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The beneficial effects of feeding probiotic Bacillus subtilis DSM 32315 (BS) and
Bacillus velezensis CECT 5940 (BV) to chickens in vivo are well-documented, with
potential immune modulation as a key mechanism. In this study, we investigated
the direct interactions of chicken peripheral blood mononuclear cells (PBMCs)
with BS or BV in vitro through whole transcriptome profiling and cytokine array
analysis. Transcriptome profiling revealed 20 significantly differentially expressed
genes (DEGs) in response to both Bacillus treatments, with twelve DEGs identified
in BS-treated PBMCs and eight in BV-treated PBMCs. Pathway analysis using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) indicated significant
regulation of immune-related pathways by both BS and BV. Notably, BS
treatment upregulated genes associated with immune cell surface markers
(CD4, CD25, CD28), anti-inflammatory cytokine interleukin-10 (IL-10), and C-C
motif chemokine ligand 5 (CCL5), while downregulating the gene encoding pro-
inflammatory IL-16. BV treatment similarly affected genes associated with immune
cell surface markers, IL-16, and CCLS5, with no impact on the gene encoding IL-10.
Both treatments induced higher expression of the gene encoding the avian -
defensin 1 (AvBD1). The results of this in vitro study indicate an immunomodulatory
effect of BS and BV in chicken PBMCs by regulating genes involved in anti-
inflammatory, bacteriostatic, protective, and pro-inflammatory responses.
Consequently, BS and BV may serve to augment the immune system'’s capacity
to defend against infection by modulating immune responses and cytokine
expression. Thus, the administration of these probiotics holds promise for
reducing reliance on antimicrobials in farming practices.
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1 Introduction

Feed additives, such as probiotics (1), have the potential to
improve the health of animals and humans and, thus, may help to
prevent and reduce the usage of antimicrobials. Supplemental
probiotics comprise mainly vital bacteria, fungi, and yeast that
contribute to a healthy digestive system. Probiotics have varying
and strain-specific beneficial effects on the host (2). These range
from improving the intestinal epithelial barrier and excluding
pathogenic bacteria to modulating the immune system (3).
Immune-modulating probiotics, so-called immunobiotics, have
been demonstrated to promote health by activating antigen-
presenting cells (APCs) and modulating immune responses
through the expression of immune-cell-specific genes (4). This
potentially results in a more robust defense against infections and
a balanced immune response.

APCs, including macrophages and dendritic cells, interact with
probiotic bacteria by pattern recognition receptors (PRRs) such as
Toll-like receptors on the surface of APCs. These receptors are capable
of recognizing microbe-associated molecular patterns (MAMPs)
which are present on probiotics. Activated APCs influence the
differentiation of the immune response and regulate the production
of pro- and anti-inflammatory cytokines. In mammals, probiotic
bacteria were shown to modulate the balance between different
T-helper cell types and their associated cytokines (5). Consequently,
APCs can activate naive T cells and direct T-helper cell responses
towards T-helper cell type 1 (Th1), Th2, Th17 or regulatory patterns
involving regulatory T cells (Tregs) (6). In mammals, the Th1 immune
response is primarily characterized by interferon-y (IFN-y) production,
whereas the Th2 response is distinguished by the release of interleukin
4 (IL-4) and IL-5 (6). The Th17 response is characterized by the
production of IL-17, whereas the induction of Tregs is primarily
facilitated by transforming growth factor B (TGF-B) and associated
with IL-10 or TGF-B production (6, 7). Additionally, probiotics have
been demonstrated to facilitate the maturation of B cells into
immunoglobulin A-producing plasma cells (6).

Moreover, probiotics were shown to enhance the production
and secretion of host defense peptides (HDP), also known as
antimicrobial peptides (AMPs) (8).

AMPs represent critical components linking the innate with the
adaptive immune response (9). In chickens, AMPs include a total of 14
avian P-defensins (AvBDs) and four cathelicidins (CATHs) (10).
AMPs are expressed in a wide range of tissues. They possess a broad
spectrum of antimicrobial activities against various infectious agents,
including bacteria, protozoa, viruses and fungi (10). In chickens, some
of these AMPs, such as the leukocyte-derived AvBD1 and AvBD2, have
been shown to have direct negative effects on microorganisms,
including Escherichia coli, Listeria monocytogenes, and Candida
albicans (11). Other experiments provided evidence for the induction
of AMP production by feed additives such as butyrate, polyphenols,
and peptidoglycan derived from Lactobacillus rhammnosus MLGA (12—
14). Selected Bacillus species represent widely and often used
probiotics, which are generally considered as biologically safe for the
use in the poultry industry (15). Recently, we have reported T cell
stimulation after in vitro exposure of chicken peripheral blood
mononudear cells (PBMCs) to two commerdially available in-feed
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probiotics: B. subtilis DSM 32315 (BS) and B. velezensis CECT 5940
(BV, formerly known as B. amyloliquefaciens CECT 5940) (16). In the
previous study, we examined the impact of both Bacillus strains on
PBMCs, with a particular focus on the proportions of crucial T cell
surface markers, including cluster of differentiation 4 (CD4), CD8, and
CD25, which were quantified using flow cytometry.

To gain more insights into the mode of action of the Bacillus
strains used, the current study aimed to assess the effects of vital BS
or BV on chicken PBMCs on transcript and protein expression
using RNA sequencing and a chicken cytokine array. Moreover, we
ran Kyoto Encyclopedia of Genes and Genomes (KEGG)-based
pathway analysis (17) to identify particularly affected and enriched
pathways upon probiotic treatment.

This in vitro study enhances our understanding of how
probiotics influence immune cells, paving the way for targeted
administration of probiotics in animal feed to enhance chicken
health and combat infectious diseases. It also establishes a
foundation for future research exploring optimal probiotic
formulations and application strategies in poultry farming, aimed
at reducing the need for subtherapeutic antimicrobials and
mitigating risks associated with microbial resistance.

2 Materials and methods

2.1 Animals, housing, feeding, and
tissue collection

In total, seven four- to six-week-old broiler chickens of the
commercial breed Cobb500 (Cobb Germany Avimex GmbH) were
used. Broiler chickens were fed a starter diet from day 1 to day 14
post hatch, and a grower diet afterwards (H. Wilhelm Schaumann
GmbH, Pinneberg, Germany). The animals were fed ad libitum and
water was always available. For experiments, the birds were stunned and
decapitated. The blood was sampled in sodium citrate (Na-citrate) pre-
filled polystyrene tubes (VACUETTE®, Greiner Bio-One,
Kremsmiinster, Austria). The study was approved by the local state
office of occupational health and technical safety “Landesamt fiir
Gesundheit und Soziales Berlin” (LaGeSo Reg. T 0151/19, T-HU-07/21).

2.2 PBMC isolation and culture

PBMCs were isolated using combined dextran-ficoll isolation as
described previously (18). In brief, blood was diluted with Dulbecco’s
phosphate-buffered saline (DPBS, Gibco™, ThermoFisher
Scientific, Waltham, Massachusetts, USA) containing 2 mM
ethylenediaminetetraacetic acid (EDTA, Carl Roth, Karlsruhe,
Germany) 1:1, mixed with 3% dextran (Carl Roth) in a ratio of
1:04, and centrifuged at 50 x g for 20 min. Thereafter, the upper
phase was collected, layered onto an equal volume of Histopaque-1077
(Sigma-Aldrich, St. Louis, Missouri, USA), and centrifuged at 900 x g
for 30 min. The PBMCs at the interphase were collected, washed twice
with DPBS/EDTA in a new 50 ml tube, and centrifuged at 400 x g for
10 min. Isolated PBMCs were adjusted to 5x10° cells/ml vital cells
using Tali™ image-based cytometer (ThermoFisher Scientific) with

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Larsberg et al.

propidium iodide (PI, ThermoFisher Scientific) as a viability marker.
PBMCs were cultured in RPMI 1640 medium (Gibco ™,
ThermoFisher Scientific) with 10% chicken serum (Gibcom,
ThermoFisher Scientific) and 1% penicillin (10000 U/ml)-
streptomycin (10000 pg/ml) (Pen/Strep, Gibco™™, ThermoFisher
Scientific) at 41°C with 5% CO,. The next day, further experiments,
as for example the co-culture of PBMCs with Bacillus strains,
were performed.

