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Probiotics constitute an attractive alternative in the battle against microbial infections.
Oral administration of certain strains of lactobacilli isolated from human milk has resulted
in an effective reduction of the bacterial load as well as an improvement of the
mastitis-associated symptoms. Nevertheless, little is yet known about the potential
molecular mechanisms and specific targets implicated in these effects. Transcriptomic
profiing has been used to search for disease-associated and therapy-responsive
molecules in different disorders and experimental models. We have applied for the
first time a gene expression-based molecular approach to explore for potential targets
responsive to intervention with a probiotic in: (i) breast milk somatic cells (n = 17) and
(i) blood leukocytes (n = 19). Women with mastitis ingested a new strain of lactobacilli,
Lactobacillus salivarius PS2 (3x capsules per day, each capsule contained ~9.5 log10
CFU) for 21 days. We applied Affymetrix microarrays and Tagman one-step quantitative
reverse transcription PCR (RT-gPCR) to analyze and compare gene expression changes
between samples pre- and post-treatment. Our results substantiate the involvement of
inflammatory and cell-growth related pathways and genes in the breast milk somatic
cells following the intake of L. salivarius PS2. Individual analyses of selected genes:
(1) supported the upregulation of STC7 and /L7179 and the downregulation of PLAUR
and IFNGR1 in the somatic cells of the patients as potential targets responsive to the
probiotic, (2) detected a lack of a relationship between the gene expression responses
in the two types of cells, and (3) evidenced a substantial interindividual variability in
the gene expression changes in both types of cells. Our study provides an insight
into the essentiality of incorporating the study of tissue-specific interindividual molecular
responsivity into future clinical intervention trials to further understand the complexity
of human gene expression responses to therapy and the potentiality of selecting
appropriate responsive targets.
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INTRODUCTION

Human milk is a complex biological fluid produced by the
mammary gland and adapted to satisfy the requirements of
the newborn at different growth stages. Human milk also
educates the infant immune system, enhancing oral tolerance,
and confers a certain degree of protection against pathogens
(Andreas et al., 2015; Goldsmith et al.,, 2015; Boix-Amords
et al., 2016). Colostrum and milk are continuous sources of
commensal, mutualistic and potentially beneficial bacteria to the
infant gut (Gueimonde et al., 2007; Collado et al., 2009; Martin
et al., 2009; Hunt et al., 2011). Among the complex bacteria
community present in the human milk of healthy women,
staphylococci and streptococci are the dominant genera although
present at a low concentration (Martin et al., 2003; Fernandez
et al.,, 2013; Avershina et al., 2018). Mastitis is an inflammation
of the mammary gland in response to infection usually caused
by bacteria. It constitutes a major problem experienced by
breastfeeding women, with incidences rates of around 20% in
developed countries but with wide variations among studies
(Khanal et al., 2015). Fresh milk samples from women suffering
mastitis have been shown by culture techniques to contain a
high amount of staphylococci and (or) streptococci as well as a
dramatic decrease of bacterial diversity (Mediano et al., 2017).

To treat this infection, physicians generally use antibiotics
although, it is now well established that antibiotics pose several
critical problems, e.g., the attainment of antibiotic resistance
by resident bacteria and the development of gastrointestinal
disorders in the host (Ferrer et al., 2017; lizumi et al., 2017;
Hwang et al, 2018). As a potential alternative to antibiotic
treatment, some studies have explored the use of different
probiotic strains to combat infectious mastitis (Jiménez et al.,
2008; Arroyo et al., 2010). In these articles, the authors have
shown a significant reduction in the milk bacterial counts
and a rapid improvement of the mastitis symptoms following
oral intake of different species of lactobacilli, i.e., L. salivarius
CECT5713 plus L. gasseri CECT5714 (Jiménez et al., 2008), and
L. salivarius CECT5713 or L. fermentum CECT5716 (Arroyo
et al.,, 2010). The presence of these strains in the human milk
of the mastitis-suffering women at the end of the study and the
observed anti-inflammatory response of the patients support a
true probiotic effect for these lactobacilli (Jiménez et al., 2008).
More recently, the L. salivarius PS2, a probiotic strain isolated
from the human milk of healthy women, was tested against
mastitis in a clinical trial. The study was designed to search for
microbiological, biochemical and immunological biomarkers in
response to the treatment with this probiotic. At the end of
the trial, the patients that ingested L. salivarius PS2 experienced
a general improvement of their condition. In addition, the
mammary gland microbiota balance was restored (Espinosa-
Martos et al., 2016).

The complex cellular and molecular mechanisms underlying
the response triggered in the mammary gland to the pathogens
are not yet fully understood. Invading microorganisms
responsible for the mastitis activate a complex immune
defense process that involves resident and recruited immune
cells, endothelial cells and epithelial mammary cells resulting

in an increase in the number of somatic cells (SC) in the milk
(Cremonesi et al., 2012). Concerning the molecular responses,
over the past years, transcriptomic studies using microarrays or
RNA sequencing have been repeatedly applied to identify genes
and pathways altered in the mammary tissue in response to
infection by pathogenic bacteria such as Staphylococcus aureus
or Streptococcus uberis using in vitro and animal studies (Yang
et al., 2008; Swanson et al., 2009; Richards et al., 2013; Giinther
et al.,, 2017; Kosciuczuk et al., 2017; Petzl et al., 2018). A recent
study has described, for the first time, the milk cell transcriptome
across the lactation cycle and during mastitis infection in women
(Sharp et al., 2016). However, there were no studies investigating
the molecular response of the human mammary gland to an
intervention with a probiotic.

