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Impact of human milk on the transcriptomic
response of fetal intestinal epithelial cells reveals
expression changes of immune-related genesf
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Human milk, the best food for infants, is a dynamic and complex fluid that directly influences the immune
system and microbiota establishment. The protective role of human milk is well known although the
mechanisms behind it still need to be uncovered. This study aimed to characterize the impact of human
milk in the immature intestine of newborns by analyzing the global transcriptomic response of the FHs 74
int cell line (ATCC CCL-241). The expression of intestinal keratins and other genes with a well-annotated
intestinal or epithelial function validated FHs 74 int derived from the fetal small intestine as a model of the
intestinal epithelium of newborns. Cells exposed to skimmed human milk showed seventeen differentially
expressed genes, most of them up-regulated, including four chemokine genes (CXCL1, CXCL2, CXCL3
and CXCL10) and other immune-related genes. qRT-PCR and ELISA analysis confirmed the microarray
data and indicated a different pattern of expression upon milk exposure in FHs 74 int as compared to the
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adult tumorigenic Caco-2 cell line. The evaluation of the functional significance of these transcriptomic
changes reveals that human milk exposure may contribute to the regulation of the inflammatory response
in the intestine during the perinatal period, which is characterized by the immaturity of the immune
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Introduction

Human milk (HM) has been recognized as the gold standard
of infant nutrition. HM has also been recognized for its overall
nutrient composition and also as a source of soluble factors
that help protect the baby against infections, external insults
and pathogenesis. Thus, breast-feeding is a key factor influen-
cing infant health outcomes." In fact, a newborn’s diet is not
only important in preventing pathogenic conditions during
the perinatal period but may also help prevent future health
problems in early life, including allergies, atopy, chronic
inflammation, obesity, diabetes, and autoimmune diseases.>
HM is unique in its ability to fulfill infant nutritional
requirements, and its composition constantly adapts to neo-
natal requirements. HM contains bioactive components that
directly influence the developing infant and shape the develop-
ment of the intestinal microbiota, as well as immune system
maturation. Beyond its nutritional composition, HM contains
several nonspecific factors, such as lysozyme, lactoferrin, oligo-
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system and a pro-inflammatory phenotype.

saccharides and microbes, as well as several immune-related
substances, mainly cytokines, chemokines and growth
factors.® This collection of molecules has mainly anti-inflam-
matory properties and is necessary for counteracting the pro-
inflammatory phenotype of the newborn’s immature immune
system.” The detailed roles of milk’s specific bioactive mole-
cules in modulating the newborn’s immune system have been
previously investigated in vitro and in vivo and are currently a
subject of intense research for their translation to clinical
applications. Transforming growth factor-p2 (TGF-2) has been
shown to modulate cytokine expression in intestinal epithelial
cells (IECs), and the underlying molecular mechanisms have
been elucidated.” A TGF-B-supplemented formula has been
successfully used for the treatment of pediatric Crohn’s
disease.®” Other milk bioactive compounds, such as HM oligo-
saccharides, peptides or HAMLET, have been used in clinical
trials with different success rates.® Only a few attempts have
been made to describe these mechanisms from a more global
and integrated point of view or employing diverse cellular
models.® Therefore, other models that are not based on
animal cell lines or commonly used adult and carcinoma-
derived cell lines and that closely resemble the characteristics
of the newborn intestinal epithelium are required.

To characterize the functional role of HM as a whole
complex food in the immature intestine of newborns, we have
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performed a global transcriptomic analysis using skimmed
human milk (SHM) and the FHs 74 int fetal small intestine
epithelial cell line. This cell line has previously been used to
describe the pro-oxidant or proliferative effects of HM com-
ponents on enterocytes and also as a model for Crytosporidium
parvum infection.'®™* Despite these previous studies, the
characteristics described for this cell line by the American
Type Culture Collection (ATCC) include an absence of keratin
expression, as determined by immunoperoxidase assay.
Because keratins are important markers of epithelial origin in
cells, our first goal was to validate the FHs 74 int cell line as a
good model for the immature intestinal epithelium of new-
borns. Then, we investigated whether SHM has a functionally
relevant transcriptomic effect on these cells.

Materials and methods
Human milk samples

Human milk samples from healthy lactating mothers (n = 3) at
4 months after vaginal delivery were included in this study. A
figure describing the overall study design is included as ESI
S1.1 All infants were in good health. Previous to sample collec-
tion, nipples and mammary areola were cleaned with soap and
sterile water and soaked in chlorhexidine to reduce sampling
of microorganisms residing on the skin. Milk samples were
taken at the lactation moment with the infant, although the
exact moment (beginning, during or the end) was not
recorded. Although the composition may vary due to the
moment of collection, the data on nutritional composition and
bacterial load of the milk samples (ESI S2) agree with previous
data published by our group."® The milk samples were collected
in a sterile tube manually, discarding the first drops. All
samples were frozen at —20 °C until further processing. Before
sample collection, the mothers received oral and written infor-
mation, and gave written informed consent to the protocol,
which had been approved by the Ethics Committee of the
Atencion Primaria Generalitat Valenciana (Spain), and the
Bioethics Subcommittee of Consejo Superior de Investigaciones
Cientificas (CSIC). All experiments were carried out in accord-
ance with relevant guidelines and regulations.

