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Abstract

Background: Endoplasmic reticulum (ER) stress and activation of the unfolded protein response (UPR) play
important roles in chronic intestinal inflammation. Necrotizing enterocolitis (NEC) is the most common gastrointestinal
emergency in preterm infants and is characterized by acute intestinal inflammation and necrosis. The objective of the
study is to investigate the role of ER stress and the UPR in NEC patients.

Methods: lleal tissues from NEC and control patients were obtained during surgical resection and/or at stoma
closure. Splicing of XBP1 was detected using PCR, and gene expression was quantified using gPCR and Western
blot.

Results: Splicing of XBP1 was only detected in a subset of acute NEC (A-NEC) patients, and not in NEC patients
who had undergone reanastomosis (R-NEC). The other ER stress and the UPR pathways, PERK and ATF6, were
not activated in NEC patients. A-NEC patients showing XBP1 splicing (A-NEC-XBP1s) had increased mucosal
expression of GRP78, CHOP, IL6 and IL8. Similar results were obtained by inducing ER stress and the UPR in vitro.
A-NEC-XBP1s patients showed altered T cell differentiation indicated by decreased mucosal expression of RORC,
IL17A and FOXP3. A-NEC-XBP1s patients additionally showed more severe morphological damage and a worse
surgical outcome. Compared with A-NEC patients, R-NEC patients showed lower mucosal /L6 and /L8 expression
and higher mucosal FOXP3 expression.

Conclusions: XBP1 splicing, ER stress and the UPR in NEC are associated with increased /L6 and /L8 expression
levels, altered T cell differentiation and severe epithelial injury.
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Introduction

Endoplasmic reticulum (ER) stress-related inflammation is
involved in the pathogenesis of various chronic inflammatory
diseases, including inflammatory bowel disease [1,2]. In the
ER, secretory and transmembrane proteins are folded into their
native conformation, and proper protein conformation needs
the assistance of molecular chaperones such as 78 kDa
glucose-regulated protein (GRP78). As such, highly secretory
cells, like Paneth cells, have high basal levels of the molecular
chaperone GRP78 to maintain homeostasis of protein folding in
the ER [1,3]. When misfolded or unfolded proteins accumulate
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in the ER, ER stress occurs. To restore ER homeostasis,
mammalian cells activate a process called unfolded protein
response (UPR), which is marked by induction of a number of
UPR-related genes including GRP78 and C/EBP homologous
protein (CHOP). There are at least three ER stress sensors on
the ER membrane, which are inositol-requiring transmembrane
kinase-endoribonuclease-1 (IRE1), pancreatic ER kinase
(PERK), and activated transcription factor 6 (ATF6) (Figure
S1).

Growing evidence shows that ER stress and the UPR play
crucial roles in intestinal homeostasis and inflammation. In the
colon and small intestine of patients with inflammatory bowel
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disease, ER stress and the UPR go hand in hand with
increased GRP78 expression [4] and spliced X-box binding
protein 1 (XBP1s) mRNA [5,6]. Furthermore, multiple single
nucleotide polymorphisms of X-box binding protein 1 (XBP1)
were found to be associated with inflammatory bowel disease
in independent whole genome analysis studies [7—9]. However,
ER stress and the UPR have not been studied in necrotizing
enterocolitis (NEC), an acute intestinal inflammatory disease in
premature infants.

NEC is the most common gastrointestinal emergency in the
neonatal intensive care unit, with high morbidity and mortality
rates in very low birth weight infants [10]. NEC is most common
in the ileum, and is characterized by inflammation and
coagulation necrosis [11]. Current treatment strategies for NEC
are antibiotic administration and, if required, eventually
intestinal surgery to remove the affected part of the intestine.
Infants, who underwent such surgery and survive, often
experience severe long-term complications, such as intestinal
strictures, recurrent sepsis, short bowel syndrome, growth
impairment, and poor neurodevelopmental outcome [10].
These adverse sequelae underscore the importance of defining
the pathophysiology of NEC to develop new strategies for
treatment and prevention.