The main purpose of this study was to explore the feasibility
of using microarray and RT-qPCR techniques to search for
specific molecules as new targets responsive to the oral intake
of the probiotic L. salivarius PS2 in the human mammary gland
affected with mastitis infection. To achieve this objective, we have
investigated: (i) gene expression changes in breast milk isolated
SC as a source of mammary tissue obtained from women with
mastitis before and after intervention with the probiotic, and
(ii) the potential relationship between some of the significantly
altered genes in the SC with those occurring in peripheral
blood leukocytes obtained from the same patients. The present
study also examines the interindividual variability in tissue gene
expression responses and highlights the relevance of further
investigating and understanding this critical issue in order to
improve our efficacy in the selection of molecular biomarkers of
response.

MATERIALS AND METHODS

Subjects and Study Design
This study is part of the trial NCT01124448 registered at
the ClinicalTrials.gov database. Full details can be found in
a previous report (Espinosa-Martos et al., 2016). Briefly, a
total of 31 women, 23 patients with mastitis symptoms and 8
without any symptom of the disease (healthy group) participated
in the study. All volunteers gave written informed consent
to the protocol (reference 10/017E) approved by the Ethical
Committee of Clinical Research of the Hospital San Carlos
(Madrid, Spain). A questionnaire about their general health
status, pregnancy development, delivery, lactating period and
medication taken was filled out by all the participants. The
demographic characteristics of the women are summarized
in Supplementary Table S1. The criteria for selecting the
participants were described elsewhere (Espinosa-Martos et al.,
2016). None of the participants ingested any commercial
probiotic supplements during the intervention. Based on the
evidence from previous clinical trials (Jiménez et al, 2008;
Arroyo et al., 2010; Vazquez-Fresno et al, 2014), the Ethical
Committee did not allowed a control group of women with
mastitis (either left untreated or receiving a placebo).

The intervention period was 21 days based on previous studies
that attained good results with other probiotics in a similar period
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of time (Arroyo et al., 2010). During this period the volunteers
with mastitis symptoms consumed 3x capsules per day, each of
them containing ~50 mg of freeze-dried powdered L. salivarius
PS2 ~9.5 logl0 CFU). The capsules were manufactured by
Biopolis (Valencia, Spain) and preserved at 4°C throughout the
study. Samples of breast milk and blood were taken at day 0 and
day 21 of the intervention and further processed for cell isolation.
A diagram summarizing the study design and protocol is shown
in Figure 1.

Breast-Milk Somatic and Blood Cells

Isolation
Milk samples were collected at baseline (both from patients
with mastitis and healthy donors) and at the end (patients with
mastitis) of the intervention following the protocol previously
described (Espinosa-Martos et al., 2016). Milk total somatic cells
(SC) were isolated from 10 mL of fresh milk after centrifugation
(620 g, 20 min) and removal of fat layer and supernatant.
Leukocytes (mononuclear cells and granulocytes) were also
isolated from women with mastitis at the beginning (day 0) and
at the end of the intervention period (day 21). Volunteers were
instructed to fast overnight before each blood collection. Blood
samples were collected in heparinized tubes (BD Vacutainer,
Franklin Lakes, NJ, USA) between 8 and 10a.m. to minimize
circadian variations and processed within 2h after extraction.
Leukocytes were isolated by gradient centrifugation as follows:
6 mL of blood was diluted (1:1) with RPMI 1,640 + 5% of
bovine fetal serum (Gibco) cell culture medium and centrifuged
by density gradient with Histopaque-1077 and Histopaque-1119
(Sigma-Aldrich, Madrid, Spain) according to the manufacturer
instructions. After washing the cells (2x) with RPMI 1640 + 5%
of bovine fetal serum, Allprotect Tissue Reagent (QIAGEN) was
added for the preservation of the RNA and proteins. All samples
were stored at —80°C.

RNA Extraction and Purity

Total RNA was isolated from all samples using the AllPrep
DNA/RNA/Protein Mini Kit (Qiagen, Madrid, Spain) following
the manufacturer recommendations. RNA concentration and
purity were checked using the Nanodrop ND-1000 UV-Vis
Spectrophotometer (Nanodrop Technologies) and the Agilent
2100 Bioanalyzer (Agilent, Madrid, Spain). Only those samples
with a ratio Abs;0/Abs,gp between 1.8 and 2.1 and RNA integrity
number (RIN) values above 6.0 were used for gene expression
analyses. From the initial number of participants, 7 (women
with mastitis) and 3 (healthy women) milk-derived SC samples
were used for microarrays. A total of 17 samples (women with
mastitis, including 5 of the samples already used for microarrays)
were then used for RT-qPCR. Regarding the blood leukocytes, we
collected 19 RNA high-quality samples (women with mastitis)
for RT-PCR (Figure 1). Purified RNA samples were divided in
aliquots and kept at —80°C until further analysis by microarrays
and (or) RT-qPCR.