Cell culture

The FHs 74 int (ATCC CCL-241) and Caco-2 (ATCC HTB-37)
cell lines were obtained from the ATCC. FHs 74 int was main-
tained in Hybri Care medium (ATCC 46X) reconstituted follow-
ing ATCC instructions and supplemented with 10% (v/v) inacti-
vated fetal bovine serum (Sigma Aldrich) and 45 ng mL™" of
epidermal growth factor (Corning). Cells from passage 3 were
seeded onto 6-well plates (40 000 cells per well) and grown for
six days until 90% confluence. The medium was changed every
two days.

Caco-2 cells were cultured as previously described'® and
seeded onto 6-well plates (700 000 cells per well). They were
maintained in culture for eight days after seeding with fre-
quent medium renewal.
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For the SHM exposition of cell cultures, equal volumes of
the HM samples were equally pooled. This mixture was centri-
fuged at 1200 rpm at 4 °C for 20 minutes, and the upper fat
layer was removed with a sterile Pasteur pipette under sterile
conditions. This SHM pool was resuspended and diluted 1/5
with complete growth medium. Just before starting the incu-
bation time, the medium was renewed in every well with 3 mL
of fresh complete medium. 750 pL of complete medium was
added to the control untreated wells, whereas 750 pL of the
diluted SHM pool was added to the treated wells. Cells were
maintained at 37 °C under a 5% CO, atmosphere for 12 hours.
Integrity of the cell culture was checked under an optical
inverted microscope before and after milk treatment.

Tumor necrosis factor alpha (TNFa) at a final concentration
of 10 ng mL " was added to the cell cultures alone for 6 hours or
during the last 6 hours of SHM treatment, as described above.

RNA purification

Cell cultures were carefully washed 5 times with PBS and lysed
in the well using the RNeasy Mini Kit (Qiagen) together with
the DNase on column kit (Qiagen). Genomic DNA-free total
RNA from the cells was quantified using a NanoDrop ND-1000
system (Thermo Fisher).

Microarray analysis

Agilent microarrays 4 x 44k (Agilent G4845A) including 27 958
biological features (60-mer oligonucleotides, AMADID 026652)
were used. A two-color experiment was designed with four bio-
logical replicates of each set of conditions (control versus
treated). In order to use the control samples for the evaluation
of gene expression in the untreated FHs 74 int cell line, the
dye-swap was avoided so the four control samples were labeled
using the red dye Cy5 and the four treated samples were
labeled in green (Cy3).

Total RNA integrity was checked before and after labeling
using Bioanalyzer 2100 and the RNA 6000 Nano Kit (Agilent).
150 ng of total RNA samples were amplified and labeled with
the Low Input Quick Amp Labeling Kit (Agilent). The Spike-In
Two Color Kit (Agilent) was used for the evaluation of the
efficiency of labeling and hybridization. Hybridization and
washing of the slides were carried out with the Gene
Expression Hybridization Kit (Agilent) and Gene Expression
Wash Buffers (Agilent) following the Agilent protocol
GeneExpression_two_Color_v6.9.1. After washing and drying,
the slides were scanned in an Agilent G2565AA microarray
scanner, at 5 pm resolution double pass scanning, as rec-
ommended. A dual scan extended dynamic range was used.
Image files were extracted with Feature Extraction Software
v9.5.1 (Agilent).

Differential expression and functional analysis

Raw data obtained from scanning of the arrays were analyzed
using the Babelomics suite.'” The normalization of the raw
data was carried out using the normexp background correction
method.'®'® The differential expression of genes after SHM
treatment was detected using the limma moderated ttest™
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implemented in the Babelomics suite with a multiple test cor-
rection to avoid false positive discovery.”’ We selected signifi-
cant genes with an adjusted p-value smaller than 0.05, where a
positive statistic value means higher expression in the treated
group and a negative statistic value reflects lower gene
expression in the treated group.

The Gene Ontology (GO) enrichment tool FatiGO was
used to convert the up-regulated gene list into lists of func-
tional terms using annotations in the GO database.***® A
Fisher’s exact test was applied to check for significant over-rep-
resentation of functional terms in the list of up-regulated
genes with respect to the rest of the genome. Multiple test cor-
rection to account for the multiple hypotheses tested (one for
each functional term) was applied.*!

Gene set enrichment analysis (GSEA) was carried out using
the complete list of the analyzed genes (not only the up-regu-
lated ones) ranked by the statistic value obtained in the class
comparison using the limma moderated t-test. GSEA points
out the cooperative behavior of genes using the complete list
of ids without imposing any artificial threshold with an arbi-
trary p-value. Gene sets with common GO annotations that cor-
relate with high or low values of the statistic in the ranked list
of genes are displayed as the result. Statistical significance of
GO term enrichment was quantified by the lor statistic (logar-
ithm of odds ratio) and the corresponding adjusted p-value
(selection p-value < 0.05). GO terms with a positive lor are
enriched in gene sets included in the up-regulated part of the
ranked list of genes; in contrast, GO terms with a negative lor
are enriched in gene sets included in the down-regulated part
of the ranked list of genes.