In this study, we aimed to study ER stress and the UPR in
the ileum of the NEC patients. Our data show that ER stress
and the UPR occurred only in a subset of acute NEC patients
but not in patients who recovered from NEC. Moreover, ER
stress and the UPR correlated with poor surgical outcome,
increased interleukin 6 (IL6) and interleukin 6 (IL8) expression,
and altered T cell differentiation.

Methods

Study population and sample collection

This study was conducted with the approval of the 'Central
Committee on Research involving Human Subjects', Hague,
the Netherlands, and the written informed consents were
obtained from the guardians on the behalf of the infant
participants involved in the study. Infants who underwent bowel
resection at the neonatal intensive care unit at Sophia
Children’s Hospital between November 2003 and September
2010 were recruited. Fresh ileal tissue samples were collected
during surgery, and fixed in 4 % paraformaldehyde in
phosphate buffered saline or snap-frozen in liquid nitrogen
immediately. Diagnosis and staging of NEC were based on
Bell’'s criteria [12], and diagnosis was confirmed during surgery
and by histopathological evaluation of resected intestinal
tissue. Preterm patients who underwent bowel resection for
stage Il acute NEC were referred to as A-NEC, and NEC
patients who underwent reanastomosis (stoma closure) were
referred to as R-NEC. Patients who underwent resection for
diseases other than NEC were included as control patients.
Control patients for A-NEC (A-CTRL) only contained preterm
patients, and control patients for R-NEC (R-CTRL) contained
patients who were born prematurely or at term. The corrected
gestational ages during surgery of A-CTRL and A-NEC patients
and R-CTRL and R-NEC patients were matched. The patient
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Table 1. Patient demographics.

Demographics A-CTRLn=5 A-NECn=12 R-CTRL n=10 R-NEC n=13

Male 3 (60.0%) 10 (83.3%) 6 (60.0%) 10 (76.9%)
) ) 905 (760, 1175 (785, 2323 (1400, 950 (858,

Birth weight (gram)

1935) 1526) 3411)% 1548)%
Gestational age at  26.9 (26.8,  29.5(27.4,  34.8(285,  29.4(26.9,
birth (weeks) 33.9) 31.1) 39.1) 31.2)
Postnatal ageat 8.0 (1.0, 10.5 (5.5, 435(0.8, 78.0 (52.0,
surgery (days) 24.5) 19.8)" 83.0)% 120.5)5#
Gestational age at  31.0(28.8,  31.0(28.6, 40.6(38.6,  42.1(36.0,
surgery (weeks)  34.1) 32.9) 42.1) 45.2)"
Survival (1 year # #

5(100.0%) 6 (50.0%) 10 (100.0%) 12 (92.3%)

after surgery)

A-NEC: preterm patients who underwent bowel resection for stage Ill acute NEC.
A-CTRL: control patients for A-NEC, premature patients who underwent resection
for developmental defects or diseases other than NEC.

R-NEC: NEC patients who underwent another surgical procedure when eligible for
reanastomosis (stoma closure) after full recovery.

R-CTRL: control patients for R-NEC, corrected gestational age matched both
preterm and term patients who underwent resection for developmental defects or
diseases other than NEC.

Data provided are numbers (percentage) or medians (interquartile range).

$ p<.05 for comparisons between R-CTRL and R-NEC.

#. P < .05 for comparisons between A-NEC and R-NEC.

doi: 10.1371/journal.pone.0078491.t001

Table 2. Reasons for surgery on control patients.

Reason for surgery n
A-CTRL

lleum perforation after incarcerated hernia

Isolated perforation
Milk curd syndrome
Meconium ileus and Meckels' diverticulum

A A a4
*

Gastroschizis

R-CTRL

lleum perforation after incarcerated hernia
Perforation with gastroschizis

Milk curd syndrome

Meckels' diverticulum

Meconium ileus and perforation

Midgut volvulus

Gastroschizis

N = o a4 N 2 a o

Atresia
*. XBP1s detected.
doi: 10.1371/journal.pone.0078491.t002

demographics and reasons for surgery on control patients are
shown in Table 1 and Table 2, respectively.