Expression Profiling Using Microarrays
RNA from the breast milk isolated SC was hybridized onto
the GeneChip® PrimeView™ Human Gene Expression Array

(Affymetrix, CA, USA) that contains a total of 49,395 probe
sets. Microarrays were carried out following the manufacturer’s
instructions and GeneChips were scanned using the GeneChip
Scanner 3000 7G with an autoloader. Emission intensities of
the different probe sets were captured and transformed (.CEL
files) by Affymetrix GeneChip® Command Console® Software
(Affymetrix, CA, USA). Probes were summarized to gene-level
data, background subtracted, and expression values normalized
to log base-2 in Partek Genomics Suite v6.6 (Partek, St. Louis,
MO) using the Robust MultiChip Average (RMA) algorithm
and the.CEL files (Bolstad et al., 2003). Significant statistical
differences (p-values) in gene expression fold-changes (FC) were
generated with Partek Genomics Suite 6.6 using the ANOVA
test. Probes were considered to be significantly and differentially
expressed if the p-value was <0.05 and had minimum FC-value
< —1.2 and > +1.2. Minimum Information About a Microarray
Experiment (MIAME) compliant data have been deposited in
NCBI’s Gene Expression Omnibus database (GEO; http://www.
ncbi.nlm.nih.gov/geo/) at the accession number GSE65152.

Microarray Data Analyses

Hierarchical clustering and principal component analyses (PCA)
of microarray results (genes with significantly altered expression)
were done using the Partek Genomics Suite® 6.6. The lists of
significant genes were also used for functional analysis using
Gene Ontology in the DAVID platform (Huang da et al,
2009), and KEGG pathways enrichment analysis using Partek
Pathway™ and the Fisher’s exact test.

RT-gPCR Analyses of Target Genes

One-step quantitative reverse transcription PCR (RT-qPCR)
(TagMan system, Applied Biosystems, ABI, Madrid, Spain) was
applied to validate microarray results and further measure
differential expression in RNA isolated from milk SC (n = 17)
and from blood cells (n = 19) attained from patients with
mastitis. The analyses were carried out at the Science Park of the
Cantoblanco Campus (Madrid, Spain) and were run on an ABI
7500 system following the manufacturer’s protocol. We used a
total reaction volume of 25 pL in a MicroAmp Optical 96-well
plate covered by optical adhesive covers and TagMan Universal
Master Mix (ABI, Madrid, Spain). All assays were undertaken
at the same time under identical conditions and in triplicate.
Supplementary Table S2 includes the list of the subset of genes
analyzed (STCI, PLAUR, IFNGR1, VASP, IL19, IFNA1, DCD), the
reference genes used in the analysis (GAPDH, TBBE, POLR2A) and
the corresponding ABI references of the TagMan Assays used for
validation.

NormFinder algorithm (Andersen et al, 2004) was
implemented to determine the stability and ranking of
expression of the endogenous control genes. The estimated
values for GAPDH, TBP, and POLR2A indicated a good stability
for the three genes. We additionally calculated the coefficient
of variation [CV (%)] of the Ct values for each reference gene
across all the samples, 4.32, 4.41, and 5.46%, respectively. The
average Ct values (three technical replicates) for targeted and
reference genes were obtained from each reaction to determine
the occurrence of gene expression in the tested samples. Samples
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" Day 0 Day 0 »*
Breast Blood Breast
milk milk
Lactobacillus salivarius PS2
(for 21 days, 3 capsules a day,
each capsule: 9.5 log;q CFU) Day 21
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| ||
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n=7 microarrays |<—| RIN>6.0 |
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for qRT-PCR cells for
(including n=5 qRT-PCR
microarrays)
FIGURE 1 | Diagram representing the work flow of the study and experimental protocol.

with a Ct value >35 were considered not detected. The relative
mRNA level of each targeted gene was calculated by the 2744
method (Livak and Schmittgen, 2001). Final data are expressed
as the mean FC-value normalized against the three selected
reference genes. Genes were considered to be upregulated if
FC > +1.2 and downregulated if FC < —1.2. The median of
the sample population and the range [Min, Max] values are
indicated.

Potential associations between gene expression changes in the
milk SC and the leukocytes and between gene expression changes
and effects of the probiotic in the bacterial counts, immune cell
counts and in the levels of several specific plasma cytokines
were examined using the Spearman’s rank correlation coeflicient.
Individual data for bacterial counts, immune cell counts and
plasma cytokines were obtained from a previous publication
(Espinosa-Martos et al., 2016).

RESULTS

Transcriptomic Profiling and Functional
Analysis

Good quality RNA samples obtained from the human milk SC
isolated from 7 women with mastitis and 3 healthy volunteers,
collected at day 0 and day 21 post-treatment with the probiotic,
were used for microarray analyses. We first compared the gene
expression levels between patients with mastitis and healthy
volunteers at baseline (day 0), i.e., differentially expressed genes

potentially associated with the disease condition. A total of 1,377
probes were identified as significantly changed (p-value < 0.05)
of which 309 were upregulated and 1,068 were downregulated
(Supplementary Table S3). Next, we compared patients with
mastitis at day 21 post-intervention vs. day 0, i.e., differentially
expressed genes possibly responsive to the consumption of
the probiotic in the mastitis condition. A total of 387 probes
were found upregulated and 81 downregulated (p-value < 0.05;
Supplementary Table S4).