22,23

qRT-PCR and ELISA validation of gene expression

850 ng of total RNA from cell cultures were retro-transcribed
using the Transcriptor First Strand cDNA Synthesis Kit (Roche)
and used as a template for qRT-PCR. LightCycler 480 SYBR
green I Master Mix (Roche) was used in a LightCycler 480
instrument using a 96-well plate format (Roche). The oligonu-
cleotides used as primers for quantitative qRT-PCR are listed
in Table 1. All the primers selected for this work were designed
using the Primer-BLAST tool at the NCBI website®® and are
separated by at least one intron on the corresponding genomic
DNA. This option makes it easy to distinguish between amplifi-
cation from mRNA and genomic DNA. We used ACTB and
GAPDH genes as housekeeping reference genes. All the genes
gave a single amplicon according to the melting curves of the
amplified products carried out at the end of the amplification
process. The Cp values were calculated for each amplification
curve using the second derivative maximum method
implemented in LightCycler Software release 1.5.1.62.
Efficiencies of the PCR reactions were calculated for every
amplification curve corresponding to a single well in the plate,
using LinRegPCR Software version 2017.0.”” Mean efficiency
for all the wells corresponding to the same gene in the same
plate was used for further calculations.

Relative Expression Software Tool (REST 2009 v2.0.13) was
used for analyzing gene expression using real-time amplifica-
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Table 1 Oligonucleotide sequences used as primers for quantitative
qRT-PCR

Gene Sequence 5’ — 3’ Ref.
ACTB-f ATGCTATCACCTCCCCTGTGTG 52
ACTB-r TTGTTACAGGAAGTCCCTTGCC

GAPDH-f GTCTCTCTCTTCCTCTTGTGCTCTTGC 53
GAPDH-r TCCTCTGACTTCAACAGCGACACC

FOS-f CAGACTACGAGGCGTCATCC This work
FOS-r CGTGGGAATGAAGTTGGCAC

ANGPTLA-f GAAATCCAGCCTCAGGGGTC This work
ANGPTLA4-r AAGTCCACTGAGCCATCGTG

CXCL2-f CTTGTCTCAACCCCGCATC This work
CXCL2-r CAGGAACAGCCACCAATAAGC

CXCL3-f AGCCACACTCAAGAATGGG This work
CXCL3-r GCAGGAAGTGTCAATGATACGC

CXCL10-f GTGGCATTCAAGGAGTACCTC 54
CXCL10-r GCCTTCGATTCTGGATTCAGACA

CDC69-f CCTGGTCACCCATGGAAGTG This work
CDC69-r GCTGCTGACCTCTGTGTTTTTC

PTX3-f TCTCTGGTCTGCAGTGTTGG 55

PTX3-r TGAAGAGCTTGTCCCATTCC

IL6-f GTGTGAAAGCAGCAAAGAGGC 56

IL6-r TGCAGGAACTGGATCAGGACT

IL8-f ACTTCCAAGCTGGCCG This work
IL8-r CCTTGGGGTCCAGACAGAG

tion data. The software addresses issues surrounding the

measurement of uncertainty in expression ratios by introdu-
cing randomization and bootstrapping techniques.*®

The concentration of the protein products corresponding to
differentially expressed genes was measured in the extracellu-
lar media of the cell cultures by ELISA (eBioscience) following
the manufacturer’s instructions.

Data availability

The data sets generated during the current study are available
in the ArrayExpress public repository at EMBL-EBI with acces-
sion number E-MTAB-6101 (https:/www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-6101).

Results
Transcriptomic characterization of the FHs 74int cell line

Agilent microarrays were used to design a two-color experiment
in which the control samples were labeled with the red dye
cyanine Cy5 as described in the Materials and methods
section. The fluorescence signal that had been background
corrected and obtained from the untreated control samples
was used as an estimation of the relative expression levels of
genes in FHs 74 int cells. This red processed signal
(“rProcessedSignal” column in the data table obtained from
the scanner; ArrayExpress number E-MTAB-6101) was used for
further analysis.

Based on the annotation of the probes represented in the
array, we selected a list of genes with well-described intestinal
or epithelial functions. We also represented in that list house-
keeping genes with high expression levels (ACTB, GAPDH,
RPL13A), non-intestinal expression controls and negative con-
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trols included in the array. The values of the red processed
signal from that list of genes are presented in Fig. 1. Selected
nervous or bone tissue marker genes, which were used as the

Log expression
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Fig. 1 Relative expression for genes with well-annotated intestinal epi-
thelium features in FHs 74 int untreated cells. Gene expression (average
of four biological replicas) was estimated by red processed fluorescence
signal from microarrays. Black bars indicate housekeeping genes or
negative controls. Hatched bars indicate nervous (NOS1, GFAP) or bone
(POSTN, OMD) tissue marker genes. Grey bars correspond to intestinal
epithelium marker genes with high expression levels. White bars rep-
resent intestinal epithelium marker genes with lower gene expression.
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non-intestinal expression controls, were expressed at levels
similar to those of the negative controls included in the array.
High expression levels comparable to those of the housekeep-
ing genes were obtained for genes with well-annotated intesti-
nal or epithelial functions, which corroborated the intestinal
epithelial origin of FHs 74 int fetal cells. Therefore, these
results suggest that the FHs 74 int cell line is a good model to
use in determining HM’s influence on transcriptomic changes
in the intestinal epithelium of newborns.

