by L. rhamnosus
CRL1505 and L. plantarum CRL1506 treatments, respectively. In addition, the CRL1506
strain significantly decreased ccl5 to values below the observed in LPS-challenged control
macrophages (Figure 7).
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Figure 7. Effect of lactobacilli strains on the expression of chemokines by murine macrophages (RAW
cells) stimulated with the Toll-like receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Macrophages
were treated with Lacticaseibacillus rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains
and then challenged with LPS. The expression of genes was determined by qPCR analysis 12 h after
LPS stimulation. Non-lactobacilli-treated macrophages stimulated with LPS were used as controls.
Asterisks indicate significant differences between the indicated groups and LPS-challenged control
macrophages, (*) p < 0.05.

When regulatory cytokines expressions were analyzed in macrophages challenged
with the TLR4 agonist, it was observed that L. rhamnosus CRL1505 upregulated the levels
of socs1 and il27 compared to macrophages treated with L. plantarum CRL1506 and the
controls (Figure 8). In addition, the CRL1506 increased the expression of the regulatory
cytokine il10 (Figure 8).
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Figure 8. Effect of lactobacilli strains in murine macrophages stimulated with the Toll-like receptor 4
(TLR4) agonist lipopolysaccharide (LPS). Macrophages were treated with Lacticaseibacillus rhamnosus
CRL1505 or Lactiplantibacillus plantarum CRL1506 strains and then challenged with LPS. The expres-
sion of genes was determined by qPCR analysis 12 h after LPS stimulation. Non-lactobacilli-treated
macrophages stimulated with LPS were used as controls. Asterisks indicate significant differences
between the indicated groups and LPS-challenged control macrophages, (*) p < 0.05.
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The qPCR results are in line with microarray studies showing that although both im-
munomodulatory lactobacilli can modify the transcriptomic response of RAW macrophages
after LPS stimulation, each strain induces specific immunotranscriptomic changes.

2.2. Effect of L. rhamnosus CRL1505 and L. plantarum CRL1506 on Peyer’s Patches APCs and
Peritoneal Macrophages Cytokine Production in Response to LPS Stimulation

2.2.1. The CRL1505 and CRL1506 Strains Modulate Cytokine Production in LPS-Stimulated
Peyer’s Patches Macrophages

We next aimed to evaluate in vivo the effect of lactobacilli on the response of
macrophages to LPS stimulation. The first set of experiments was performed with
macrophages from Peyer’s patches. It was established that within the murine Peyer’s
patches phagocytes and macrophages are characterized by a high expression of lysozyme,
cx3crl, and cd4, which differentiate them from DCs [22,23]. Then, immune cells from
Peyer’s patches were isolated and cultured in glass to allow the selection of APCs, followed
by magnetic sorting of CD4" cells to obtain macrophages. The levels of TNF-«, IL-6, IL-1§3,
CCL-2, and CCL-8 in Peyer’s patches macrophages from mice receiving the lactobacilli
strains were first analyzed (Figure 9). It was observed that L. rhamnosus CRL1505 and
L. plantarum CRL1506 significantly increased the levels of all the cytokines and chemokines
evaluated in non-inflammatory conditions (without LPS challenge). On the other hand,
when Peyer’s patches macrophages were cultured and challenged with LPS, an increase
in all the cytokines levels was observed with respect to the basal levels in all the exper-
imental groups (Figure 9). However, Peyer’s patches macrophages from mice receiving
the lactobacilli strains had significantly increased levels of TNF-a and IL-6 and decreased
concentrations of IL-13, CCL-2, and CCL-8 compared with cells from control mice.
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Figure 9. Effect of lactobacilli strains on the production of inflammatory cytokines and chemokines
by murine Peyer’s patches macrophages stimulated with the Toll-like receptor 4 (TLR4) agonist
lipopolysaccharide (LPS). Inmunocompetent adult BALB/c mice (6 weeks) were orally treated with
Lacticaseibacillus rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains for five days.
On day 6, Peyer’s patches macrophages were isolated, cultured for 24 h, and then challenged with
LPS. The levels of cytokines were determined after 24 h of culture (basal) or 24 h after LPS challenge
by ELISA. Peyer’s patches of macrophages obtained from non-lactobacilli-treated mice were used
as controls. Asterisks indicate significant differences between the indicated groups and basal or
LPS-challenged controls, (*) p < 0.05; (**) p < 0.01.
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We also evaluated the changes in the levels of IFN-y, IL-12, CSF2, CSFE3, IL-10, and
IL-27 in Peyer’s patches macrophages before and after the stimulation with LPS (Figure 10).
It was noticed that the basal levels of all these immune factors were significantly higher
in lactobacilli-treated macrophages than in controls. When macrophages were stimulated
with LPS all the factors increased compared to the basal levels. However, a higher concen-
tration of IFN-y, CSF3, IL-27, and IL-10 was found in lactobacilli-treated cells than controls
(Figure 10). In addition, both L. rhamnosus CRL1505 and L. plantarum CRL1506 induced a
decrease in IL-12 levels. No significant differences were observed in CSF2 values when
lactobacilli-treated macrophages were compared to controls. In contrast to the studies
in RAW macrophages, the evaluation of cytokines and chemokines in Peyer’s patches
macrophages showed that both immunomodulatory lactobacilli induced a similar effect.
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Figure 10. Effect of lactobacilli strains on the production of inflammatory and regulatory cytokines
by murine Peyer’s patches macrophages stimulated with the Toll-like receptor 4 (TLR4) agonist
lipopolysaccharide (LPS). Immunocompetent adult BALB/c mice (6 weeks) were orally treated
with Lacticaseibacillus rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains for five
days. On day 6, Peyer’s patches macrophages were isolated, cultured for 24 h, and then challenged
with LPS. The levels of cytokines were determined after 24 h of culture (basal) or 24 h after LPS
challenge by ELISA. Peyer’s patches macrophages obtained from non-lactobacilli-treated mice were
used as controls. Asterisks indicate significant differences between the indicated groups and basal or
LPS-challenged controls, (*) p < 0.05; (**) p < 0.01.