Hierarchical clustering was used to group individuals on the
basis of their similarity in the pattern of the significant changing
genes for the two pairs of comparisons (Figures 2A,B). This
clustering provided an overview of the molecular differences
that existed between the patients with mastitis and the healthy
participants, i.e., genes potentially associated with the disease
(Figure 2A). It also showed the differences in the mastitis patients
before and after treatment with the L. salivarius PS2 probiotic
for 21 days (Figure 2B). This analysis was also giving a first
glance at the variation in gene expression across the individuals.
Discriminant PCA (Figure 3) was also performed to further
visualize the differences between the patients with mastitis vs.
the healthy volunteers at baseline (Figure 3A) and the patients
before and after the intervention with the probiotic (Figure 3B).
The PCA analyses identified three components accounting for
~55% of the total variability for the comparison between women
with mastitis and healthy women and ~50% for the comparison
between women with mastitis before and after intervention.
This analysis supported an initial scattering of the patients with
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TP32 EM36 ML28 EMI8 NMRO6 MM35 BMOl EG29 RV30 LC26

Downregulated Upregulated

M patients with Mastitis
B Healthy participants

TP32-1 EM36I EMISI ML28-I MROG-I MM3SI TP32-F BMOI-I MM3SF MROGF ML28-F BMOI-F ML28-F EM36-F

Downregulated Upregulated
M Baseline (Day 0)
Post-intervention (Day 21)
FIGURE 2 | (A) Hierarchical Clustering of microarrays results: Gene differences associated with the disease, i.e., differentially expressed genes between patients with
mastitis and healthy volunteers at baseline (day 0), (p-value <0.05, FC > 1.2 or <-1.2). (B) Hierarchical Clustering of microarrays results: Gene changes associated

with the response to the intervention with L. salivarius PS2 in patients with mastitis, i.e., differentially expressed genes between patients with mastitis after 21
day-treatment with the probiotic vs. patients with mastitis at baseline (day 0), (p-value < 0.05, FC > 1.2 or <—1.2).
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A Patients with Mastitis vs Healthy voluntees B Patients with Mastitis before vs after intervention

PCA (54.8%) PCA (50.5%)

"

240 4

pciffien) it » "
PC1 (229%)

[l Baseline (Day 0)
I Post-intervention (Day 21)

rciifien)
PC1 (226%)

B Patients with Mastitis
M Healthy participants

FIGURE 3 | Three-dimensional representation according to principle component analysis (PCA) of the microarray differential gene expression significant data.
Spheroids collect the at least 95% of the samples in each comparison and each sphere represents a patient: (A) patients at baseline, Mastitis vs Healthy groups,
(B) Mastitis patients at day O vs. day 21 post-intervention with the probiotic. The color of the patients represents their health status or time-point respectively.

mastitis (e.g., high interindividual variability) and the posterior
coming closer of these patients in response to the treatment with
the probiotic suggesting that the intake of the probiotic might be
associated with a shared molecular response in the milk SC of the
women with mastitis.

Uppermost enriched Gene Ontology terms and altered
inflammation- and cell growth/survival-related pathways among
differentially expressed genes between patients with mastitis
and healthy individuals and, in patients following treatment
with the probiotic are listed in Supplementary Table S5.
Among the genes changing in the volunteers with mastitis
in comparison with the healthy participants (potentially
disease-related deregulated processes), some of the most
enriched Gene Ontology terms associated with upregulation
were immune response and activation of immune cells
(lymphocytes, T-cells, natural killer cell activation process),
indicative of the triggering of the defense mechanisms against
the infection. Alteration of “cell proliferation, adhesion
and angiogenesis” as well as general cell processes such
as “transmembrane receptor tyrosine kinase mediated
signaling pathway” were also detected as upregulated by
the analysis. The downregulated clustering indicated the
involvement of “mRNA processing,” “glutamine metabolism,”
and “membrane associated processes” in the SC from patients
with mastitis in comparison with healthy cells. Treatment
with the probiotic in the participants with mastitis also
revealed alteration of “cell death,) “transcription,” “amino
acid metabolism,” “transmembrane transport” and the
“glycosylphosphatidylinositol (GPI) anchor biosynthesis,” a
molecule that attaches some membrane proteins to the lipid
bilayer of the cell membrane.

The Partek analysis suite confirmed the involvement of
inflammation-related responses, i.e., “natural killer cell mediated
cytotoxicity,” “chemokine signaling pathways,” “cytokine-
cytokine receptor interaction” as well as other infection and
immune disease-related processes in the mastitis disease and
in the response to the intervention with the probiotic. Several
specific signaling pathways were additionally identified, the
“PI3K-Akt,” the “Jak-STAT” or the “Rapl.” A Venn diagram
illustrating the top represented and overlapped pathways related
to inflammation responses among the differentially expressed
probes as detected by the Partek analysis in the two comparisons
is depicted in Figure 4. Various specific identifiers commonly
found in the two cases are marked out in a separate box:
“PI3K-Akt signaling pathway,” “systemic lupus erythematosus,”
“cytokine-cytokine receptor interaction,” “herpes simplex
infection,” “natural killer cell mediated cytotoxicity,” “focal

adhesion” and “Rapl signaling pathway.”