Differential gene expression of fetal intestinal cells in response
to skimmed human milk

Seventeen genes that were differentially expressed upon SHM
treatment are listed in Table 2. Only one gene was down-regu-
lated (POLR2L, RNA polymerase II polypeptide L), while the
remaining sixteen were up-regulated. A functional enrichment
analysis carried out using the up-regulated gene list revealed
the significant over-representation of functional annotations,
mainly those related to immune function (Table 3). Among
these, Cell chemotaxis (GO:0060326) and Response to molecule
of bacterial origin (GO:0002237) are the most significant.

Gene set enrichment analysis (GSEA) was carried out on the
complete gene list to determine whether immune-related func-
tional annotation enrichment could be confirmed by a comp-
lementary analysis. The results from GSEA extended the diver-
sity of immune-related functional terms that were significantly
enriched. Twenty-six terms corresponding to the molecular
function ontology and six terms corresponding to the cellular
component ontology were significantly enriched, while the
terms corresponding to the biological process ontology
included 1528 enriched annotations. The complete list of
enriched Gene Ontology (GO) terms and the corresponding
gene sets are listed in ESI S3.f Among all the enriched GO
terms resulting from GSEA, selections were made based on the
significance and relationship to immune function, among
other criteria. The selected items (Table 4) confirmed that

Table 2 Genes differentially expressed (adjusted p-value < 0.05) upon skimmed human milk treatment in FHs 74 int fetal intestinal cells

Gene Adj.
name Description Statistic  p-value Regulation
ANGPTL4  Angiopoietin-like 4, transcript variant 1, [NM_139314] 28.6 0.004 UP
CXCL3 Chemokine (C-X-C motif) ligand 3, [NM_002090] 18.1 0.012 UP
FOS FBJ murine osteosarcoma viral oncogene homolog, [NM_005252] 17.9 0.012 UP
CXCL10 Chemokine (C-X-C motif) ligand 10, [NM_001565] 17.5 0.012 UP
ABCD3 ATP-binding cassette, sub-family D (ALD), member 3, transcript variant 2, [NM_001122674] 17.4 0.012 UP
RGS18 Regulator of G-protein signaling 18, [NM_130782] 16.9 0.012 UP
PTX3 Pentraxin 3, long, [NM_002852] 16.8 0.012 UP
FBXL5 F-box and leucine-rich repeat protein 5, transcript variant 1, [NM_012161] 16.1 0.014 UP
CD69 CD69 molecule, [NM_001781] 14.0 0.026 UP
CXCL2 Chemokine (C-X-C motif) ligand 2, [NM_002089] 13.7 0.026 UP
PDK4 Pyruvate dehydrogenase kinase, isozyme 4, [NM_002612] 13.7 0.026 UP
C150rf48 Chromosome 15 open reading frame 48, transcript variant 2, [NM_032413] 13.4 0.026 UP
PAQR5 Progestin and adipoQ receptor family member V, transcript variant 1, [NM_001104554] 12.1 0.043 UP
CXCL1 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha), transcript ~ 11.8 0.043 UP
variant 1, [NM_001511]
IL6 Interleukin 6, [NM_000600] 11.7 0.043 UPpP
POLR2L Polymerase (RNA) IT (DNA directed) polypeptide L, [NM_021128] -11.9  0.043 DOWN
HIST1H1A  Histone cluster 1, Hla, [NM_005325] 11.6 0.044 UP

This journal is © The Royal Society of Chemistry 2019
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Table 3 Functional enrichment analysis carried out with the up-regulated gene list (adjusted p-value < 0.05). Lor: logarithm of odds ratio

GO term Gene names Lor Adj. p-value
Response to cold (GO:0009409) FOS, CXCL10 6.55 0.0076
Positive regulation of leukocyte chemotaxis (GO:0002690) IL6, CXCL10 5.48 0.0465
Cell chemotaxis (GO:0060326) IL6, CXCL10, CXCL2, CXCL3, CXCL1 5.25 0.0000
Leukocyte chemotaxis (GO:0030595) IL6, CXCL10, CXCL3 5.03 0.0054
Response to molecule of bacterial origin (GO:0002237) IL6, FOS, CXCL10, CXCL2 4.99 0.0002
Response to lipopolysaccharide (GO:0032496) IL6, FOS, CXCL10 4.70 0.0076
Regulation of angiogenesis (GO:0045765) IL6, CXCL10, ANGPTL4 4.69 0.0076
Regulation of vasculature development (GO:1901342) IL6, CXCL10, ANGPTL4 4.63 0.0076