2.2.2. The CRL1505 and CRL1506 Strains Modulate Cytokine Production in LPS-Stimulated
Peritoneal Macrophages

In a second set of experiments, we isolated peritoneal macrophages from control
and lactobacilli-treated mice, stimulated them in vitro with LPS, and evaluated the levels
of cytokines (Figure 11). It was shown that the CRL1505 and CRL1506 strains enhanced
the basal levels of TNF-«, IL-6, IL-13, CCL-2, and CCL-8 compared to control mice. The
challenge of peritoneal macrophages with LPS increased all the cytokines evaluated
compared to basal levels, in all the experimental groups. However, the concentrations
of TNF-« and IL-6 were higher in macrophages from mice treated with L. rhamnosus
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CRL1505 and L. plantarum CRL1506 than in controls, while IL-13, CCL-2 and CCL-8
were lower (Figure 11).
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Figure 11. Effect of lactobacilli strains on the production of inflammatory cytokines and chemokines
by murine peritoneal macrophages stimulated with the Toll-like receptor 4 (TLR4) agonist lipopolysac-
charide (LPS). Inmunocompetent adult BALB/c mice (6 weeks) were orally treated with Lacticas-
eibacillus rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains for five days. On day 6,
peritoneal macrophages were isolated, cultured for 24 h, and then challenged with LPS. The levels
of cytokines were determined after 24 h of culture (basal) or 24 h after LPS challenge by ELISA.
Peritoneal macrophages obtained from non-lactobacilli-treated mice were used as controls. Asterisks
indicate significant differences between the indicated groups and basal or LPS-challenged controls,
(*) p <0.05; (**) p < 0.01.

We detected increases in the basal levels of IFN-y, IL-12, CSF2, CSF3, 1L-10, and
IL-27 in peritoneal macrophages from mice fed the lactobacilli strains (Figure 12). All
the immune factors increased with respect to their basal levels after the stimulation with
LPS. Significant increases of IFN-y, IL-10, and CSF3 and decreases of IL-12 and CSF2 were
observed in peritoneal macrophages from lactobacilli-treated mice compared to controls.
Of note, no significant differences were observed in the levels of IL-27 when treated and
control peritoneal macrophages were compared (Figure 12).

Again, contrasting the results obtained in RAW macrophages, the evaluation of cy-
tokines and chemokines in peritoneal macrophages showed that both immunomodulatory
lactobacilli induced a similar effect.
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Figure 12. Effect of lactobacilli strains on the production of inflammatory and regulatory cytokines by
murine peritoneal macrophages stimulated with the Toll-like receptor 4 (TLR4) agonist lipopolysac-
charide (LPS). Immunocompetent adult BALB/c mice (6 weeks) were orally treated with Lacticas-
eibacillus rhamnosus CRL1505 or Lactiplantibacillus plantarum CRL1506 strains for five days. On day 6,
peritoneal macrophages were isolated, cultured for 24 h, and then challenged with LPS. The levels
of cytokines were determined after 24 h of culture (basal) or 24 h after LPS challenge by ELISA.
Peritoneal macrophages obtained from non-lactobacilli-treated mice were used as controls. Asterisks
indicate significant differences between the indicated groups and basal or LPS-challenged controls,
(*) p <0.05; (**) p < 0.01.