RT-qPCR Analyses of Selected Gene
Targets in the Breast Milk Isolated SC and
in the Blood Mononuclear Isolated Cells
From Women With Mastitis

The genes selected for validation and further analysis using qRT-
PCR are listed in Table 1. The number of probes representing the
gene in the array, their corresponding FC (median values, n = 7)
and the significance of the change (p-values) are also specified.
These genes were found to exhibit significant changes in the milk
SC of women with mastitis after the treatment with the probiotic.
To further support the biological interest and selection of these
genes as potential molecular targets associated with mastitis,
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Mastitis (day 21)
vs. Mastitis (day 0)

1

common pathways.

Pathways common to the two comparisons:

PI3K-Akt signaling pathway

Systemic lupus erythematosus
Cytokine-cytokine receptor interaction
Herpes simplex infection

Natural killer cell mediated cytotoxicity
Focal adhesion

Rapl signaling pathway

FIGURE 4 | Venn diagram summarizing overlapped pathways related to infection/immune diseases and (or) responses among the DE probes detected in SC of
women with mastitis and healthy participants, and women with mastitis before and after the treatment with the probiotic. Green circle shows the number of pathways
obtained when comparing samples of women with mastitis and healthy volunteers at day O; red circle shows the number of pathways obtained when comparing
women with mastitis at day O and at day 21. Intersection represents the number of overlapped pathways. In the separate square we include the top regulated

Table 1 also compiles some of the main biological functions
related with mastitis, inflammation and (or) breast tissue disease
in which these genes have been reported to be involved.

Validation of the microarray analyses by Rt-qPCR was carried
out in five of the samples used for microarrays and the results
were all confirmed for STCI1, PLAUR, IFNGRI, VASP, and IL19
(Table 2). Next, we analyzed the expression of these genes in
the SC isolated from other patients included in the study. A
summary of the results is detailed in Table 3. In the breast
milk SC, the genes IFNAI and DCD yielded Ct values >35
and were not further analyzed whereas VASP which was found
significantly downregulated by microarray analysis was, however,
not confirmed in the total subpopulation of volunteers analyzed
by qRT-PCR (median FC = —1.04, considered a no change
in this study). On the other hand, our qRT-PCR analyses
supported the downregulation of PLAUR and IFNGRI and
the upregulation of STCI and ILI9 in the breast milk SC
from women with mastitis after treatment with the probiotic.
As indicated by the range values [Min, Max], the individual
results fluctuated from downregulation to upregulation changes
indicating a high variability in the gene expression responses. For
a clearer visualization of this variability, Table 3 also displays the
distribution of the gene expression changes in % of individuals
where the gene was induced, repressed or did not displayed a
change together with their corresponding median FC and [Min,
Max] ranges. These data evidenced that the average induction
detected in STCI and IL19 was confirmed in approximately 60
and 70% of the participants, respectively. On the other hand,
the downregulation of PLAUR and IFNGRI was detected in
approximately 65 and 53% of the participants, respectively.

We further analyzed the expression changes for the same
genes in the leukocytes isolated from the mastitis patients before
and after the consumption of the probiotic (Table 3). In this type
of cells, STCI and DCD did not reach the levels of detection

and were not further analyzed. The average (median) expression
levels of PLAUR, IFNGR1, VASP, and IL19 was unchanged after
treatment with the probiotic and the individual results were
evenly distributed into upregulation, downregulation and (or)
no-change responses. Only IFNAI tended to be downregulated in
the leukocytes following the intake of the probiotic (~53% of the
volunteers). Overall these results display a high interindividual
variability in the gene expression responses to the intake of the
L. salivarius PS2 probiotic both in the milk isolated SC and
in the blood isolated leukocytes from women with mastitis. To
further illustrate these results and for comparative purposes, we
have included Supplementary Tables S6A,B with a list of the
gene expression individual changes occurring in the milk SC
and the leukocytes, respectively. These tables also display the
corresponding individual effects of the probiotic in the bacterial
counts, immune cell counts and in the levels of several specific
plasma cytokines (Espinosa-Martos et al., 2016). We did not
find any significant relationship between the reduction of the
bacterial counts or the changes in the immune cell proportions
after treatment with the probiotic, with the changes detected in
any of the genes analyzed or the circulating cytokines. There was
no association either for the gene expression responses occurring
between the two types of cells.

DISCUSSION

Many probiotics such as bifidobacteria and lactobacilli are
being widely investigated for their beneficial health effects
against inflammatory diseases (Igbal et al.,, 2014). The efficacy
of some probiotics to promote the regression of the mastitis-
associated symptoms and the reduction of the bacterial and
somatic cell counts in milk has been already shown in some
human studies (Jiménez et al., 2008; Arroyo et al., 2010). Very
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recently, the human milk isolated probiotic, L. salivarius PS2,
was also proven to be very effective against mastitis (Espinosa-
Martos et al, 2016). Milk samples from women suffering
mastitis exhibited higher counts of Staphylococcus epidermidis,
S. aureus, streptococci and corynebacteria than milk samples
from healthy women. The L. salivarius PS2 was able to decrease
the staphylococcal/streptococcal counts and the patients also
experienced a complete or notable improvement of the disease
symptoms after 21 days of treatment (Espinosa-Martos et al.,
2016). Further, this strain led to substantial changes in some
immune cell subpopulations as well as in the levels of several
immunoglobulins, cytokines, and chemokines (e.g., IL8, IL7) but
a large interindividual variability was noted (Espinosa-Martos
etal., 2016).