2.3 Bacterial strains and culture

RPMI 1640 medium was inoculated with either B. subtilis DSM
32315 (BS) or B. velezensis CECT 5940 (BV). Bacteria were cultured
overnight at 37°C and 120 rpm. To define the actual colony forming
units per milliliter (cfu/ml), the bacterial growth (OD600) was measured
on a Tecan Infinite® M200 Pro plate reader with Magel]anTM v. 7.1
software (Tecan Group AG, Minnedorf, Switzerland). Bacterial cultures
were plated on tryptic-soy agar (TSA, Carl Roth) on petri dishes (Greiner
Bio-One, Frickenhausen, Germany) and counted the next day.

2.4 Probiotic treatment/co-culture

Co-culture experiments were conducted using probiotic bacterial
strains and 1x10° PBMCs with either BS or BV in a ratio of 1:3
(PBMC: Bacillus). This ratio was found to be optimal in previous
experiments (16). The experiments were carried out in 24-well plates
(Eppendorf, Hamburg, Germany) for 24 h. All experiments were
performed in RPMI 1640 medium containing 10% chicken serum
without Pen/Strep at 41°C with 5% CO,. For all co-culture
experiments, concanavalin A (conA, Vector Laboratories, Newark,
California, USA) was used as a positive control for cell proliferation.
PBMCs were treated in a concentration of 10 pg/ml conA. After 24 h,
cells were harvested and centrifuged at 400 x g for 10 min. The co-
culture supernatants were transferred to cryogenic vials (Corning®,
VWR International, Radnor, Pennsylvania, USA). The co-culture
supernatants and the cell pellets were stored at -80°C for chicken
cytokine array analyses and RNA isolation, respectively.

2.5 Cytokine measurement

The Quantibody® chicken cytokine array Q1 (RayBiotech,
Peachtree Comers, GA, USA) was used to detect a selection of
cytokines and chemokines (IL-6, IL-10, IL-12, IL-16, IL-21, CCLS5),
which are related to inflammatory processes, in the supernatants of
the co-culture of chicken PBMCs with BS or BV (see 2.4). Sample
preparation as well as data acquisition and analysis were performed
by RayBiotech from co-culture supernatants which were sent to the
company on dry ice.

2.6 RNA isolation

Total RNA was isolated from PBMCs from six different
chickens (biological replicates) of pooled experimental (technical)
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duplicates from each chicken after treatment with either BS, BV
or conA or untreated samples (medium) according to the
manufacturer’s total RNA isolation protocol (NucleoSpin RNA
Plus XS, Macherey-Nagel, Diiren, Germany). Quantification of
RNA was performed using a NanoDrop instrument (ND-1000,
ThermoFisher Scientific). Quality was further controlled by a
fluorescence-based quantification method and fragment length
analysis by CeGaT GmbH. For total RNA sequencing (RNA-Seq),
the integrity number (RIN) of the RNA had to be >4.

2.7 RNA sequencing and bioinformatics

Total RNA sequencing using a 100-base paired-end approach
was carried out on an Illumina NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) by CeGat GmbH (Tibingen, Germany).
Libraries were prepared from 10 ng of total RNA using the SMART-
Seq Stranded Kit (Takara Bio Inc., Kusatsu, Shiga, Japan).
Demultiplexing of sequencing reads of different samples was
performed with Ilumina bcl2fastq (version 2.20). Adaptors were
trimmed with Skewer (version 0.2.2). Trimmed raw reads were
aligned to GRCg6a (GCA_000002315.5) using STAR (version
2.7.3). The quality of the FASTQ files was analyzed with FastQC
(version 0.11.5). Differential gene expression between treatment and
control groups was analyzed using DESeq2 (version 1.24.0) in R
(version 3.6.1). The raw counts derived from the mapping contain
the number of reads that map to each geneID. Based on these
numbers the normalized read counts were calculated. In the first
step of the normalization, DESeq2 calculates a fictive “reference
sample” which is defined as the geometric mean for each gene
across all samples regardless of group affiliation. The counts for
each gene and sample are afterwards divided by this reference value.
In the next step, the size factor is estimated for each sample by
calculating the median of these ratios. To get the normalized read
counts for each gene and sample, the raw counts were divided by the
sample’s size factor. This normalization accounts for different
library sizes and for biases. Genes with less than two reads over
all samples were removed. Using the normalized read counts, the
Log, fold change (FC) was calculated and tested for statistical
significance by Wald test. Benjamini-Hochberg correction was
used to correct for multiple testing. Genes with a Log, FC > |1.5]
and adjusted p-value (padj) < 0.05 were considered as significantly
differentially expressed.

In addition to the global analyses, we specifically analyzed the
normalized read counts of immune cell receptor genes which were
obtained by DESeq2 with a padj > 0.05, such as CD4, CD8, CD25, and
CD28. The related cell surface receptors were shown to be affected on T
cells in chicken PBMCs upon treatment with probiotic BS and BV in a
previous study (16). Moreover, we investigated the normalized read
counts of cytokines with a padj > 0.05 and compared them with the
results of the protein concentrations in co-culture supernatants
obtained by the cytokine array. The normality of the data was
assessed using the Shapiro-Wilk test. Depending on the distribution,
a paired t-test or Wilcoxon rank-sum test was performed to compare
the effects of probiotic treatment with the untreated control. Scatter dot
plots showing the mean with standard deviation (SD) were chosen for
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graphical representation of the gene expression data and protein
concentrations in co-culture supernatants. The graphical
representations and analyses were conducted using GraphPad Prism
8.0.2 (GraphPad Software, San Diego, CA, USA). Statistical significance
was considered at p < 0.05, with the following symbols indicating the
level of significance: * = p < 0.05, ** = p < 0.01. Statistical tendencies
were noted at p < 0.1, indicated by +. The RN A-sequencing data used
in this study can be found in the Gene Expression Omnibus (GEO)
under accession no. GSE272225.

2.8 Gene set enrichment analysis

Gene cluster comparisons and visualizations were achieved with
the R package clusterProfiler (version 4.8.1) (19). Gene symbols
were converted to ensemble IDs with the dusterProfiler Biological
Id Translator (bitr). KEGG pathway analysis was done with
enrichKEGG (settings: pvalueCutoff = 1, pAdjustMethod = “BH”,
minGSSize = 10, maxGSSize = 500, gqvalueCutoff = 0.25,
use_internal_data = FALSE). Genes with p < 0.05 and an absolute
Log, FC > 0.5 were used as input. Plots were drawn with the
dotplot function.

10.3389/fimmu.2024.1415009

3 Results

3.1 Differentially expressed genes and
differentially requlated pathways between
BS- or BV-treated and untreated PBMCs

The comparative analysis of PBMCs cultured as a negative
control and PBMCs treated with the probiotics BS or BV revealed
twelve differentially regulated genes that were affected by BS
treatment and eight genes after BV treatment. Seven of the
significantly differentially expressed genes (DEGs) were overlapping
between both groups of probiotic treatments (Figures 1A-C).