2.2.3. The CRL1505 and CRL1506 Strains Modulate Adhesion Molecules and Regulatory
Factors Expression in LPS-Stimulated Peyer’s Patches and Peritoneal Macrophages
Finally, we evaluated changes in the expressions of selp, icam1, socs1, socs2, and socs3
in primary cultures of Peyer’s patches and peritoneal macrophages obtained from mice
treated with lactobacilli and stimulated with LPS (Figure 13). The expressions of socs1 and
socs2 were higher in Peyer’s patches macrophages from animals treated with CRL1505
and CRL1506 strains than controls while the lactobacilli did not change socs3 expression.
The opposite was observed in peritoneal macrophages since L. rhamnosus CRL1505 and
L. plantarum CRL1506 only increased socs3 expression while no changes were detected in
socs1 and socs2. In addition, both lactobacilli reduced icam1 expression in Peyer’s patches
and peritoneal macrophages while the upregulation of selp was observed only in cells from
Peyer’s patches in response to LPS stimulation (Figure 13). Like cytokines and chemokines,
the changes in the expressions of regulatory and adhesion factors in Peyer’s patches and
peritoneal macrophages induced by both immunomodulatory lactobacilli were similar.
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Figure 13. Effect of lactobacilli strains in murine Peyer’s patches and peritoneal macrophages
stimulated with the Toll-like receptor 4 (TLR4) agonist lipopolysaccharide (LPS). Immunocompetent
adult BALB/c mice (6 weeks) were orally treated with Lacticaseibacillus rhamnosus CRL1505 or
Lactiplantibacillus plantarum CRL1506 strains for five days. On day 6, Peyer’s patches (A) and
peritoneal (B) macrophages were isolated, cultured for 24 h, and then challenged with LPS. The
expression of adhesion molecules and socs genes were determined 12 h after LPS challenge by qPCR.
Macrophages obtained from non-lactobacilli-treated mice were used as controls. Asterisks indicate
significant differences between the indicated groups and LPS-challenged controls, (*) p < 0.05.

3. Discussion

In this work, we aimed to advance in the characterization of the immunomodulatory
properties of L. rhamnosus CRL1505 and L. plantarum CRL1506, focused on the TLR4-
triggered immune response in macrophages. These studies were performed to gain insight
into the mechanisms involved in their abilities to improve defenses against Gram-negative
pathogens, as demonstrated in previous works [19-21]. For this purpose, we first used the
murine macrophage cell line RAW 264.7 to evaluate the transcriptomic changes induced by
the CRL1505 and CRL1506 strains, considering that this in vitro system has been widely
used to evaluate immunomodulatory bacteria. Different lactobacilli strains can modulate
RAW macrophages’ cytokine profiles in response to TLR4 activation by inducing changes in
proinflammatory cytokines and chemokines as well as regulatory factors [12-16]. Although
the reduction of inflammatory factor expression in response to LPS challenge has been
consistently described in lactobacilli-treated macrophages, the changes in regulatory factors
have been more variable. For example, L. rhamnosus 4B15 [14] and L. helveticus NS8 [15] re-
duced the expression of inflammatory cytokines in RAW macrophages stimulated with LPS
but the 4B15 strain reduced IL-10 while the NS8 strain augmented this regulatory cytokine.
Our previous transcriptomic studies with the immunomodulatory strain L. plantarum LOC1
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detected the reduction of several inflammatory cytokines and chemokines including il18,
il12, ¢sf2, cxcl3, cxcll, and cx3cl1 in RAW macrophages stimulated with LPS [16]. However,
we also observed that the LOC1 strain increased tnfu, il6, ifn7y, il15, cxcl9, and csf3, induced
no effect on il10 but augmented il27 expressions. These results showed that the effect
of lactobacilli on the response of macrophages to TLR4 activation is more complex than
previously predicted when measuring a limited number of immunological factors. In line
with our previous results, microarray analysis and qPCR confirmation showed that the
CRL1505- and CRL1506-treated macrophages responded to LPS stimulation with higher 6,
il15, ifnB, ifn<y, csf3, and selp expression and lower il1p, il12, ccl2, ccl§, and icam1 expression
compared to control macrophages. Although most of the changes induced by L. plantarum
CRL1506 and L. rhamnosus CRL1505 in the expression of inflammatory cytokines and
chemokines and adhesion molecules were similar, the CRL1505 strain induced a more
remarkable effect. In addition, changes induced by only one strain were also detected. The
CRL1506 strain increased tnfa and reduced cx3cl1, while the CRL1505 augmented cx3cl1
and diminished csf2 and ccl5. Of note, changes in anti-inflammatory mediators were also
detected in macrophages after the challenge with LPS, and interestingly, lactobacilli strains
modulated in a different way these regulatory factors. L. plantarum CRL1506 increased il10
and socs2 while L. rhamnosus CRL1505 upregulated il27, socs1, and socs3. These results show
that each strain induces specific immunotranscriptomic changes in RAW macrophages after
LPS stimulation, and raise an important question: could the combined use of both strains
be more efficient in modulating the response of macrophages and improving resistance to
infections? This is an interesting point for future research.