It has been hypothesized that the probiotics may exert these
benefits against mastitis by competing for the habitat, producing
biological compounds that inhibit the pathogen growth, and (or)
stimulating the host immune defenses (Fernandez et al., 2014).
Nevertheless, the actual molecular mechanisms underlying the
infection process as well as the effects of these probiotics against it
are not yet fully understood. The establishment of the molecular
pathways associated with the infection process in mastitis as
well as of disease-associated genes as biomarkers to aid in the
detection of mastitis and to monitor the response to therapy
has been investigated mostly in vitro and in farm animals.
The biological complexity of this disease has prompted the
use of “omics” techniques and system biology approaches to
investigate global transcription changes in the animal mammary
gland tissue during mastitis infection with different pathogens
(Swanson et al, 2009; de Greeff et al., 2013; Sipka et al.,
2014; Sun et al., 2015). The use of RNA extracted from breast
milk samples was shown to be a safe, non-invasive and useful
means to investigate the human mammary gland transcriptome
(Boutinaud et al., 2015). This method was recently applied
to explore the gene expression profiles of human breast milk
cells associated with the lactation cycle, involution and mastitis
infection using microarrays and quantitative RT-qPCR (Sharp
et al., 2016). To the best of our knowledge, our study is the first
to apply microarrays and quantitative RT-qPCR to the study of
the gene expression changes occurring in human milk cells from
women suffering infectious mastitis following intervention with
a probiotic.

Transcriptomic analysis of in vitro Staphylococcus aureus-
infected bovine macrophages (Lewandowska-Sabat et al., 2013)
and bovine epithelial cells (Wang et al., 2013) showed that
the infected cells displayed the activation of genes involved
in the inflammatory response, cytokine signaling pathways,
metabolism and apoptosis suggesting that both types of cells
may be implicated in the mastitis infection process of the
mammary gland. The application of these holistic studies to
mastitis infection in animals has been extensively reviewed
(Loor et al, 2011). The authors brought together some of
the main biological functions and pathways that appear to
be altered in various animals during the mastitis infection
caused by different pathogens and showed that some of them
were repeatedly found to be involved in mastitis, ranging
from very broad categories such as “immune response” and

TABLE 2 | Validation of the microarrays results for the selected genes in breast milk isolated SC samples (n = 5 volunteers) following the intake of the probiotic L. salivarius PS2.

STC1

IL19

VASP

IFNGR1

PLAUR
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TABLE 3 | Differential gene expression (by RT-gPCR) in breast milk SC (n = 17) and in blood mononuclear cells (n = 19) from women with mastitis between day 0 and

day 21 (post-intervention) with the probiotic L. salivarius PS2.

Breast milk SC (n = 17)

Blood mononuclear cells (n = 19)

Gene Median % Patients* Median Median % Patients* Median
[Min, Max] [Min, Max] [Min, Max] [Min, Max]
(all data) (all data)
STC1 1.4 58.8% 1 +1.6[+1.3, +6.6] Below detection limits
[-4.1, +6.6] 17.6% | —1.8[-4.1, —1.5]
23.5% (NC) —14[=1.1,41.1]
PLAUR 112 23.5% 1 +3.7 [+1.2, +8.5] (NC) +1.0 42.1% 1 +1.7 [+1.2, +10.8]
[-5.4, +8.5] 64.7% | —2.1[-5.4, -1.2] [-2.4, +10.8] 36.8% | —1.5[-2.4, —1.2]
11.8% (NO) —1.1[=1.1, +1.0] 21.1% (NC) +1.0[=1.1, +1.0]
IFNGR1 1-1.4 29.4% 1 +1.6[+1.3, +3.3] (NC) +1.1 42.1% 4 +1.7 [+1.2, 46.3]
[-2.6, +3.3] 52.9% | —1.9[-2.6, —1.4] [-14,6.3] 10.5% | —1.3[-1.4, 1.2
17.6% (NC) +1A 1.1, +1.1] 47.3% (NC) +1.1 =11, +1.1]
VASP (NC) —1.04 23.5% 1 +2.2[+1.2, 42.3] (NC) +1.0 26.3% 1 +1.5[+1.3, +16.2]
[-3.4, +2.3] 47.0% | —1.7 [-3.4, —1.3] [-2.5,16.2] 31.6% | —1.4[-2.5, -1.2]
29.4% (NC) 1.0[-1.1, +1.1] 42.1% (NC) +1.0[-1.1, +1.1]
IL19 1413 70.5% 1 +1.6 [+1.2, +5.4] (NC) +1.0 26.3% 1 +3.0 [+1.2, +10.6]
[-1.6, +5.4] 11.8% | —1.5[-1.6, 1.5 [-2,567,10.6] 47.4% | —2.1[~2,567, ,1.5]
11.8% (NC) +1.1[=1.0, +1.1] 26.3% (NC) +1.1 [4+1.0, +1.1]
IFNAT Below detection limits }-1.2 36.8% 1 +1.8[+1.2, +31.8]
[-9.6,31.8] 52.6% | —1.5[-9.6, —1.2]
10.5% (NC) —1.1[=1.1, =1.1]
DCD Below detection limits Below detection limits

Results are presented as FC median values (FC > —1.2 and < +1.2 were considered a no change).*The percentage of patients exhibiting upregulation (1), downregulation (|) or no
change for each specific gene is also indicated. FC, Fold-change; NC, No change; Range of values, [Min, Max].