In BS-treated PBMCs, eleven DEGs (Log, FC > 1.5, padj < 0.05)
were up-regulated (IL.1R2, DENND5B, ENSGALG00000045596, IL8L1,
CD72, CD72AG, AVD, ACTA2, LAMP3, ENSGALGO00000023472,
EPS8L3) and one was downregulated (ENSGALG00000038584)
(Figures 1A, C). Hierarchical dustering clearly revealed two distinct
groups one for the untreated control samples and one for the BS-
treated PBMCs (Figure 1A). KEGG pathway analysis was performed
with 252 differentially expressed genes (Log, FC > 0.5, p < 0.05) in BS-
treated PBMCs. Four significantly enriched KEGG pathways (padj <
0.05) were identified, namely cytokine-cytokine receptor interaction,
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Differentially expressed genes in chicken PBMCs after exposure to vital B. subtilis DSM 32315 (BS) and B. velezensis CECT 5940 (BV). (A) BS and (B)
BV: Heatmap of the differentially expressed genes between BS or BV treatment and the control. The hierarchical clustering shows two main groups.
Red tiles represent up-regulated genes with adjusted p-values (padj) below 0.05. Blue tiles represent down-regulated genes with padj below 0.05.
Darker colors correspond to higher values (range between -1.5 and 1.5). (C) Venn diagram showing the number of overlapping differentially
expressed genes between BS-treated and BV-treated PBMCs. (D) KEGG enrichment for differentially expressed genes (Logz FC > 0.5, p < 0.05) in
two clusters, namely BS and BV. The size of each circle shows the gene ratio, representing the percentage of significant genes over the total genes
in a given pathway. Different colors of each circle indicate the adjusted p-value (p.adjust) as false discovery rate (FDR). The significantly enriched
KEGG pathways are shown. Data represent the results of six biological replicates after treatment with BS or BV.
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toll-like receptor (TLR) signaling pathway, cytosolic DNA-sensing
pathway, and peroxisome proliferator-activated receptor (PPAR)
signaling pathway (Figure 1D and Supplementary Table 1). Among
those, the cytokine-cytokine receptor interaction pathway displayed the
highest level of enrichment.

For PBMC:s treated with BV, eight DEGs (Log, FC > L5, padj <
0.05) were found of which seven were upregulated (ILIR2, IL8LI,
CD72, CD72AG, AVD, ACTA2, LAMP3) and one was downregulated
(HMGB2) (Figures 1B, C). KEGG pathway analysis of 154 differentially
expressed genes (Log, FC > 0.5, p < 0.05) identified five pathways being
significantly enriched (padj < 0.05). These pathways were cytokine-
cytokine receptor interaction, TLR signaling, cytosolic DNA-sensing,
nucleotide-binding oligomerization domain-like receptor signaling,
and influenza A (Figure 1D and Supplementary Table 2).

3.2 Effects of BS and BV on immune cell
receptor gene expression in PBMCs

In a previous study, we reported the activation and proliferation
of distinct T cell populations as a response of chicken PBMCs to BS
and BV. We evaluated the effects of BS or BV on CD4+ T-helper
cells, CD4+CD25+ activated T-helper cells, CD8+ cytotoxic T cells,
CD8+CD25+ activated cytotoxic T cells, and CD28+ T cells by

10.3389/fimmu.2024.1415009

means of the proportions of the cell surface markers by flow
cytometry and observed an elevated T cell immune response in
chicken PBMCs (16). In the present study, we investigated the
expression of the related immune cell surface marker genes after
treatment of PBMCs with BS or BV (Figure 2). Additionally, we
analyzed the expression of transcription factors that were previously
identified as being responsible for the differentiation of Th1 and
Th2 cells. Specifically, we examined the gene expression of GATA-
binding protein 3 (GATA3) and T-box transcription factor 21
(TBX21) (Supplementary Figure 1).

On gene expression level, the treatment of PBMCs with BS
revealed an increase of the expression level of the CD4 receptor gene
(CD4) by a mean value of 476 counts (p < 0.05, Figure 2A)
compared to the untreated control. Furthermore, the expression
level of the immune cell activation marker genes CD28 and CD25
were elevated by a mean value of 564.7 (p < 0.1, Figure 2C) and
254.9 counts (p < 0.05, Figure 2D), respectively, in the presence of
BS compared to the negative control. The expression level of the
CD8 receptor gene remained unchanged (Figure 2B). The
expression of GATA3 and TBX2I did not change after treatment
with BS (Supplementary Figure 1).

The treatment of PBMCs with BV also increased the expression
level of the CD4 receptor gene by 588.8 counts (p < 0.05, Figure 2A).
Moreover, the expression levels of the activation marker genes CD28
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FIGURE 2
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Influence of vital B. subtilis DSM 32315 (BS) and B. velezensis CECT 5940 (BV) on the expression of immune cell surface marker genes in chicken
PBMCs. (A) CD4 receptor gene; (B) CD8 receptor gene; (C) CD28 receptor gene; (D) CD25 receptor gene. Data represent normalized read counts of
six biological replicates after treatrment with BS or BV. Results are presented as scatter dot plots showing the mean with SD. Individual values
represent the mean of the technical replicates per biological replicate and are shown as circles (Control), squares (BS), and triangles (BV). The sarme
color refers to the same individual for control and BS or BV treatment. A paired t-test (CD4, CD8, CD28) or a Wilcoxon rank-sum test (CD25) was

performed. Significance is shown as +, p < 0.1; * p < 0.05.

Frontiers in Immunology

05

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Larsberg et al.

and CD25 were elevated by a mean value of 670.1 (p < 0.05, Figure 2C)
and 276.6 counts (p < 0.05, Figure 2D), respectively, compared to the
untreated negative control. The expression level of the CD8 receptor
gene remained also unchanged (Figure 2B). Similar to the treatment
with BS, the expression of GATA3 and TBX2] remained unchanged
after treatment with BV (Supplementary Figure 1).

These results corroborate our previous findings obtained by flow
cytometry, which indicated an elevated number of CD4+ T-helper
cells, CD4+CD25+ activated T-helper cells, and CD28+ T cells. In
contrast, the unaltered gene expression level of the CD8 receptor gene
(Figure 2B) does not align with the elevated number of CD8+
cytotoxic T cells and CD8+CD25+ activated cytotoxic T cells
observed in the preceding flow cytometric assessments following
treatment with BS. However, it is essential to acknowledge that the
receptor genes are not exclusive to T cells, but also express the
associated receptors on other immune cell types.

3.3 Expression of genes encoding
cytokines in BS- and BV-treated PBMCs

In order to assess the effects of BS and BV on PBMCs, we further
evaluated the cytokine expression levels (Figures 3A-F, 4A-F). After
treatment with BS, we observed increased expression levels of the anti-
inflammatory cytokine gene IL10 by a mean value of 2.728 (p < 0.01,
Figure 3B) and the C-C motif chemokine ligand 5 (CCL5) by 156.1
counts (p < 0.05, Figure 3F), but reduced expression level of the pro-
inflammatory cytokine gene IL16 by 1004 counts (p < 0.01, Figure 3D)

10.3389/fimmu.2024.1415009

compared to the untreated controls. The pro-inflammatory cytokine
genes IL12 (Figure 3C) and IL6 (Figure 3A), and the regulatory
cytokine gene IL21 (Figure 3E) remained unaffected by BS. In
contrast, the pro-inflammatory cytokine genes ILIB (p < 0.05,
Supplementary Figure 2A) and IL8 (p < 0.05, Supplementary
Figure 2B) were increased after treatment with BS by 39.35 and
122.2 counts, respectively. The expression level of the regulatory
cytokine gene T'GFBI1 decreased by 181.4 counts (p < 0.05,
Supplementary Figure 3A), while the mean expression level of
TGFB2 exhibited a slight increase, although this result was not
statistically significant (Supplementary Figure 3B).