Various immortalized murine macrophage-like cell lines have been used for investi-
gating the role of beneficial microbes on immunity including RAW 264.7, J774A.1, and the
peritoneal macrophages PMJ2-R. The use of cell lines avoids the limitations of individual
variations observed in primary cultures and the phenotype changes through different
passages [24]. However, the response of immortalized cells to bacterial infections or MAMP
stimulation may have quantitative or qualitative differences compared to cells of the living
organism [25]. In this regard, it was shown that J774A.1 cells stimulated with LPS increased
IL-6 and IL-12 production while the stimulation of primary cultures of murine peritoneal
macrophages with the same dose of LPS enhanced the production of both cytokines but at
levels significantly higher than those observed in J774A.1 macrophages [26]. In a similar
approach, it was shown that primary cultures of murine peritoneal macrophages chal-
lenged with LPS increased their production of TNF-& and IL-6 while the same dose of the
TLR4 agonist augmented these cytokines to a lower extent in RAW 264.7 macrophages [27].
Furthermore, a comparative proteomic study of the PMJ2-R cell line and primary cul-
tures of peritoneal macrophages showed differences in proteins related to the phagocytic
process [28]. Then, considering these facts, we aimed to contrast the results of RAW
macrophages with those obtained in ex vivo experiments.

Gut macrophages are a heterogeneous population [8]. Within the intestinal tissue,
macrophages are distributed at various locations that include the lamina propria, the sub-
mucosa, the Peyer’s patches, around the blood vessels, or associated with smooth muscles
or neurons. Among these cells, macrophages located in the lamina propria have been ex-
tensively studied in terms of their phagocytic, antigen-presenting, and cytokine production
capacities because of their close contact with the antigens of the intestinal lumen [29]. These
subepithelial macrophages are the first line of contact with intestinal microbes and as such,
they possess strong bactericidal and phagocytic properties. However, despite their continu-
ous stimulation by the intestinal microbiota and their MAMPs, subepithelial macrophages
do not tend to induce inflammatory responses because of their regulation by IL-10 and
IL-25/1L-33 produced by FoxP3* regulatory T cells and IECs, respectively [8,30,31]. Then,
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subepithelial macrophages are characterized by constitutive expression of IL-10 and no
production of inflammatory mediators. In contrast, macrophages from Peyer’s patches are
programmed to handle microorganisms differently, particularly pathogens. Peyer’s patches
macrophages can produce inflammatory cytokines like TNF-« and IL-6 upon stimulation
while they produce low IL-10 compared to subepithelial macrophages [30]. On the other
hand, Gram-negative invasive bacteria can damage the intestinal tissue and affect wall in-
tegrity translocating to deeper tissues like the peritoneal cavity or reaching the bloodstream.
On those tissues, pathogens face different populations of phagocytes. In the peritoneal cav-
ity, the first line of defense is supported by resident large peritoneal macrophages [31] that
are F4/80MCD11b*MHC-II~ and possesses a high phagocytic activity [32] and the ability
to respond to pathogens” MAMPs through the TLR4 and TLR7 pathways [33]. In the steady
state, peritoneal macrophages eliminate apoptotic cells avoiding inflammation because
of their elevated expression of negative regulators of TLR signaling including Socs3 and
Tnfaip3 [33]. However, peritoneal macrophages are crucial to orchestrate innate immune
responses in front of pathogens as demonstrated by experiments in which their depletion
resulted in augmented bacterial load and lower survival of mice infected with different
bacteria, including E. coli [34]. In fact, peritoneal macrophages stimulated with LPS change
the expression of proteins involved in phagocytosis and antigen presentation [35], and
release inflammatory chemokines and cytokines promoting phagocyte recruitment to the
peritoneal cavity that is crucial for eliminating invading bacteria [36]. Then, considering
the important role of Peyer’s patches and peritoneal macrophages in the defense against
Gram-negative pathogens, we selected these two populations of immune cells to evaluate
ex vivo the effects of the CRL1505 and CRL1506 strains and to compare them with the
results obtained in RAW macrophages.