Cell Culture and Treatment

The human monocytic cell line THP-1 (derived from the
peripheral blood of a 1 year old human male) was purchased
from ATCC, and the cells were cultured in Dulbecco’s modified
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Eagle’s minimal essential medium supplemented with 10 %
fetal bovine serum, 50 pg/ml streptomycin and 50 U/ml
penicillin. The fetal human intestinal epithelial cell line HIEC (a
kind gift from Prof. Jean-Frangois Beaulieu) was cultured in
Opti-MEM | GlutaMAX medium supplemented with 5 % fetal
bovine serum, 0.01 M HEPES and 5 ng/ml epidermal growth
factor [13]. Both cell lines were cultured in a 37 °C incubator
with 5 % CO,. To induce ER stress and the UPR, cells were
treated with 5 pg/ml of tunicamycin (TM, purchased from
Sigma-Aldrich) for 6 hours, and cells treated with dimethyl
sulfoxide were used as control.

RNA isolation and complementary DNA synthesis

Total RNA from snap-frozen ileal tissue was isolated using
RNeasy midi kit (Qiagen, Venlo, the Netherlands), and total
RNA from THP-1 cells and HIEC cells was isolated using the
NucleoSpin RNA 1l kit (Macherey-Nagel, Diren, Germany).
The quality of the RNA samples was analyzed by Bioanalyzer
(Agilent Technologies), and only RNA samples with an RNA
integrity number greater than 7 were used for further analysis.
Complementary DNA was synthesized from 1.5 ug RNA using
M-MLV reverse ftranscriptase (Promega, Leiden, the
Netherlands).

XBP1s detection

Complementary DNA was amplified using XBP1 forward
primer (5-GGA GTT AAG ACA GCG CTT GGG GA-3’) and
XBP1 reverse primer (5-TGT TCT GGA GGG GTG ACA ACT
GGG-3') to generate cDNA products encompassing the IRE1
cleavage sites [8]. The unspliced X-box binding protein 1
(XBP1u) and XBP1s mRNAs generate 164-bp and 138-bp
PCR products, respectively. These fragments were resolved on
2 % agarose gel to distinguish the PCR products of XBP1u and
XBP1s.

Quantitative PCR (qPCR)

Relative mRNA expression was determined using DyNAmo
HS SYBR Green gPCR Kit (Finnzymes, Vantaa, Finland) on
the ABI prism 7900HT Fast Real-Time PCR system (PE
Applied Biosystems, Foster City, CA, USA), and was
normalized against the mMRNA expression levels of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or
cluster of differentiation 4 (CD4) as described previously [14].
All gPCR primer sequences are given in Table 3.

Western blot

Briefly, 20 pg of homogenates from snap-frozen tissue
samples were separated on SDS-PAGE and subjected to
Western blot. The blots were probed with antibodies against
GRP78 (Santa Cruz Biotechnology, CA, USA), CHOP (Abnova,
Heidelberg, Germany) and beta ACTIN (Abcam, Cambridge,
UK). Signal was detected using IRDye 800CW conjugated
secondary antibodies on the Odyssey Imager (Li-cor,
Westburg, Leusden, the Netherlands).
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Table 3. QPCR primers used in this study.

Gene Forward Primer (5’ to 3°) Reverse Primer (5’ to 3’)
GAPDH  GTCGGAGTCAACGGATT AAGCTTCCCGTTCTCAG
ATF4 AGCACCGCAACATGAC CCACCTCCAGGTAATCATC
GADD34 TCCTCTGGCAATCCCCCATA GGAACTGCTGGTTTTCAGCC
PDIA4 TCCCATTCCTGTTGCCAAGAT GCCCTCGTAGTCTACAGCCT
GRP78 GCAGCAGGACATCAAGTT TCAGCGGTTTCTTTCATT
CHOP TTCGGGACACTGTCCA CAGCCAAGCCAGAGAAG