Table 4 Selected GO terms significantly enriched in GSEA. Statistical significance of enrichment is quantified by the lor statistic (logarithm of odds

ratio) and the corresponding adjusted p-value (selection p-value < 0.05)

GO term Gene set/terms in the genome  Lor Adj. p-value
CXCR3 chemokine receptor binding (G0O:0048248) 5/6 0.32 0.000001
Negative regulation of tumor necrosis factor-mediated signaling pathway (GO:0010804)  10/24 0.24 0.000246
Positive regulation of interleukin-6 secretion (GO:2000778) 6/11 0.23 0.007230
Interleukin-6 production (GO:0032635) 78/161 0.11 0.022169
Negative regulation of SMAD protein complex assembly (GO:0010991) 5/17 —0.61  0.000009
Negative regulation of pathway-restricted SMAD protein phosphorylation (GO:0060394)  10/30 —0.73  0.000000
SHM addition to FHs 74 int cells in culture produced changes 7
in gene expression that could regulate immune system 6
function. 2
©s
N . . 5 T ] |
Effect of TNFa stimulation after skimmed human milk 7t + m o TNF
exposure in FHs 74 int cells % 3 I T O HM+ TNFo
x
The GO term Negative regulation of tumor necrosis factor- :’; 2 - T
. . . . . o o
mediated signaling pathway (GO:0010804) was significantly = | - .
enriched in GSEA with a lor value of 0.24. This result prompted
us to characterize the likely protective effect of SHM on the ° e C e ig e

intestinal epithelium. TNFa stimulation was performed alone
or during the last 6 hours of SHM addition to FHs 74 int cells.
All the genes that had been previously shown to be induced by
SHM addition were also induced by TNF« alone. The pre-treat-
ment with SHM did not reduce the level of gene expression
induced by TNFa alone. Indeed, IL6 and CD69 induction by
TNFa was more intense after the SHM pre-treatment. However,
this intensifying effect on gene expression was not observed
for IL8 or PTX3 genes (Fig. 2).

Fetal and adult intestinal epithelial cells display different gene
expression responses to skimmed human milk

In order to confirm the array expression data and to compare
the expression response to SHM on the parts of fetal and adult
1ECs, we analyzed the expression levels of genes in the FHs 74
int and Caco-2 cell lines upon SHM treatment via quantitative
real-time PCR (qRT-PCR). For this purpose, we employed those
genes that were responsible for a single enrichment of func-
tional terms (Table 3). This list was further extended to
include IL8 (interleukin-8), CD69 transmembrane receptor and
PTX3 (pentraxin 3) due to their important roles in immune
response. The expression fold change as compared to the
untreated controls is represented in Fig. 3.

144 | Food Funct, 2019, 10, 140-150

Fig. 2 Effect of TNFa stimulation of gene expression after SHM
exposure in FHs 74 int cells. Expression ratios of IL6, CD69, IL8 and
PTX3 immune-related genes are represented. The addition of TNFa to a
final concentration of 10 ng mL™" was carried out for 6 hours, alone or
during the last 6 hours of SHM treatment (SHM pre-treatment). Bars rep-
resent mean of the log, expression ratio, and lines represent standard
deviation. * p-Value < 0.05.

The upregulation of all these genes, except for CXCL1 (C-X-C
motif chemokine ligand 1), was confirmed via RT-qPCR in
FHs 74 int cells upon SHM treatment, with a fold change
greater than 2, except for IL8, which was still significantly up-
regulated with a fold change of 1.9. Significantly higher con-
centrations of IP-10 (23 vs. 9 pg mL™", p value < 0.0001), the
protein product of the CXCL10 (C-X-C motif chemokine
ligand 10) gene, and secreted IL-6 (interleukin-6) (333 vs.
242 pg mL™, p value < 0.05) were measured by ELISA in extra-
cellular media from cultures of SHM-treated versus non-treated
FHs 74 int cells. However, adult IECs from the Caco-2 cell line
displayed a different pattern of gene expression upon SHM
treatment: CD69 and PTX3 expression could not be detected,
while FOS1 (FBJ murine osteosarcoma viral oncogene

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Expression of genes which were responsible for the enrichment
of functional terms was analyzed by qRT-PCR. The fold change
expression of the SHM-treated cells compared to the untreated controls
is represented in a box—whisker plot. The box represents the interquar-
tile range (middle 50% of the observations), the dotted line represents
the sample median and the whiskers represent the outer 50% of the
observations. The black bar is set at an expression ratio of 1 (no change)
and the dashed bar represents the threshold for fold change greater
than 2. a. Fetal IECs from the FHs 74 int cell line. b. Adult IECs from the
Caco-2 cell line. * p-Value < 0.05, ** p-value < 0.01.

homolog) and ANGPTL4 (angiopoietin-like 4) expression did
not change significantly. Remarkably, in contrast to FHs 74 int
cells, IL8 and CXCL1 (C-X-C motif chemokine ligand 1) are
significantly upregulated with a fold change of 25, while IL6,
CXCL2 (C-X-C motif chemokine ligand 2), CXCL3 (C-X-C
motif chemokine ligand 3) and CXCL10 were up-regulated
after SHM exposure in a similar way in both cell lines (Fig. 3).