In line with the transcriptomic studies performed in RAW cells, it was observed that
Peyer’s patches and peritoneal macrophages obtained from mice orally treated with L. rham-
nosus CRL1505 and L. plantarum CRL1506 and in vitro stimulated with LPS had significantly
higher production of TNF-«, IFN-y, IL-6, and CSF3 as well as lower production of IL-1f3,
IL-12, CSF2, CCL2 and CCLS. Studies demonstrated that IFN-y produced by macrophages
has a crucial role in the elimination of pathogens including Salmonella Typhimurium [37].
In fact, it was reported that the treatment of human macrophages with recombinant IFN-y
improves the internalization and killing of Salmonella. The important protective role of IFN-
v against pathogenic E. coli was highlighted by studies showing that enterohemorrhagic E.
coli inhibits the IFN-y pathway in IECs through the inhibition of STAT-1 phosphorylation,
helping the pathogen to evade the immune system [38]. In addition, the neutralization of
TNEF-o shifts macrophages toward an M2 state and increases the persistence of Salmonella
Typhimurium in infected mice [39]. The challenge of healthy adult male volunteers with
attenuated ETEC prevented intestinal infection upon a secondary challenge with the same
bacteria, and this protective effect was associated with improved productions of TNF-« and
IL-6 by blood monocytes [40]. Also, CSF3 has been shown to induce the migration of neu-
trophils which have a key role in bacterial clearance during pathogenic E. coli infection [41].
On the other hand, it was demonstrated that inflammatory cytokines and chemokines
can play a detrimental role in Gram-negative pathogens infections. Studies performed in
murine ileal phosphatidylserine receptor 4 (TIM-4)" macrophages showed that vitamin
B12 deficiency upregulated ccl2, cxcl3, cxcl2, cxcl10, cx3cll, ll1a, and i1 expression as
well as icam1 and vcam1 [42]. However, despite the higher expression of inflammatory
mediators in intestinal macrophages, vitamin B12-deficient mice had higher Salmonella
Typhimurium loads in the ileal contents and increased spread of the pathogen to the spleen
than control animals. Experiments with CSF2~/~ and wild-type mice showed that defi-
ciency of CSF2 induced a delay in the onset of inflammatory-mediated tissue damage in
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the spleens and livers after the infection with Salmonella Typhimurium [43]. Comparative
studies of wild-type and NLRP3~/~ mice showed that after the challenge with LPS or
E. coli infection NLPR3 deficient animals had significantly lower liver damage, associated
with a diminished IL-13 production by macrophages [44]. Like inflammatory cytokines,
changes in the expression of adhesion molecules were associated with both beneficial and
detrimental effects against pathogens. Our results showed that LPS stimulation increased
the expression of icam1 in all the macrophages used in this study while selp was augmented
in RAW and Peyer’s patches cells but not modified in peritoneal macrophages. These
results are in line with studies showing that peritoneal macrophages challenged ex vivo
with LPS showed increases in ICAM-1 [35] while they express P-selectin on the plasma
membrane in steady conditions but that the stimulation with LPS or IEN-y did not alter the
levels of this adhesion molecule [45]. Interestingly, L. rhamnosus CRL1505 and L. plantarum
CRL1506 increased selp and reduced icam1 in macrophages challenged with LPS. Studies
demonstrated that peritoneal macrophages from young and adult mice differ in the expres-
sion of proinflammatory and chemotactic genes, particularly in response to LPS stimulation.
Decreased expression of icam1 and vcam 1 were found in peritoneal macrophages from
adult mice compared to neonatal animals after the activation of TLR4 [46]. Furthermore,
a higher influx of inflammatory cells into the peritoneal cavity in neonatal mice than in
adult animals was observed after LPS stimulation. These differences between neonates
and adults have been associated with neonatal exuberant and detrimental inflammatory
reactions. Studies comparing wild-type and SELP~/~ mice reported a higher bacterial
load and more severe inflammation in SELP-deficient mice after the challenge with Cit-
robacter rodentium [47]. In line with these results, mice lacking functional SELP ligands
exacerbate Salmonella infection characterized by higher bacterial load and proinflammatory
cytokine production [48]. Then, it is tempting to speculate that the effect of L. rhammnosus
CRL1505 and L. plantarum CRL1506 in the balance of the different inflammatory mediators
and adhesion molecules would allow improved protection against pathogens together
with minimal inflammatory-mediated tissue damage as shown in our in vivo studies with
Gram-negative bacterial infections [19,20]. In fact, we observed that L. rhamnosus CRL1505
and L. plantarum CRL1506 increased the levels of TNF-«, IFN-y, and IL-6 in response to
Salmonella Typhimurium [19] and ETEC [20] infections, in line with the results obtained
here using LPS as the inflammatory stimulus. It would be interesting to evaluate in those
murine models of Gram-negative pathogens infections whether the CRL1505 or CRL1506
strains can also modulate the levels of CSF3, IL-13, IL-12, CSF2, CCL2, CCLS8, and adhesion
molecules as we observed in this work.