In PBMCs treated with BV, we observed an increase in gene
expression of CCL5 by a mean value of 146.1 counts (p < 0.05,
Figure 3F) and a decrease in expression of IL16 by 920.2 counts
(p < 0.01, Figure 3D) compared to the untreated controls, similar to
what was observed in BS-treated PBMCs. The treatment of PBMCs
with BV had no effect on the expression levels of the pro-
inflammatory cytokine genes IL6 (Figure 3A) and IL12
(Figure 3C), the anti-inflammatory cytokine gene IL10
(Figure 3B), and the regulatory cytokine gene IL21 (Figure 3E).
Additionally, following treatment with BV, the expression of the
pro-inflammatory cytokine genes IL1B and IL8 was found to be
significantly increased by 38.76 (p < 0.05, (Supplementary
Figure 2A) and 126.7 counts (p < 0.05, Supplementary
Figure 2B), respectively. The expression level of TGFBI
significantly decreased by 214.0 counts (p < 0.05, Supplementary
Figure 3A), while the expression level of TGFB2 did not change
compared to the control (Supplementary Figure 3B).
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FIGURE 3

Influence of vital B. subtilis DSM 32315 (BS) and B. velezensis CECT 5940 (BV) on the profile of cytokine genes in chicken PBMCs. (A) IL6; (B) IL10;
(C) IL12; (D) IL16; (E) IL21; (F) CCLS. Data represent normalized read counts of six biological replicates after treatment with BS or BV. Results are
presented as scatter dot plots showing the mean with SD. Individual values represent the mean of the technical replicates per biological replicate
and are shown as circles (Control), squares (BS), and triangles (BV). The same color refers to the same individual for control and BS or BV treatment.
A paired t-test (BS: [L10, IL12, IL16, CCL5; BV: IL12, IL16) or a Wilcoxon rank-sum test (BS: IL6, IL21; BV: IL6, IL10, IL21, CCL5) was performed.

Significance is shown as *, p < 0.05; ** p < 0.01
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3.4 Cytokine concentrations in co-culture
supernatants of PBMCs treated
with BS and BV

Since cytokines were expected to be released by different
immune cell populations during the co-culture of probiotics and
PBMCs, we investigated the concentrations of potentially functional
cytokines. In our experiments, cytokine concentrations in
co-culture supernatants of PBMCs treated with BS or BV were
not significantly altered. No differences in concentrations of
pro-inflammatory IL-6, IL-12, and IL-16, anti-inflammatory
IL-10, regulatory IL-21, and CCL5 were detected after treatment
with either BS or BV compared to the untreated control (Figure 4).

3.5 Effects of BS and BV on gene

expression of antimicrobial peptides
in PBMCs

In addition to cytokine gene expression, we analyzed the
expression levels of antimicrobial peptides (AMPs) which influence
the expression of cytokines and vice versa. We investigated the changes
in the gene expression of the avian B-defensins AvBDI1, AvBDd4,
AvBDS5, AvBDS, AvBDI3, and AvBDI14 (Figure 5) as well as the
cathelicidins CATHI, CATH2, CATH3, and CATHBI
(Supplementary Figure 4) in PBMCs after treatment with BS or BV
compared to the untreated controls.

The effects of BS and BV on the expression of the investigated
AMPs in PBMCs were similar. After BS treatment of PBMCs, we
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observed a higher expression level of AvBDI by a mean value of
23.93 counts (p < 0.05, Figure 5A). The P-defensin genes AvBD4,
AvBD5, AvBD9, AvBD13, and AvBD14 remained unaffected after
treatment with BS (Figure 5). After BV treatment, the expression
level of AvBD1I also increased in a similar magnitude as after BS
treatment, by a mean value of 26.27 counts (p < 0.05, Figure 5A),
and the B-defensin genes AvBD4, AvBD5, AvBD9, AvBDI13, and
AvBDI14 did not change (Figure 5).

The expression of the second major group of AMPs, the
cathelicidins, in particular CATHI, CATH2, CATH3, and CATHBI,
did not change after treatment with BS or BV compared to the
untreated controls (Supplementary Figures 4A-D).

4 Discussion

We detected twelve differentially expressed genes (DEGs) in
PBMCs treated with BS and eight in PBMCs treated with BV
compared to the untreated controls. The seven overlapping DEGs
are IL1R2, IL8L1, CD72, CD72AG, AVD, ACTA2, and LAMP3. These
genes encode the IL-1 receptor 2 (IL-1R2), IL-8-like 1 (IL-8L1), CD72
molecule (CD72), CD72 antigen (CD72AG, also known as CD72
molecule like 1 (CD72L1)), avidin (AVD), actin-ot 2 (ACTA2), and
lysosomal-associated protein 3 (LAMP3). Remarkably, all of those
genes are involved in immune regulation. To identify the enriched
pathways for the regulated genes upon BS and BV treatment of
PBMCs, KEGG pathway analysis was performed. Immune-related
pathways, namely cytokine-cytokine receptor interaction, Toll-like
receptor (TLR) signaling pathway, and cytosolic DNA-sensing
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concentrations of (A) IL-6, (B) IL-10, (C) IL-12, (D) IL-16, (E) IL-21, and (F) CCLS5. Data represent normalized read counts of seven biological replicates
after treatment with BS or BV. Results are presented as scatter dot plots showing the mean with SD. Individual values represent the mean of the
technical replicates per biological replicate and are shown as circles (Control), squares (BS), and triangles (BV). The same color refers to the same
individual for control and BS or BV treatment. A paired t-test (BS: IL-6; BV: IL-6, IL-16) or a Wilcoxon rank-sum test (BS: IL-10, IL-12, IL-16, IL-21,

CCL5; BV: IL-10, IL-12, IL-21, CCLS) was performed.

Frontiers in Immunology 07

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Larsberg et al.

10.3389/fimmu.2024.1415009

A B c
AvBDI AvBD4 AvBD3
£ 200 * £ 15 g 4q .
H T 1 S H
e = 10 & = —
] L] —_ = =
c 100 . 2 g2 4
Pol T o I T s . —
o LT I = rs N SV T
= . " - Tt = 0-.%% ...... P T =
g 0 &, [ R ———— S am—, E g 0o edes o menmmm
H] s s —
Zz =50 T T T £ -5 T T T ” -1 T T T
Control BS BV Control BS BV Control BS BV
D E F
AvBDY AvBDI3 AvBDI14
£ s £3 £ s
El El s
g : g g
= = 2 - = 10 .
] -] T =] ] ™
g 2 = _
1 . a 0.5 —_
K K I z
E T PR E 0 "%-::.,. § 0.0 ...___....__:l < e+«
H s s
Z -5 T T T Zz -1 T T T | T T T
Control BS BV Control BS BV Control BS BY

FIGURE 5

Expression of avian B-defensin genes in chicken PBMCs after treatment with vital B. subtilis DSM 32315 (BS) and B. velezensis CECT 5940 (BV).
Expression levels of (A) AvBD1, (B) AvBD4, (C) AvBDS, (D) AvBD9, (E) AvBD13, and (F) AvBD14. Data represent normalized read counts of six biological
replicates after treatment with BS or BV. Results are presented as scatter dot plots showing the mean with SD. Individual values represent the mean
of the technical replicates per biological replicate and are shown as circles (Control), squares (BS), and triangles (BV). The same color refers to the
same individual for control and BS or BV treatment A Wilcoxon rank-sum test was performed. Significance is shown as *, p < 0.05.

pathway were significantly enriched. These results suggest strong
interactions of innate as well as adaptive inmune cells in response to
an activating or modulating stimulus, which in case of BS or BV could
involve secreted molecules or surface molecules, such as
peptidoglycans (20). Moreover, the results indicate the involvement
of specific pattern recognition receptors, namely TLRs or cytosolic
nucleotide sensors such as nucleotide-binding oligomerization
domain like (NOD-like) receptors, which respond to different
components of microorganisms by inducing innate immune
responses. The involvement of TLRs and NOD-like receptors
underlines the pro-inflammatory response upon treatment of
PBMCs with BS and BV and suggests a strengthened immune
response capacity. In a recent in vivo study, similar pathways,
induding the TLR signaling pathway, NOD-like receptor signaling
pathway, and cytokine-cytokine receptor interaction, were
significantly enriched in the cecum of chickens that were fed B.
subtilis throughout the experimental trial (day 1 to day 28 of age) and
simultaneously challenged with Eimeria tenella on day 21 of age
compared to chickens fed a normal diet (without the probiotic) and
challenged with E. tenella on day 21 (21).