Discussion

The FHs 74 int cell line has previously been used as a model
for normal non-transformed IECs.'%**?%3% The description of
this cell line in the ATCC indicates that keratins could not be
detected in these cells via immunoperoxidase assay and that
they have an epithelial-like morphology (characteristics avail-
able from  https:/www.lgestandards-atec.org/products/all/
CCL-241.aspxffcharacteristics). In addition to this, FHs 74 int
cells do not form tight monolayers, as we could appreciate
based on our experiments. Other human fetal non-trans-
formed small intestine primary epithelial cells that have pre-
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viously been characterized do not form tight junctions or
polarize.*! For all these reasons, we wanted to validate the FHs
74 int cell line as an adequate model for the intestinal epi-
thelium of newborns, investigating its general expression
profile. To our knowledge, global transcriptome analysis is not
publicly available for this cell line, so our work represents the
first FHs 74 int global transcriptome derived using microarray
data.

We took advantage of the two-color Agilent technology and
used the red processed signal corresponding to the untreated
controls as an estimate of the expression values of the
genome. Selected nervous or bone tissue marker genes,
namely NOS1 (nitric oxide synthase 1), GFAP (glial fibrillary
acidic protein), POST (periostin) and OMD (osteomodulin),
which were used as non-intestinal expression controls, were
expressed at as low a level as the negative controls included in
the array. Among the selected genes with a well-annotated
intestinal or epithelial function, KRT18, KRT8 and KRT19,
which code for the principally expressed keratins in the intesti-
nal epithelium,** were highly expressed, which would stand in
contrast to the previous data of the ATCC regarding the detec-
tion of keratins in these cells. In this respect, we have
measured mRNA levels, but we have not measured protein
levels. This may explain the differences observed in the
expression data of keratins and should be taken into account
for further analysis. The expression of TJP-1 (tight junction
protein 1), which codes for ZO-1, a protein involved in cyto-
plasmic plaque assembly in the apical junction complex,*® is
well detected in the intestinal epithelium, and it was also
identified in FHs 74 int cells. Defects in the forming of a tight
monolayer in FHs 74 int cells may be due to the low expression
levels of other integral components of tight junctions (e.g,
claudin expression levels were low) or lower expression levels
of other intercellular adhesion proteins, such as EPCAM (epi-
thelial cell adhesion molecule) or CDH17 (cadherin 17).
Decreased epithelial barrier function in preterm infants and
newborns up to 6 months of age has been previously
described,**** which would invalidate the FHs 74 int cell
line’s use in nutrient or drug transport studies. The expression
of the genes coding for mucins (MUC1, MUC2, MUC3A, and
MUC4) was also detected to various extents. However, the
expression of MUC17, a mucin highly present in adult small
intestine tissue,*® is not detected in FHs 74 int fetal cells. High
expression levels were also detected for EGFR (epidermal
growth factor receptor) and KLF5 (Kruppel-like factor 5). This
transcription factor has been ascribed to functional annota-
tion GO:0030033, which is related to the assembly of micro-
villi, a characteristic cellular structure of enterocytes.

Other genes that were highly expressed in FHs 74 int cells
were PLP2, CRIP1 and ICK. The expression pattern detected
was in agreement with the small intestine expression pattern
detected in publicly available RNA-seq experiments.*® Taking
into account the expression patterns of all the intestinal epi-
thelium marker genes analyzed, we conclude that although
FHs 74 int cells should not be employed in transport studies
due to their inability to form tight monolayers, the expression
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data support the use of FHs 74 int cells as a model to investi-
gate HM’s influence on the transcriptome in the intestinal epi-
thelium of newborns.

We treated the cells that had been stored frozen from the
collection time until the day of the experiment with SHM.
Although the concentration of bioactive proteins in SHM may
not vary during the prolonged freezing period,*”*® the well-
known denaturing effect of freeze-thawing could influence the
bioactivity of the SHM samples used in our study. In addition,
fat-soluble/associated molecules with potential bioactivity
(milk fat globule membrane proteins, glycosphingolipids,
phospholipids) may have been reduced through the skimming
process. Taking into account the storage and processing con-
ditions of the HM samples, the addition of SHM to FHs 74 int
cells in culture resulted in significant changes in the
expression levels of 17 genes, mostly those related to immune
function (Table 2). The up-regulation of genes responsible for
a single enrichment of functional terms (Table 3) was con-
firmed via qRT-PCR in FHs 74 int cells upon SHM treatment
(Fig. 3). We also included IL8, CD69 and PTX3 because they
have important roles in immune response. In the case of IL6,
which was up-regulated with a fold change of 4 in FHs 74 int
cells, this expression pattern agrees with the GSEA functional
enrichment of the GO terms Positive regulation of interleukin-6
production (GO:0032755) and Positive regulation of interleukin-6
secretion (GO:2000778), with lor values of 0.16 and 0.23,
respectively. This result links the up-regulation of IL6 gene
expression with the increased expression of genes related to
IL6 production and secretion in FHs 74 int cells after SHM
addition. The secreted IL-6 measured in the extracellular
culture media indicated that protein levels were also higher
after SHM exposure, which also validates the results of GO
functional terms enriched in GSEA.