We also detected that macrophages stimulated with LPS increased their expression
of regulatory factors including il10, il27, socs1, socs2, and socs3. It was reported that the
stimulation of macrophages with LPS or the infection with Gram-negative pathogens not
only induces changes in their expression and production of inflammatory factors but in
addition, modulate regulatory factors like IL-10 and IL-27. Studies performed with RAW
macrophages challenged with Vibrio parahaemolyticus [49] or Vibrio vulnificus [50] and pri-
mary cultures of murine peritoneal macrophages infected with Vibrio harveyi [51] revealed
increments in the production of inflammatory cytokines and chemokines. Interestingly;,
RAW macrophages infected with V. parahaemolyticus had also an improved production
of IL-10 compared to uninfected controls [49]. Similarly, murine peritoneal macrophages
stimulated with V. harveyi upregulated the expression of il10 [49]. Of note, L. plantarum
CRL1506 increased i/10 and socs2 while L. rhamnosus CRL1505 upregulated il27, socs1 and
socs3 in LPS-stimulated RAW macrophages. However, Peyer’s patches macrophages from
mice treated with both lactobacilli strains had increased expression of socs1 and socs2 as well
as higher production of IL-10 and IL-27 than controls. In addition, peritoneal macrophages
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from mice receiving L. rhamnosus CRL1505 or L. plantarum CRL1506 had increased socs3
and IL-10 than macrophages from control animals after LPS stimulation. The differences
found between the distinct experimental systems may be due to two reasons. On the one
hand, in RAW cells we measured the mRNA expression of i/10 and il27 while in primary
macrophage cultures, the proteins of the regulatory cytokines were determined. However,
it should be noted that we evaluated the mRNA expression of soscl, socs2, and socs3 in
the three experimental systems and still found differences between them. On the other
hand, it is highly feasible that the biology of macrophages from Peyer’s patches and the
peritoneal cavity is different from that of the cell line, since in vivo, macrophages have been
influenced and programmed by their respective microenvironments. Then, our results
show that although RAW cells are useful in vitro systems to evaluate the interaction of mi-
croorganisms with the host, the results obtained in this system must be carefully analyzed
when extrapolating to other macrophage populations in vivo.

Studies in mice have shown that the modulation of both inflammatory cytokines and
regulatory factors by immunomodulatory lactobacilli can improve the protection against
pathogens. Orally administered L. rhamnosus GG improved the production of IL-12 and
IL-10 in macrophages and these changes were associated with enhanced resistance to
Salmonella infection [52]. Then, we can speculate that the modulation of regulatory factors
in macrophages by the CRL1505 and CRL1506 strains would have a protective role in vivo
during the course of Gram-negative pathogen infection. Several research works support
this statement. SOCS proteins, IL-10 and IL-27 are known to be involved in the control of
inflammation [53,54]. Both SOCS1 and SOCS3 regulate TLR4 signaling in macrophages
through a negative feedback loop to inhibit cytokine signal transduction [55]. In fact, it was
reported that SOCS1~/~ mice are highly sensitive to LPS-mediated inflammation. Metabo-
lites with the ability to modulate socs expression like the gut microbial ursodeoxycholic acid
have been shown to control inflammatory responses in macrophages [56]. The treatment
of mice with ursodeoxycholic acid significantly increased socs1 and socs3 in macrophages
and reduced their expression of tnfa, il1B, il6, and il12 in response to LPS stimulation.
On the other hand, it was demonstrated that prostaglandin I12-dependent induction of
IL-10 controls the production of IL-18 in peritoneal macrophages upon LPS challenge [57].
Improved production of IL-10 has been associated with reduced intestinal inflammation
and protection from ETEC diarrhea [58]. The mucosal administration of IL-27 was reported
to exert beneficial effects in murine models of inflammatory bowel disease, through its
capacity to modulate macrophage function that regulates T cell activation and IL-10 pro-
duction [59]. It was also demonstrated in human macrophages that IL-27 suppresses their
responses to TNF-o or IL-13 stimulation [60]. Of note, we reported previously increased
levels of IL-10 in response to Salmonella Typhimurium [19] and ETEC [20] infections in
animals treated with the CRL1505 or CRL1506 strains. Then, similar to inflammatory cy-
tokines, it would be of value to determine whether L. rhamnosus CRL1505 and L. plantarum
CRL1506 can modulate the levels of IL-27, sosc1, socs2, and socs3 in the murine models
of Gram-negative pathogens infections, to determine the precise role of these regulatory
factors in the protection against inflammatory-mediated damage.

Another point for future research is to investigate the molecular mechanism(s) used
by L. rhamnosus CRL1505 and L. plantarum CRL1506 to modulate macrophage function. We
reported previously that the peptidoglycan and the lipoteichoic acid are key molecules
involved in the immunomodulatory effect of the CRL1505 [61] and CRL1506 [62] strains,
respectively. In addition, we showed that the modulation of negative regulators of the TLR
signaling could be involved in the differential modulation of cytokines and chemokines
expression induced by lactobacilli in macrophages [62] and IECs [16,20]. Then, it is tempt-
ing to speculate that L. rhamnosus CRL1505 through its peptidoglycan, and L. plantarum
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CRL1506 through its lipoteichoic acid interact with PRRs expressed in macrophages in-
ducing changes in the expression of negative regulators that subsequently modify the
response of these immune cells to the activation of TLR4. This hypothesis needs to be
verified experimentally.

4. Materials and Methods
4.1. Bacterial Strains

Lacticaseibacillus rhamnosus CRL1505 and Lactiplantibacillus plantarum CRL1506 belong
to the CERELA-CONICET culture collection (Chacabuco 145, San Miguel Tucumaén, Ar-
gentina) and were originally isolated from goat’s milk from the northwestern region of
Argentina [19]. The purified stock cultures were preserved at —80 °C in De man, Rogosa,
and Sharpe (MRS) broth (Oxoid, Basingstoke, UK) containing 30% glycerol. Lactobacilli
were grown anaerobically twice in MRS broth at 37 °C for 16 h before use. Strains were
harvested by centrifugation (800x g, 10 min at 4 °C) and washed with sterile phosphate-
buffered saline (PBS).