IL-1R2, whose gene expression was regulated by both bacterial
strains, is a profound mediator in inflammatory and immune
responses to various disorders (22). In mammals, IL-1R2 is
expressed in monocytes and macrophages, neutrophils, and B cells
(23). There, the expression of IL-1R2 is elevated upon exposure to
anti-inflammatory or immunosuppressive agents, such as
prostaglandins (24) or aspirin (25). The functional role of IL-1R2 in
chickens is not well understood. Similar to humans, IL-2R1 has been
shown to specifically bind IL-1B in chickens, thereby inhibiting its
activity (26, 27). In this study, higher ILIR2 gene expression was
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induced in chicken PBMCs after treatment with both bacterial strains,
BS and BV. This suggests the presence of anti-inflammatory agents
secreted by the bacteria or an overexpression of IL-1P. These results
are further consistent with another study reporting the upregulation of
the ILIR2 gene following T cell receptor (TCR) stimulation of
regulatory T cells (Tregs) and our previous results which indicated
elevated counts of CD4+CD25+ T cells, which were suggested to
represent a T cell population with regulatory functions in chickens,
following treatment of chicken PBMCs with BS and BV (16, 28).
The mammalian cytokine IL-8 and the chicken homologous IL-
8L1 are members of the CXC family of chemokines, acting mainly
on neutrophils as well as on T and B cells (29). In our study, the
expression of the IL8 gene was significantly elevated upon treatment
with both bacterial strains. In a recent study, human PBMCs were
co-cultured with Streptococcus thermophilus 285, which also
resulted in elevated IL-8 protein expression. The authors
suggested that IL-8 alone may indicate inflammation, but in the
context of other upregulated anti-inflammatory cytokines and
mediators found in their study, upregulation of IL-8 may be
interpreted as a requirement for the initial stimulatory effect of
S. thermophilus 285 to activate the immune response by initiating
innate immunity, which in turn influences adaptive immune
responses (30). Thus, the initial pro-inflammatory immune
response observed in our study, characterized by the upregulation
of genes like ILIR2 and IL8L1 in PBMCs treated with BS and BV,
may serve as a precursor to the involvement of Tregs, as suggested
in previous research, particularly following treatment with BS (16).
The mammalian B cell differentiation antigen CD72 and the
most homologous chicken protein CD72AG are type II
transmembrane proteins of the C-type lectin family and are
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mainly expressed on the B cell linage except for plasma cells (31).
There, the CD72 protein functions as a B cell antigen receptor
(BCR)-mediated signaling inhibitor (32). Thus, higher expression of
the CD72 gene after treatment with BS and BV indicates BCR-
mediated signaling inhibition. Accordingly, we could not observe an
effect on the number of B cells after treatment with BS or BV by flow
cytometry in a previous study (16).

AVD is a tetrameric protein with antimicrobial properties found
in egg whites of all oviparous vertebrates. Each AVD monomer can
reversibly bind biotin (vitamin H) with high affinity and specificity.
The binding makes biotin unavailable for microorganisms and
prevents their proliferation. Therefore, AVD can be considered
bacteriostatic (33). In our experiments, it was higher expressed in
Bacillus-treated PBMCs compared to the untreated controls. The
higher expression of the AVD gene in Bacillus-treated PBMCs in our
study suggests a probiotic bacteriostatic effect of BS and BV.

The expression of ACTA2 is largely restricted to smooth muscle
cells, pericytes, and myofibroblasts. However, ACT A2 was reported
to be upregulated in PBMCs from dogs with heart failure (34) or in
children immunized with inactivated influenza vaccine (35). In our
study, the gene encoding ACTA2 was upregulated following
treatment with both Bacillus strains, indicating increased actin
cytoskeleton and integrin signaling as it was suggested in another
study (35).

The lysosomal-associated protein 3 (LAMP3) is a transmembrane
lysosomal glycoprotein and a reliable activation marker for basophils
(36). In humans, LAMP3 is enriched in dendritic cells and T cells (37),
which is in line with the elevated T cell immune response in our
previous study (16).

The study suggests that both probiotics induce an anti-
inflammatory and bacteriostatic effect characterized by an increase in
the gene expression of ILIR2 and AVD, and the involvement of T cells,
particularly Tregs. The increased expression of pro-inflammatory
cytokine genes such as IL1B and IL8 indicates significant interactions
between innate and adaptive immune cells in response to an activating
or modulating stimulus, involving specific pattern recognition
receptors, including TLRs and NOD-like receptors.

In addition to investigate gene regulation globally after
treatment of PBMCs with BS or BV, we specifically examined the
expression of immune cell surface marker genes, which are
associated with the previously suggested elevated T cell immune
response in chicken PBMCs upon treatment with BS or BV (16). In
the previous study, elevated levels of CD4, CD8, CD25, and CD28
cell surface markers were found using flow cytometry (16). These
results were underlined through RNA sequencing analysis, which
showed higher expression levels of the immune cell surface marker
genes CD4, CD25, and CD28 after treatment with the tested Bacillus
strains. However, the analysis of differential gene expression of
those genes did not result in significant differences on a global gene
expression level. The observed effects on the gene expression of cell
surface markers of individual cell populations may be low due to the
heterogeneity of the PBMC population. PBMCs contain different
populations of immune cells, which may hide specific effects on
individual cell populations.

Furthermore, it is important to note that the higher gene
expression of those cell surface markers does not necessarily reflect
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the previously reported elevated T cell immune response by flow
cytometry measurement of important T cell receptors. The
aforementioned genes, specifically CD4, CD8, and CD25, also
encode the cell surface markers of other cell types present in the
PBMC population, including natural killer (NK) cells and monocytes.
However, these are found to a lesser extent compared to, e.g. T cells,
in the peripheral blood (38). Although also other immune cell
populations within PBMCs express similar cell surface receptors,
the upregulation of the surface receptor marker genes and the T cell-
associated CCL5, as well as the higher expression of the B cell
proliferation inhibitor gene CD72 after PBMC treatment with BS
and BV, may indicate a potential stimulation of the T cell immune
response, but not the B cell response.

In contrast to previous findings on protein levels obtained by flow
cytometry, the expression of the cell surface marker gene CD8 was
not elevated. This could be a result of different cell types expressing
CD8 receptors, including NK cells (38). One hypothesis for the
unchanged expression of CD8 upon treatment with BS or BV could
also involve a downregulation of the CD8 gene in response to a
regulatory immune reaction involving a CD4+CD25+ T-helper cell
population with regulatory properties that possess similar functions
to those of mammalian Tregs, as previously suggested (16, 39). This
hypothesis is supported by the increased expression level of the
regulatory cytokine gene IL10 which points towards an involvement
of Tregs. However, we could not detect differences in the
concentrations of the IL-10 protein, a typical Treg type cytokine, in
the co-culture supernatants. It has to be noted that the CD4+CD25+
T cell population also includes other subsets than just Tregs. Recently,
a chicken ortholog of the mammalian Foxp3 was identified (40). In
the future, the production of chicken Foxp3 antibodies could give
better opportunities for studying Treg subsets.

Other cytokines involved in a Treg driven immune response are
TGF-B and IL-2. While the TGFB2 gene was only slightly but not
significantly increased after treatment with BS in this study, the TGFBI
gene was significantly downregulated after treatment of PBMCs with
both Bacillus strains. This is in line with the findings of a recent study
which could show that, while gene expression levels of the cytokines IL-
10 and IL-2 in chicken T cell subsets generally resemble their
mammalian counterparts, the expression of the cytokine TGF-3 was
not associated with other typical Treg proteins (40). Correspondingly,
we could only detect a low expression level of the IL2 gene, whose
expression is normally suppressed by Tregs (41), suggesting a very low
expression (data not shown). Those results suggest an increase of Tregs
after chicken PBMC treatment with BS or BV. Another study has
identified TGF-P as a potential substitute marker for chicken Tregs in
Marek’s disease, defining a Treg subset that is largely distinct from CD4
+CD25+ T cells (42). The authors of this study have proposed that
TGF- may serve as a marker for peripherally induced chicken Tregs.
The expression of TGF-P was investigated using an anti-TGF-betal 2,3
antibody. The utilization of an antibody against TGF-p in forthcoming
experiments may facilitate a more precise delineation of the Treg
population posited in the present study.