“lipid/energy metabolism” to more specific canonical and
signaling pathways including: “acute phase response signaling,”
“chemokine signaling pathway,” “cytokine-cytokine receptor
interaction,” “NOD-like receptor signaling pathway,” “Toll-
like receptor signaling pathway,” “RIG-like receptor” “natural
killer cell mediated cytotoxicity,” “complement and coagulation
cascades” or “fatty acid metabolism.” In good agreement with
some of the previous results and also with those published
by Sharp et al. (2016) in women, our functional analysis also
detected the regulation of the inflammatory response with
the involvement of immune cells such as the T-lymphocytes
and chemokine signaling pathways as well as cell processes
related with cell survival (cell proliferation, cell angiogenesis)
(Supplementary Table S5) further supporting the contribution
of these processes in the mastitis infection in women.

With regards to the specific molecules that might be
involved in the mastitis process, differential gene expression
between the mammary gland infected with Streptococcus
uberis and control tissue in heifers (Swanson et al., 2009;
de Greeff et al., 2013) evidenced the involvement of many
genes implicated in diverse functions: Toll-like receptors
(TLR2), ficolins and lipolysaccharide binding protein (LBP)

» «

in pathogen recognition, haptoglobin (HP) in acute phase
response, superoxide dismutase (SOD) and indoleamine 2,3-
dioxygenase 1 (IDOI) in oxidative stress and bactericidal
activity, calgranulins or S100 calcium-binding proteins (S100A2,
S100A8, S100A9), chemokines (CXCL10, CXCL6, CCLS8, CCL2),
interleukins and interleukin-related molecules (IL18, IL6R,
IL10R), interferon regulatory factors (IRFI), interferon induced
proteins (IFIT4, IFIT5) in the immune/inflammatory response
and chemoattraction of neutrophils, plasminogen activator,
urokinase receptor (PLAUR) in tissue repair mechanisms, or
SON DNA Binding Protein (SON) in cell death and cell
proliferation, to mention only a few examples. Also, in a recent
meta-analysis of microarrays-based transcriptomic studies of the
bovine mammary gland with E. coli induced-mastitis, a number
of meta-genes have been identified as potential biomarkers of
the disease (Sharifi et al., 2018). The top list of genes include:
several pro-inflammatory cytokines (CXCL2, CXCL8 (ILS),
CXCLI, CCL20), calcium binding proteins (SI00A9, S100A8),
the complement factor B (CFB), phosphodiesterase 4B (PDE4B),
caspase 4 (CASP4), HP or the zinc finger CCCH-type containing
12A (ZC3HI12A). In women (Sharp et al., 2016), a list of genes
were also reported to be up- or downregulated in mastitis in
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comparison with healthy lactation. Some of these genes had also
been previously detected in the animal studies: e.g., interferon-
induced transmembrane proteins (IFITM2, IFITMI), S100A8,
IDOI1, PLAUR, some interleukins and chemokines (CXCLI0,
CCL8). In addition, in this study, predicted activation status
of transcription regulators showed the activation of STATI,
MITF, and various interferon regulatory factors in mastitis milk.
Overall, and regarding specific genes with different expression
levels in the samples from mastitis and from healthy subjects,
we found little agreement with the significant differentially
expressed individual genes detected in our study. We did detect,
however, a moderate but significant upregulation of ZC3HI12A
(FC= +1.2, p = 0.039) when comparing mastitis vs. healthy
human samples (Supplementary Table S$3). This meta-gene that
has been identified as a potential biomarker for E. coli mastitis
with a high accuracy (~84%) (Sharifi et al., 2018) encodes
for a monocyte chemotactic protein-induced protein 1 (MCP-
1) critically involved in inflammatory responses and has an
important positive regulatory activity on interferon antiviral
activity by promoting type-1 interferons signaling (Qian et al.,
2018). It is worth mentioning that after a second revision of
our original microarray data, we found some agreement for
specific genes, i.e., induction of several members of the interferon
induced transmembrane protein family, IFITM1, and IFITM2, of
the calcium-binding proteins SI00A7, SI00A12 or SI00P and of
the transcription factors, STAT1, IRF1, IRF7, and MITF although
these results were not significant and had not surpassed our
statistical cut-off criteria (p < 0.05). The reduced number of
microarrays performed in the studies revised here, e.g., n = 1
(lactation 24) vs. n = 1 (mastitis 23) (Sharp et al., 2016) or, in
our own study, n = 7 (mastitis) vs. n = 3 (healthy) together with
the heterogeneous composition of the samples analyzed greatly
contribute to the high inter-sample (inter-individual) variability
of the results and the lack of power to detect more significant
commonly responsive genes.