4.2. Cell Cultures

The RAW 264.7 mouse macrophage cell line (Riken Cell Bank, Tsukuba, Japan) was
used in this study. Murine macrophages were cultured in Dulbecco’s modified eagle
medium (DMEM; Thermo Fisher Scientific, Tokyo, Japan) with 10% fetal bovine serum (FBS;
Sigma, St. Louis, MO, USA), penicillin (100 U/mL; Thermo Fisher Scientific, Tokyo, Japan)
and streptomycin (100 ug/mL; Thermo Fisher Scientific, Tokyo, Japan) in a 5% humidified
CO; incubator at 37 °C. RAW 264.7 cells were tested for mycoplasma contamination
before use.

4.3. Stimulation of Macrophages with Lactobacilli

RAW 264.7 mouse macrophage cells (5 x 10° cells/well) were inoculated in 12-well
plates and incubated overnight. Subsequently, the culture medium was changed, and
macrophages were stimulated with lactobacilli (5 x 107 cells/mL). For LPS challenge
experiments, murine macrophages were cultured as indicated above and stimulated with
lactobacilli (5 x 107 cells/mL) for 24 h. Later, wells were washed to eliminate lactobacilli
and stimulated with 50 ng/mL LPS (InvivoGen, San Diego, CA, USA) for 12 h. For
these experiments, lactobacilli were grown anaerobically in MRS broth at 37 °C for 12 h
(log phase).

4.4. Microarray

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Tokyo, Japan) as per the
manufacturer’s protocol. RNA samples were treated with Qiagen DNAse and the sample
integrity was evaluated using an RNA 6000 Nano kit with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Then, cDNA synthesis was performed with
200 ng of RNA. The RNA labeling and hybridization were performed using the SurePrint
G3 Mouse GE 8x60K ver2.0 Microarray from Hokkaido System Science Co., Ltd., Sapporo,
Japan. Microarray scanning was performed with the Microarray Scanner from Agilent
Technologies, while digitalization was done using Agilent Feature Extraction 10.7.3.1.

Data was normalized and gene expression was analyzed by GeneSpring software
version 13.1 (Agilent Technologies). Significantly different up- and down-regulated genes
within the samples (stimulated with LPS or lactobacilli plus LPS) with respect to control
samples (without LPS stimulation) were considered. Two criteria were used for the selection
of genes with significant changes in transcript abundance: a cutoff in transcript abundance
of at least 2-fold and a f-test p-value of less than 0.05. The Limma in R software (version 3.2.5)
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was used for the gene expression statistical analysis. The log, transform ratio was used
to express the results. Genes were analyzed using PANTER 11.1 and the Gene Ontology
(GO) classification. Microarray data was submitted to NCBI-GEO under the accession
number GSE288790.

4.5. Quantitative Expression Analysis by gPCR

RNA samples were taken from macrophages before and after the challenge with LPS.
Total RNA was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Following
the extraction of RNA, the cDNA was prepared utilizing PrimeScript™ RT reagent Kit
with gDNA Eraser (Perfect Real Time; Takara Bio, Kusatsu, Shiga, Japan) following the
manufacturer’s instructions.

A CFX Connect Real-Time System (BioRad, Hercules, CA, USA) and TB Green Premix
Ex Taq II (Takara Bio) were used to perform qPCR. The primers used were described
before [60,61]. The amplification conditions were 95 °C for 30 s, 40 cycles at 95 °C for
5 s, and then 60 °C for 30 s. Beta-actin was used as an internal control to normalize
mRNA expression.

4.6. Animals, Feeding Procedures, and Immune Cell Isolation

This study was carried out in strict accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals of the CERELA, Guide for Animal
Experimentation. Five-week-old BALB/c mice were obtained from the closed colony
maintained at CERELA (Tucumén, Argentina). They were housed in plastic cages with
controlled room temperature (22 & 2 °C temperature, 55 + 2% humidity) and mice were
fed ad libitum with a conventional balanced diet. Researchers and personnel specialized in
animal care and handling at CERELA ensured animal welfare. The health and behavior of
the animals were monitored twice a day. The tests for each parameter studied were carried
out in 5-6 mice per group. Animals were euthanized immediately after the time point was
reached using xylazine and ketamine. No signs of discomfort or pain were observed and
there were no deaths before the mice reached the endpoints.