To further exclude a Thl or Th2 immune response, we analyzed
the gene expressions of the GATA-binding protein 3 (GATA3),
encoding the transcription factor responsible for the differentiation
of Th2 cells (43, 44), and the T-box transcription factor 21 (TBX21),
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encoding a ‘master regulator’ of cell-mediated immunity. The latter
is capable of controlling the expression of genes encoding effector
molecules, such as CD4+ Th1 cells and CD8+ cytotoxic T cells (45,
46). While the mean of the GATA3 expression slightly, but not
significantly, increased, the TBX21 expression did not change.
However, this result does not allow for suggestions or the
excusion of a Thl or Th2 immune response.

The expression of genes encoding the pro-inflammatory and
regulatory cytokines IL-6, IL-12, and IL-21 remained unchanged
after PBMC treatment with either BS or BV. In contrast, the gene
encoding the pro-inflammatory cytokine IL-16 was downregulated,
while the gene encoding CCL5 was upregulated after treatment with
both bacterial strains. Furthermore, treatment with BS led to
elevated expression of the gene encoding IL-10. IL-16 was initially
described as a lymphocyte chemoattractant factor mainly
synthesized by T cells, in particular CD4+ and CD8+ T cells, in
response to antigens, mitogens, histamine, and serotonin (47).
Correspondingly, its expression was elevated after treatment of
chicken PBMCs with conA in the current study (data not shown).
Thus, the downregulation of the IL16 gene upon treatment suggests
an anti-inflammatory effect of both bacterial strains. This result is
consistent with the increased expression of the cytokine genes IL10
and CCL5, indicating T cell involvement, specifically that of Tregs.
In this study, the gene expression of IL6, IL10, IL12, IL16, IL21, and
CCL5 did not correlate with the abundance of these cytokines in the
supernatants of the co-culture experiments. This finding suggests
varying degrees of correlation between gene expression and secreted
proteins, which was also reported in a previous study (48).

The expression of AvBD and CATH genes, which encode
important AMPs, did not change after treatment with BS and BV,
except for the AvBD1 gene. In a recent study, in ovo administration of
ABDI1 significantly protected chicks from early mortality caused by
experimental yolk sac infection with avian pathogenic E. coli,
suggesting its immunomodulatory and anti-infection activity (49).
Furthermore, a protective and antimicrobial effect of AvBD1 was
reported against E. coli, L. monocytogenes, and C. albicans in chicken
leukocytes (11). In our study it remains to be elucidated if the elevated
expression levels of AvBDI in PBMCs upon treatment with BS or BV
offers protection to experimental infections. TLR-2, which commonly
recognizes the pattern molecules of gram-positive bacteria (50) did
not seem to be involved in the changes in AvBDI expression as the
expression of TLR2 did not change after treatment with both, BS and
BV (data not shown). Therefore, additional other factors as short-
chain organic acids produced by the bacteria may be involved in
changes in the expression of AMPs as it was shown previously in the
jejunum and cecum of chickens (51).

5 Conclusions

Our results indicate an anti-inflammatory and bacteriostatic
effect of both probiotics, BS and BV. Evidence is provided by
increased expression of ILIR2 and AVD, while at the same time
the expression of pro-inflammatory cytokine genes such as IL1B and
IL8 was also increased. Additionally, we observed altered expression
of immune cell surface marker genes, including CD4, CD28, and
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CD25 after treatment with both tested probiotic Bacillus strains in our
cell culture system. Furthermore, we observed a modulation of the
expression patterns of genes encoding pro-inflammatory and anti-
inflammatory cytokines, as well as protective compounds such as IL-
1B, IL-8, IL-10, IL-1R2, AVD, and AvBD1 by both Bacillus strains.
Moreover, we identified significantly enriched KEGG pathways
comprising innate and adaptive immune responses. The findings of
this in vitro study provide a foundation for future research and
evidence that B. subtilis DSM 32315 and B. velezensis CECT 5940
could potentially enhance the immune system’s ability to defend
against infection by modulating immune responses and cytokine
expression. This could help to prevent and reduce the use of
antimicrobials in chicken farming,

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found here: https://www.ncbi.nlm.nih.gov/geo,
accession number: GSE272225,

Ethics statement

The animal study was approved by local state office of occupational
health and technical safety “Landesamt fiir Gesundheit und Soziales
Berlin” (LaGeSo Reg. T 0151/19, T-HU-07/21). The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

FL: Data curation, Formal analysis, Investigation, Visualization,
Writing - original draft, Writing - review & editing. MS:
Investigation, Writing - review & editing. DH: Supervision,
Writing - review & editing. CF-G: Formal analysis, Visualization,
Writing - review & editing. GL: Writing - review & editing. GB:
Conceptualization, Supervision, Writing - review & editing. SK-R:
Conceptualization, Supervision, Writing - review & editing,

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by the Federal Ministry of Education and
Research, Bundesministerium fiir Bildung und Forschung (BMBF,
FKZ 031B0743).

Acknowledgments

We thank the Evonik Operations GmbH (Halle (Westfalen),
Germany) for providing the bacterial strains, and Michael Modrow,

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Larsberg et al.

Annett Kannegiefler, and Jens Fuchs for taking care of the animals
and collecting samples.

Conflict of interest

Author GL was employed by the company Evonik Operations GmbH.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

References

1. Alloni MN, Szczurek W, gw‘l?Lkiewicz S. The Usefulness of Prebiotics and
Probiotics in Modern Poultry Nutrition: a Review / Przydatnoic prebiotykow i
probiotykow w nowoczesnym Zzywieniu drobiu - przeglad. Ann Anim Sci. (2013)
13:17-32. doi: 10.2478/v10220-012-0055-x

2. Jha R, Das R, Oak §, Mishra P. Probiotics (Direct-fed microbials) in poultry
nutrition and their effects on nutrient utilization, growth and laying performance, and
gut health: A systematic review. Animals. (2020) 10:1863. doi: 10.3390/ani10101863

3. Bai SP, Wu AM, Ding XM, Lei Y, Bai ], Zhang KY, et al. Effects of probiotic-
supplemented diets on growth performance and intestinal immune characteristics of
broiler chickens. Poult Sci. (2013) 92:663-70. doi: 10.3382/ps.2012-02813

4. Clancy R. Immunobiotics and the probiotic evolution. FEMS Immunol Med
Microbiol. (2003) 38:9-12. doi: 10.1016/50928-8244(03)00147-0

5. Brisbin JT, Gong J, Parvizi P, Sharif S. Effects of lactobacilli on cytokine expression
by chicken spleen and cecal tonsil cells. Clin Vaccine Immunol. (2010) 17:1337-43.
doi: 10.1128/CVL.00143-10

6. Mazziotta C, Tognon M, Martini F, Torreggiani E, Rotondo JC. Probiotics
mechanism of action on immune cells and beneficial effects on human health. Cells.
(2023) 12:184. doi: 10.3390/cells 12010184

7. Hsu P, Santner-Nanan B, Hu M, Skarratt K, Lee CH, Stormon M, et al. IL-10
potentiates differentiation of human induced regulatory T cells via STAT3 and foxol. |
Immunol. (2015) 195:3665-74. doi: 10.4049/jimmunol.1402898

8. Slawinska A, Dunislawska A, Plowiec A, Gongalves ], Siwek M. TLR-mediated cytokine
gene expression in chicken peripheral blood mononuclear cells as a measure to characterize
immunobiotics. Genes (Basel). (2021) 12:195. doi: 10.3390/genes12020195

9, Lehrer RI. Primate defensins. Nat Rev Microbiol. (2004) 2:727-38. doi: 10.1038/
nrmicro976