Nevertheless, the involvement of immune cells (lymphocytes,
macrophages, neutrophils) which are involved in protecting
the gland from infection and the triggering of inflammatory
responses through chemotactic pathways in the mammary gland
during mastitis seem to be well established (Sharp et al., 2016)
and some of the genes found to be associated with these functions
in animal and human studies might constitute potential targets
involved in the infection process and, possibly, targets of the
response to therapy against mastitis. Along these lines, the effect
of an antibiotic (cefapirin) alone or combined with prednisolone
on gene expression profiles in bovine with E. coli mastitis
evidenced for the first time the downregulation in the mammary
gland tissue of the expression levels of chemokines such as
CXCL1, CXCL2, and CXCL8 (IL8) in response to the treatment
(Sipka et al., 2014).

Based on all the previously published results, some molecular
targets affected in mastitis and potentially responsive to
treatment might be some of the genes related with the
interferon-mediated immune response, chemokines and
cytokines, and genes related with cell survival (proliferation,
adhesion, angiogenesis). In our study, we selected a number of
genes that exhibited a significant average response in the milk

SC to the treatment with the probiotic L. salivarius PS2 and that
were involved in some of these biological processes (Table 1). For
instance, PLAUR is involved in the regulation of inflammatory
processes and has been found upregulated in the mammary gland
cells infected with mastitis both in animals (de Greeff et al., 2013)
and in humans (Sharp et al, 2016). Our microarray analysis
showed that the overall expression of this gene was significantly
downregulated in the milk SC samples (average FC= —2.0,
p =0.0399, Table 1) after treatment with the probiotic. RT-qPCR
confirmed the average downregulation of this gene (FC = —1.2)
but it also showed that the downregulation was observed in
~65% of the participants (FC = —2.1) whereas the remaining
participants exhibited either upregulation (23.5%) or no change
(11.8%) (Table 3). In a similar manner, the downregulation
of IFNGRI and the upregulation of IL19 and STCI detected
by our microarray analysis were also confirmed by RT-qPCR
in approximately 53, 70, and 59% of the sample population,
respectively (Table 3). These results give preliminary evidence
of these genes as genes associated with mastitis infection and
potentially responsive to the treatment with the probiotic L.
salivarium in breast milk isolated SC. In addition, the results
also display the interindividual variability in the response with
some individuals exhibiting upregulation, downregulation or no
change in the expression levels.

Peripheral blood isolated immune cells, mostly mononuclear
lymphocytes and monocytes, have been widely used in
nutrigenomic studies because of their easy availability and also,
because they have been considered to reflect the effects of dietary
interventions at the levels of gene expression. Nevertheless,
nutrigenomic studies of these cells from human intervention
trials have not yet confirmed them as a surrogate tissue and
(or) to provide candidate gene targets responsive to a therapy
(de Mello et al., 2012) and further studies are still needed.
One additional objective of our study was to find out whether
there were any potential common responses or relationship
for specific responsive genes between the milk SC and the
isolated blood leukocytes following treatment with the probiotic.
Previous studies had measured gene expression responses in milk
SC and in blood immune cells in response to infection with
Staphylococcus aureus in cow (Tao and Mallard, 2007) and in
goat (Cremonesi et al., 2012) and showed that despite some
specific similarities such as the induction of the gene pentatrexin
3 (PTX3) involved in the regulation of innate resistance to
pathogens, there were not many other coincidences in the gene
response in both type of cells. In agreement with this, we did
not find any significant common responses for the specific
genes investigated between the milk SC and the leukocytes or
any association between their expression profiles which support
the notion that peripheral blood immune cells may not reflect
the changes occurring in the breast milk SC. Nevertheless,
future studies are needed to further confirm this. We also
detected a large interindividual variability in the gene responses
in the circulating immune cells. Overall, our results evidence
the complexity and difficulties associated with the search and
detection of suitable genes as molecular biomarkers of response
to any particular treatment. This is especially hampered by
the large gene expression interindividual variability in humans
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which is affected by (1) methodological aspects inherent to
the experimental protocols and (2) human intrinsic differences.
Along these lines, gene expression has been reported to be gene-
and tissue-specific and enhanced in disease-associated genes as
well as by the protocols (Nu-ez-Sanchez et al., 2017). In order
to improve the selection and evaluation of responsive gene
targets, the methodological variability must be controlled by
means of improving sample attaining, description, processing
and analyses protocols (Pokimica and Garcia-Conesa, 2018). On
the other hand the factors inherent to humans and causing
interindividual variability are many (sex, age, health status,
genetic make-up, microbiota) and we are only beginning to
understand them (Manach et al., 2017). Future studies should
be designed to investigate the effects of these factors on gene
expression variability.

CONCLUSION

Despite the limitations of this study, small number of participants
and high interindividual variability, our analysis further supports
the potentiality of using breast milk SC isolated from women
with mastitis and gene expression profiling as a means to explore
molecular changes in response to treatment with probiotics.
Our results indicate that following the intake of L salivarius
PS2 for 21 days, there are changes at the molecular level in
the SC that reflect alterations in inflammatory and cell-growth
related signaling pathways and in specific genes (PLAUR, ILI9,
STCI, IFNGRI) which may be potentially responsive targets
to the treatment. Our study also shows a lack of association
between the observed molecular responses in the SC and
those occurring in the circulating leukocytes. In both types
of samples we observed large interindividual variability in the
gene responses. Our study also reinforces the need to continue
improving the design of future human intervention trials to
better evaluate and select suitable responsive molecular targets.
In addition to increasing the number of individuals/samples

analyzed, the improvement of the experimental protocols and
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