Genes that are up-regulated upon SHM treatment, such as
PTX3 and CD69, are involved in immune-related functions.
PTX3 acts as a fluid phase pattern recognition molecule, parti-
cipating in the opsonization of pathogens during innate
immune response®® and also as a regulator of inflammation by
diminishing leukocyte recruitment at sites of inflammation
under pathological conditions.’” The up-regulation of the
PTX3 expression after SHM treatment may contribute to the
attenuation of the pro-inflammatory phenotype of immature
IECs in newborns. The promoters of human and murine
PTX3 genes have potential binding sites for many transcrip-
tion factors, including AP-1 (activator protein 1). Remarkably,
the gene coding for the FOS protein, which participates in
AP-1 formation, is also up-regulated upon milk treatment,
along with its potential target, PTX3, in FHs 74 int cells in
culture (Table 2).

The CD69 gene also contains elements that are responsive
to transcription factor AP-1, which is formed by the FOS and
JUN proteins.*' The up-regulation of FOS1 gene expression
after milk treatment may contribute to the up-regulation of
CD69 gene expression in IECs. The CD69 gene codes for a
membrane receptor that is expressed in T-cells. CD69 plays a
complex role in immunity depending on the context. In
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addition to its role in tissue damage processes under various
inflammatory conditions, it has been proposed to function as
an activation factor of various leukocyte subsets. On the other
hand, in humans, CD69 negatively regulates immune reactiv-
ity, and its deficiency results in an enhanced risk of auto-
immune and chronic inflammatory diseases.*’ The up-regu-
lated expression of CD69 in FHs 74 int cells after SHM treat-
ment may reflect an anti-inflammatory effect and points to
immature human IECs, in addition to T-cells, but not adult
enterocytes like Caco-2, as producers of CD69. There are cases
of proteins usually associated with immune cells that have
also a role in other cell types. As an example, TLRs are mem-
brane receptors involved both in the development and differ-
entiation of T-cell subsets*> and also in the recognition of
molecules of pathogenic origin in the membrane of IECs.”® In
other cases, CD26/DPP4 (dipeptidyl peptidase 4), which is a
molecule involved in the activation of T-cells,** has also been
detected in exosomes originating from IECs.*” The role of
CD69 expression in immature human enterocytes requires
further investigation.

We wanted to determine whether gene expression changes
were reflecting any significant enrichment of specific func-
tions. For this purpose, we used two different types of analysis.
We carried out the enrichment of GO terms within the signifi-
cantly up-regulated genes, and we also investigated which
functions were enriched by using gene set enrichment analysis
(GSEA) to reveal gene sets that although they did not signifi-
cantly change their expression after SHM addition, did display
cooperative behavior and would be responsible for enrichment
in common functional terms. Both kinds of analysis provided
complementary information about targeted functions upon
SHM exposure, many of them related to immunity.

Despite the fact that only sixteen genes were significantly
up-regulated, the functional enrichment analysis carried out
within this up-regulated gene list pointed to their close func-
tional relationships. It showed the significant enrichment of
GO terms related to immune function, such as Response to
molecule of bacterial origin (GO:0002237), which is a direct
parent of Response to lipopolysaccharide (GO:0032496). 1L6,
FOS, CXCL2 and CXCL10 are the up-regulated genes responsible
for this functional enrichment. In addition to IL6, CXCL2 and
CXCL10, CXCL1 and CXCL3 are also the up-regulated genes
responsible for the significant functional enrichment of the
term Cell chemotaxis (GO:0060326), which is a direct parent of
Leukocyte chemotaxis (GO:0030595) and Positive regulation of leu-
kocyte chemotaxis (GO:0002690). Therefore, the SHM treatment
of human fetal IECs results in the up-regulated expression of
genes functionally related to Response to molecule of bacterial
origin and also to Positive regulation of leukocyte chemotaxis. As
mentioned above, PTX3 can act locally to dampen excessive leu-
kocyte recruitment, and the gene expression-dependent PTX3
production has also been proposed as a negative feedback loop
acting systemically.’® One explanation for this is that HM would
allow the regulation of the pro-inflammatory phenotype in the
intestine of newborns® and, secondarily, may contribute to
immunotolerance towards the milk microbiota.