10. LiZ, Ahmed I, Xu Z, Sun §, Li T, Gu D, et al. Profiles of expression pattern and
tissue distribution of host defense peptides genes in different chicken (Gallus gallus)
breeds related to body weight. PLoS One. (2020) 15:e0238675. doi: 10.1371/
journal pone. 0238675

11. Harwig 55, Swiderek KM, Kokryakov VN, Tan L, Lee TD, Panyutich EA, et al.
Gallinacins: cysteine-rich antimicrobial peptides of chicken leukocytes. FEBS Lett.
(1994) 342:281-5. doi: 10.1016/0014-5793(94)80517-2

12. Huang Z, Fang D, Lv P, Bian X, Ruan X, Yan Y, et al. Differential cellular
immune responses between chickens and ducks to HIN2 avian influenza virus
infection. Vet Immunol Immunopathol. (2012) 150:169-80. doi: 10.1016/
jvetimm.2012.09.010

13. Sunkara LT, Achanta M, Schreiber NB, Bommineni YR, Dai G, Jiang W, et al
Butyrate enhances disease resistance of chickens by indudng antimicrobial host defense
peptide gene expression. PLoS One. (2011) 6:e27225. doi: 10.1371/journal. pone.0027225

14. Tobin I, Zhang G. Regulation of host defense peptide synthesis by polyphenols.
Antibiotics (Basel). (2023) 12:660. doi: 10.3390/antibiotics 12040660

15. Penaloza-Vazquez A, Ma LM, Rayas-Duarte P. Isolation and characterization of
Bacillus spp. strains as potential probiotics for poultry. Can J Microbiol. (2019) 65:762—
74. doi: 10.1139/¢jm-2019-0019

16. Larsberg F, Sprechert M, Hesse D, Loh G, Brockmann GA, Kreuzer-Redmer 5.
Probiotic bacillus strains enhance T cell responses in chicken. Microorganisms. (2023)
11:269. doi: 10.3390/microorganisms 11020269

17. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nudleic
Acids Res. (2000) 28:27-30. doi: 10.1093/nar/28.1.27

Frontiers in Immunology

10.3389/fimmu.2024.1415009

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1415009/full#supplementary-material

18. Larsberg F, Sprechert M, Hesse D, Brockmann GA, Kreuzer-Redmer S. Chicken
immune cell assay to model adaptive immune responses in vitro. Animals. (2021)
11:3600. doi: 10.3390/anil 1123600

19. Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. (2012) 16:284-7. doi: 10.1089/
omi.2011.0118

20. Xu]J-M, Cai G-H, LiJ, Yang H-L, Ye J-D, Sun Y-Z. Cc I Bacillus pumil
SE5-Derived Peptidoglycan and Lipoteichoic Acid Showed Synergistic Effects in
Improving Growth, I ity, and I inal Health of Grouper (Epinephelus
coioides). Probiotics Antimicro. Prot. (2024) 1-17. doi: 10.1007/s12602-024-10291-7

21. Memon FU, Yang Y, Leghari IH, Lv F, Soliman AM, Zhang W, et al.
Transcriptome Analysis Revealed Ameliorative Effects of Bacillus Based Probiotic on
Immunity, Gut Barrier System, and Metabolism of Chicken under an Experimentally
Induced Eimeria tenella Infection. Genes (Basel). (2021) 12, 536. doi: 10.3390/
genes 12040536

22. Chen Q, Li Z, Wang M, Li G. Over-expression of ILIR2 in PBMCs of patients
with coronary artery disease and its clinical significance. Anatol ] Cardiol. (2022)
26:710-6. doi: 10.5152/ Anatol]Cardiol.2022.1241

23. McMahan CJ, Slack JL, Mosley B, Cosman D, Lupton 5D, Brunton LL, et al. A
novel IL-1 receptor, cloned from B cells by mammalian expression, is expressed in
many cell types. EMBO J. (1991) 10:2821-32. doi: 10.1002/embj.1991.10.issue-10

24. Spriggs MK, Nevens P], Grabstein K, Dower SK, Cosman D, Armitage R], et al.
Molecular characterization of the interleukin-1 receptor (IL-1R) on monocytes and
polymorphonuclear cells. Cytokine. (1992) 4:90-5. doi: 10.1016/1043-4666(92)90042-P

25. Daun JM, Ball RW, Burger HR, Cannon JG. Aspirin-induced increases in soluble
IL-1 receptor type II concentrations in vitro and in vivo. ] Leukoc Biol. (1999) 65:863-6.
doi: 10.1002/jlb.65.6.863

26. Moltd A, Olive A. Anti-IL-1 molecules: new comers and new indications. Joint
Bone Spine. (2010) 77:102-7. doi: 10.1016/j.jbspin.2009.10.011

27. Truong AD, Tran HTT, Nguyen HT, Chu NT, Hong YH, Lillehoj HS, et al.
Molecular and functional characterization of chicken interleukin 1 receptor 2 (chIL-
1R2). Poult Sci. (2023) 102:102399. doi: 10.1016/j.psj.2022.102399

28. Mercer F, Kozhaya L, Unutmaz D. Expression and function of TNF and IL-1
receptors on human regulatory T cells. PLo§S One. (2010) 5:e8639. doi: 10.1371/
journal. pone. 0008639

29. van Sweringen HL, Sakai N, Tevar AD, Burns JM, Edwards M], Lentsch AB.
CXC chemokine signaling in the liver: impact on repair and regeneration. Hepatology.
(2011) 54:1445-53. doi: 10.1002/hep. 24457

30. Dargahi N, Johnson ], Apostolopoulos V. Streptococcus thermophilus alters the
expression of genes associated with innate and adaptive immunity in human peripheral
blood mononudear cells. PLoS Ore. (2020) 15:¢0228531. doi: 10.1371/journal pone0228531

31. Fujiwara N, Hidano 5, Mamada H, Ogasawara K, Kitamura D, Cooper MD, et al.
A novel avian homologue of CD72, chBlr, down modulates BCR-mediated activation
signals. Int Immunol. (2006) 18:775-83. doi: 10.1093/intimm/dxI014

32. Parnes JR, Pan C. CD72, a negative regulator of B-cell responsiveness. Immunol
Rev. (2000) 176:75-85. doi: 10.1034/j.1600-065x.2000.00608.x

33. Krkavcova E, Kreisinger ], Hyinkova L, Hyril P, Javiirkova V. The hidden
function of egg white antimicrobials: egg weight-dependent effects of avidin on avian
embryo survival and hatchling phenotype. Biol Open. (2018) 7:bio031518. doi: 10.1242/
bio.031518

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1415009/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1415009/full#supplementary-material
https://doi.org/10.2478/v10220-012-0055-x
https://doi.org/10.3390/ani10101863
https://doi.org/10.3382/ps.2012-02813
https://doi.org/10.1016/S0928-8244(03)00147-0
https://doi.org/10.1128/CVI.00143-10
https://doi.org/10.3390/cells12010184
https://doi.org/10.4049/jimmunol.1402898
https://doi.org/10.3390/genes12020195
https://doi.org/10.1038/nrmicro976
https://doi.org/10.1038/nrmicro976
https://doi.org/10.1371/journal.pone.0238675
https://doi.org/10.1371/journal.pone.0238675
https://doi.org/10.1016/0014-5793(94)80517-2
https://doi.org/10.1016/j.vetimm.2012.09.010
https://doi.org/10.1016/j.vetimm.2012.09.010
https://doi.org/10.1371/journal.pone.0027225
https://doi.org/10.3390/antibiotics12040660
https://doi.org/10.1139/cjm-2019-0019
https://doi.org/10.3390/microorganisms11020269
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.3390/ani11123600
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1007/s12602-024-10291-7
https://doi.org/10.3390/genes12040536
https://doi.org/10.3390/genes12040536
https://doi.org/10.5152/AnatolJCardiol.2022.1241
https://doi.org/10.1002/embj.1991.10.issue-10
https://doi.org/10.1016/1043-4666(92)90042-P
https://doi.org/10.1002/jlb.65.6.863
https://doi.org/10.1016/j.jbspin.2009.10.011
https://doi.org/10.1016/j.psj.2022.102399
https://doi.org/10.1371/journal.pone.0008639
https://doi.org/10.1371/journal.pone.0008639
https://doi.org/10.1002/hep.24457
https://doi.org/10.1371/journal.pone.0228531
https://doi.org/10.1093/intimm/dxl014
https://doi.org/10.1034/j.1600-065x.2000.00608.x
https://doi.org/10.1242/bio.031518
https://doi.org/10.1242/bio.031518
https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Larsberg et al.