L. rhamnosus CRL1505 or L. plantarum CRL1506 were administered orally to different
groups of mice for five consecutive days at a dose of 108 cells/mouse/day [19]. On the
sixth day, the groups treated with the lactobacilli strains and the untreated mice were
sacrificed to obtain peritoneal macrophages that were isolated as described previously [21].
For the obtention of macrophages from Peyer’s patches, immune cells were isolated as
described before [63] and the total population of antigen-presenting cells (APCs) was first
isolated by culturing immune cells on glass and allowing their adherence for 2 h, 37 °C.
Adherent cells that include macrophages and dendritic cells (DCs) were then resuspended
in DMEM medium and the Dynabeads™ Mouse CD4 Positive Isolation Kit (Invitrogen)
and DynaMag™-2 (Invitrogen) were used to obtain macrophages considering their high ex-
pression of CD4 [23,24]. The absence of lymphocytes in this cell suspension was confirmed
by microscopic analysis.

4.7. Cytokine Protein Determinations

Peyer’s patches and peritoneal macrophages from lactobacilli-treated and control mice
were isolated, cultured in 12-well plates (5 x 10° cells/ well) for 24 h, and then challenged
with LPS (50 ng/mL). The levels of cytokines were determined after 24 h of culture (basal)
or 24 h after LPS challenge with kits enzyme-linked immunosorbent assay (ELISA) kits
following the manufacturer’s recommendations (R&D Systems, Minneapolis, MN, USA).
The following ELISA kits were used: TNF-o« (Mouse TNF alpha ELISA Kit, High Sensitivity,
BMS607-2HS), IL-6 (Mouse IL-6 ELISA Kit, BMS603-2), IL-13 (Mouse IL-1 beta ELISA Kit,
BMS6002), IFN-y (Mouse IFN gamma ELISA Kit, BMS606-2), IL-10 (Mouse IL-10 ELISA Kit,
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BMS614) and IL-12 (Mouse IL-12 p70 ELISA Kit, BMS6004) from ThermoFisher Scientific
(Waltham, MA, USA), and CCL-2 (Mouse CCL2/JE/MCP-1 ELISA Kit Quantikine, MJE0OB),
CCL-8 (Mouse CCL8/MCP-2 DuoSet ELISA, DY790), IL-27 (Mouse IL-27 p28/IL-30 ELISA
Kit Quantikine, M2728), CSF2 (Mouse GM-CSF DuoSet ELISA, DY415), and CSF3 (Mouse
G-CSF ELISA Kit Quantikine, MCS00) from R&D Systems (Minneapolis, MN, USA).

4.8. Statistical Analysis

All experiments were conducted in triplicate. The results are presented as means with
standard deviations. Data distribution was checked for normality prior to statistical analy-
sis. A two-way ANOVA was applied to assess the differences between groups, followed by
Tukey’s test for pairwise comparisons. p < 0.05 was selected for statistical significance.

5. Conclusions

L. rhamnosus CRL1505 and L. plantarum CRL1506 can improve the protection against
Salmonella and pathogenic E. coli together with minimal inflammatory-mediated tissue
damage. In this work, we advanced in the knowledge of the mechanisms involved in this
beneficial effect by demonstrating that the CRL1505 and CRL1506 strains can modulate dif-
ferent inflammatory mediators, adhesion molecules, and regulatory factors in macrophages
after TLR4 activation, which is a key signaling pathway involved in the defenses against
Gram-negative bacterial pathogens. One limitation of our study is that we measured
cytokines, chemokines, and adhesion molecules at only one point after LPS challenge
in macrophages. To more accurately elucidate the role of each immune factor modu-
lated by L. rhamnosus CRL1505 and L. plantarum CRL1506 in macrophages, kinetic studies
should be performed in the future. Another limitation of our study with Peyer’s patches
macrophages is the lack of a single-cell population purification since our methodology
probably allowed the primary culture of distinct macrophages. It has been described that
macrophages within the Peyer’s patches are a heterogeneous population that includes TIM-
4* lysozyme*, TIM-4~ lysozyme?*, tingible-body (TMB), and dome-associated villus (DAV)
macrophages [30]. The TIM-4~lysozyme* macrophages were strongly associated with the
defense against Salmonella Typhimurium in Peyer’s patches [64,65]. These macrophages
efficiently recognize intracellular Salmonella and trigger the production of IL-1f3 and IL-18
that mediate protective inflammatory response [23]. On the other hand, our study focused
only on one MAPM from Gram-negative pathogens for inducing inflammatory responses in
macrophages. Pathogens like Salmonella and E. coli present several MAMPs to the immune
system simultaneously during infections, so different signaling pathways mediated by
different receptors control the inflammatory response of immune cells such as macrophages.
For example, it has been shown that flagellins derived from Salmonella and E. coli can induce
the activation of TLR5 and NLRC4 pathways, leading to the production of inflammatory
cytokines by peritoneal macrophages [66]. Therefore, the study of inflammatory responses
triggered by different MAPMs from Gram-negative pathogens on specific populations of
intestinal and peritoneal macrophages would be of great relevance for a better understand-
ing of the immunomodulatory effects of the probiotic strains L. rhamnosus CRL1505 and
L. plantarum CRL1506, in the context of bacterial infections.
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