This journal is © The Royal Society of Chemistry 2019
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Although not related to the immune system, other signifi-
cantly up-regulated genes have functions that are relevant to
intestinal physiology or nutritional sensing. The most signifi-
cant difference in gene expression corresponded to ANGPTL4
(6-fold up-regulation, Fig. 3). When we carried out a functional
enrichment analysis with the up-regulated gene list, ANGPTL4
was responsible for the significant enrichment of the GO
terms Regulation of angiogenesis (GO:0045765) and Regulation
of vasculature development (GO:1901342), together with IL6 and
CXCL10 (Table 3). ANGPTL4 is also involved in nutrient
sensing when it is produced as a peptide hormone in the intes-
tinal tract. This factor has been shown to be involved in the
regulation of lipid homeostasis and has been proposed as a
circulating mediator between the gut microbiota and fat
storage in adipose tissue. It has been shown that the
expression of ANGPTL4 in several human colonic cell lines can
be stimulated by specific probiotic strains of bacteria.*®*”
These results are in agreement with the fact that in our experi-
mental setup, the HM samples were simply skimmed.
Therefore, the microbial component of HM*® was present
during incubation with FHs 74 int cells.

Since immunity seemed to play a central role in the func-
tional response of the intestinal epithelium to SHM, we there-
fore used GSEA to shed light on the hypothesis that SHM
attenuates the pro-inflammatory phenotype of the FHs 74 int
cell line. Out of all the enriched GO terms resulting from
GSEA, we selected the terms in view of their significance and
relation to immune function, among other criteria.
Remarkably, CXCR3 chemokine receptor binding (GO:0048248) is
the most significant annotation of the molecular function
ontology, with a statistical value of 0.32. The gene set respon-
sible for this functional enrichment (CXCL9, CXCL10,
CXCL11, CXCL13 and PF4, Table 4) accounts for five of the six
genes annotated for this function in the human genome. The
up-regulation of CXCL10 was confirmed by qRT-PCR and
ELISA. CXCR3 engagement by CXCL10 produces a Thil-type
inflammation loop that amplifies effector responses, but it has
also been proposed to recruit T regulatory cells into peripheral
tissues generating suppressive T cell responses. One potential
explanation for this result is that SHM enhances the
expression of chemokines in FHs 74 int cells, with these
chemokines being ligands of CXCR3 in T-cells, thus leading to
the regulation of T-cell function and trafficking.*® Since the
GO term Negative regulation of tumor necrosis factor-mediated
signaling pathway (GO:0010804) was significantly enriched in
GSEA we wanted to characterize the likely protective effect of
SHM on the intestinal epithelium. However, when we pre-
treated FHs 74 int cells with SHM and then stimulated them
with TNFa, we could not detect a reduction in gene expression.
While an intensifying effect was detected on IL6 and CD69
expression, this additive effect was not observed in the case of
IL8 or PTX3 expression, which could be interpreted as a
certain containment effect of SHM on the expression of these
genes.

Remarkably, the expression patterns of the selected func-
tionally relevant genes were found to be different when we
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compared human fetal non-transformed normal small intes-
tine epithelial cells (FHs 74 int cell line) with human adult
colonic adenocarcinoma epithelial cells (Caco-2 cell line). In
the Caco-2 cells, CD69 and PTX3 expression could not be
detected, while FOS1 and ANGPTL4 expression did not change
significantly. In contrast to FHs 74 int cells, IL8 and CXCL1
(C-X-C motif chemokine ligand 1) are significantly upregu-
lated with a fold change of 25 in Caco-2 (Fig. 3). Differences
between the FHs 74 int and colon cancer cell lines have pre-
viously been reported.”™" In this case, the authors observed
that the anti-proliferative effects of thymoquinone on the
Caco-2 or HT-29 cell lines were not observed in the normal
intestine FHs 74 int cell line. In relation to differences in the
gene expression profile between normal and tumorigenic
intestinal cell lines, in our study, fetal FHs 74 int cells and
adult Caco-2 cells displayed different transcriptional profiles
of immune-related genes after incubation with SHM. Other
authors have reported that in primary fetal human IECs and
also in the fetal H4 cell line, IL-1p (interleukin-1f) induced a
significant increase in IL-8 secretion, which could be
attenuated by the addition of TGF-p2. The adult untrans-
formed IEC line NCM460 also displayed an IL-1p-induced
increase in IL-8 secretion, but unlike immature fetal IECs, the
mature enterocytes were unaffected by TGF-B2.°> Our results
reinforce the need for suitable cellular models in order to
obtain biologically relevant data regarding the role of HM in
the physiology of the newborn intestinal epithelium. In
addition to the tumorigenic versus normal origin and maturity
(fetal versus adult), other factors such as the developmental
stage may also be relevant to the detected gene expression
response. Caco-2 cell cultures form a differentiated epithelium
after achieving confluency, while the slow-growing FHs 74 int
cells had reached 90% confluency at the initiation of our
experiment.

In conclusion, we have demonstrated that FHs 74 int cells
can be an appropriate model of the immature intestine. In
contrast to the response displayed in adult tumorigenic cell
lines, the incubation of fetal intestinal cells with SHM results
in the increased expression of immune-related genes that may
contribute to the regulation of the inflammatory response in
the intestine during the perinatal period, which is character-
ized by the immaturity of the immune system and a pro-
inflammatory phenotype. Further research is needed to dissect
the contributions of the many active components of HM (e.g.,
cytokines, hormones, oligosaccharides and bacteria) to the
observed effects. This will help in constructing a clearer
picture of the impact of breast-feeding on the functionality
and development of the newborn intestine.
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