34. Hulanicka M, Garncarz M, Parzeniecka-Jaworska M, Jank M. The
transcriptomic profile of peripheral blood nuclear cells in dogs with heart failure.
BMC Genomics. (2014) 15:509. doi: 10.1186/1471-2164-15-509

35. Alcorn JF, Avula R, Chakka AB, Schwarzmann WE, Nowalk MP, Lin CJ, et al.
Differential gene expression in peripheral blood mononuclear cells from children
immunized with inactivated influenza vaccine. Hum Vaccin Immunother. (2020)
16:1782-90. doi: 10.1080/21645515.2020.1711677

36. Griitzkau A, Smorodchenko A, Lippert U, Kirchhof L, Artuc M, Henz BM.
LAMP-1 and LAMP-2, but not LAMP-3, are reliable markers for activation-induced
secretion of human mast cells. Cytometry A. (2004) 61:62-8. doi: 10.1002/cyto.a.20068

37. Wang Z, Wang X, Jin R, Liu F, Rao H, Wei L, et al. LAMP3 expression in the liver
is involved in T cell activation and adaptive immune regulation in hepatitis B virus
infection. Front Immunol. (2023) 14:1127572. doi: 10.3389/fimmu.2023.1127572

38. Hirtle S, Sutton K, Vervelde L, Dalgaard TS. Delineation of chicken immune
markers in the era of omics and multicolor flow cytometry. Front Vet Sci. (2024)
11:1385400. doi: 10.3389/fvets.2024.1385400

39. Shanmugasundaram R, Selvaraj RK. Regulatory T cell properties of chicken CD4
+CD25+ cells. J Immunol. (2011) 186:1997-2002. doi: 10.4049/jimmunol. 1002040

40. Burkhardt NB, Elleder D, Schusser B, Krchlikova V, Gébel TW, Hirtle S, et al.
The discovery of chicken foxp3 demands redefinition of avian regulatory T cells. |
Immunol. (2022) 208:1128-38. doi: 10.4049/jimmunol.2000301

41. Susta L, Diel DG, Courtney 5, Cardenas-Garcia 5, Sundick RS, Miller PJ, et al.
Expression of chicken interleukin-2 by a highly virulent strain of Newcastle disease
virus leads to decreased systemic viral load but does not significantly affect mortality in
chickens. Virol J. (2015) 12:122. doi: 10.1186/512985-015-0353-x

42, Gurung A, Kamble N, Kaufer BB, Pathan A, Behboudi S. Association of Marek's
Disease induced immunosuppression with activation of a novel regulatory T cells in
chickens. PLoS Pathog. (2017) 13:¢1006745. doi: 10.1371/journal ppat.1006745

Frontiers in Immunology

12

10.3389/fimmu.2024.1415009

43. Wan MLY, Forsythe S], El-Nezami H. Probiotics interaction with foodborne
pathogens: a potential alternative to antibiotics and future challenges. Crit Rev Food Sci
Nutr. (2019) 59:3320-33. doi: 10.1080/10408398.2018.1490885

44, Li], Haiyilati A, Zhou L, Chen ], Wang Y, Gao L, etal. GATA3 inhibits viral infection by
promoting microRNA-155 expression. J Virol. (2022) 96:¢0188821. doi: 10.1128/jvi01888-21

45, Intlekofer AM, Takemoto N, Wherry EJ, Longworth SA, Northrup JT, Palanivel

VR, et al. Effector and memory CD8+ T cell fate coupled by T-bet and eomesodermin.
Nat Immunol. (2005) 6:1236-44. doi: 10.1038/ni1268

46. DaiM, Zhao L, Li Z, Li X, You B, Zhu §, et al. The transcriptional differences of
avian CD4+CD8+ Double-positive T cells and CD8+ T cells from peripheral blood of
ALV-] infected chickens revealed by smart-seq2. Front Cell Infect Microbiol. (2021)
11:747094. doi: 10.3389/fcimb.2021.747094

47, Cruikshank WW, Kornfeld H, Center DM. Interleukin-16. J Leukoc Biol. (2000)
67:757-66. doi: lO.lOOZfﬂb.é?.é.?S?

48. Israelsson P, Dehlin E, Nagaev [, Lundin E, Ottander U, Mincheva-Nilsson L.
Cytokine mRNA and protein expression by cell cultures of epithelial ovarian cancer-
Methodological considerations on the choice of analytical method for cytokine
analyses. Am J Reprod Immunol. (2020) 84:¢13249. doi: 10.1111/aji13249

49. Nguyen TTT, Allan B, Wheler C, Kister W, Gerdts V, Dar A. Avian antimicrobial
peptides: in vitro and in ovo characterization and protection from early chick mortality
caused by yolk sac infection. Sci Rep. (2021) 11:2132. doi: 10.1038/541598-021-81734-2

50. Terada T, Nii T, Isobe N, Yoshimura Y. Effects of Probiotics Lactobacillus reuteri
and Clostridium butyricum on the Expression of Toll-like Receptors, Pro- and Anti-
inflammatory Cytokines, and Antimicrobial Peptides in Broiler Chick Intestine. Jpn
Poult Sci. (2020) 57:310-8. doi: 10.2141/jpsa.0190098

51. Ohland CL, Macnaughton WEK. Probiotic bacteria and intestinal epithelial
barrier function. Am ] Physiol Gastrointest Liver Physiol. (2010) 298:G807-19.
dok: 10.1152/ajpgi.00243.2009

frontiersin.org


https://doi.org/10.1186/1471-2164-15-509
https://doi.org/10.1080/21645515.2020.1711677
https://doi.org/10.1002/cyto.a.20068
https://doi.org/10.3389/fimmu.2023.1127572
https://doi.org/10.3389/fvets.2024.1385400
https://doi.org/10.4049/jimmunol.1002040
https://doi.org/10.4049/jimmunol.2000301
https://doi.org/10.1186/s12985-015-0353-x
https://doi.org/10.1371/journal.ppat.1006745
https://doi.org/10.1080/10408398.2018.1490885
https://doi.org/10.1128/jvi.01888-21
https://doi.org/10.1038/ni1268
https://doi.org/10.3389/fcimb.2021.747094
https://doi.org/10.1002/jlb.67.6.757
https://doi.org/10.1111/aji.13249
https://doi.org/10.1038/s41598-021-81734-2
https://doi.org/10.2141/jpsa.0190098
https://doi.org/10.1152/ajpgi.00243.2009
https://doi.org/10.3389/fimmu.2024.1415009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	In vitro assessment of the immunomodulatory effects of probiotic Bacillus strains on chicken PBMCs
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Animals, housing, feeding, and tissue collection
	2.2 PBMC isolation and culture
	2.3 Bacterial strains and culture
	2.4 Probiotic treatment/co-culture
	2.5 Cytokine measurement
	2.6 RNA isolation
	2.7 RNA sequencing and bioinformatics
	2.8 Gene set enrichment analysis

	3 Results
	3.1 Differentially expressed genes and differentially regulated pathways between BS- or BV-treated and untreated PBMCs
	3.2 Effects of BS and BV on immune cell receptor gene expression in PBMCs
	3.3 Expression of genes encoding cytokines in BS- and BV-treated PBMCs
	3.4 Cytokine concentrations in co-culture supernatants of PBMCs treated with BS and BV
	3.5 Effects of BS and BV on gene expression of antimicrobial peptides in PBMCs

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