IL6 CAGCCACTCACCTCTTCA TTTGCTGCTTTCACACAT

L8 TGCCAAGGAGTGCTAAAG CAGCCCTCTTCAAAAACTT
CD4 GCCTCCTGCTTTTCATT CTGGCAGGTCTTCTTCTC
CD45 TATGTTGTCAAGCTAAGGC ATTCACTTCTGTTTCTCCAA
TBX21 GCCAGGAAGTTTCATTTG CGGGGCTGGTACTTATG
GATA3 CACGGTGCAGAGGTAC AAGGGGCTGAGATTCC
RORC CCCTGCTGAGAAGGAC AGGGATCACTTCAATTTGT
IL17A AAAGGTCCTCAGATTACTAC ATGGGGACAGAGTTCA
FOXP3 GACCCCCTTTCACCTAC TGGCAGGATGGTTTCT
CTLA4 TCTCCTGTTTTTTCTTCTCTT CCGTGCAGATGGAATC

doi: 10.1371/journal.pone.0078491.t003

Histology, immunohistochemistry (IHC) and
immunofluorescence (IF)

Paraformaldehyde fixed ileal tissues were embedded in
paraffin, and 4-um-thick sections were stained with hematoxylin
and eosin to study the ileal morphology. For IHC and IF,
antigen unmasking was carried out by heating the sections for
20 minutes in 0.01 M sodium citrate (pH 6.0) at 100 °C [15].
Antibodies against GRP78 (Santa Cruz Biotechnology, CA,
USA), human alpha defensin 5 (HD5, HyCult Biotechnology,
Uden, the Netherlands), and Forkhead box P3 (FOXP3,
eBioscience, San Diego, CA, USA) were used in combination
with the Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) and 3,3’-diaminobenzidine as staining
reagent for IHC, or in combination with DyLight 594 conjugated
secondary antibody and DyLight 488 conjugated secondary
antibody (Jackson ImmunoResearch, West Grove, PA, USA)
for IF.

Statistical analysis

Data were presented as the total numbers (percentage),
medians (interquartile range), or mean * SEM. The
comparisons were made by Fisher's exact test, Mann-Whitney
test, or Kruskal-Wallis test followed by Dunns comparison. The
data were considered statistically significant at P < .05.

Results

ER stress and the UPR in NEC patients

Firstly, we analyzed splicing of XBP1 mRNA to determine the
activation of the IRE1 pathway, 1 of the 3 ER stress sensors
and a hallmark of the UPR. There was no XBP1s detected in
R-CTRL (n=10) and R-NEC (n=13) patients, and XBP1s was
only detected in 1 out of 5 A-CTRL patients (20%) and in 4 out
of 12 A-NEC (33%) patients (Figure 1A and Table 2). Based on
the occurrence of XBP1s, A-NEC patients were further divided
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into two subsets, A-NEC patients in whom XBP171s was not
detected, i.e., unspliced, (A-NEC-XBP1u) and A-NEC patients
in whom the XBP1s was detected (A-NEC-XBP1s). The patient
demographics of the two subsets of A-NEC patients are shown
in Table 4.

Secondly, mRNA expression levels of activated transcription
factor 4 (ATF4) [16] and growth arrest and DNA damage-
inducible protein 34 (GADD34) [17] were analyzed to
determine whether the PERK pathway, the second pathway
sensing ER stress and the UPR, was activated. Neither
increased ATF4 nor GADD34 mRNA expression was observed
in any of the patient groups, and no significant differences in
ATF4 and GADD34 mRNA expression levels were detected
between A-NEC-XBP1s patients and A-NEC-XBP1u patients
(Figure S2A and S2B).

Thirdly, to investigate the activation of the ATF®6, the third
sensor of ER stress and the UPR pathway, mRNA expression
of protein disulfide isomerase family A member 4 (PDIA4) was
quantified [6]. Similar to ATF4 and GADD34, no significant
differences in PDIA4 mRNA expression levels were detected
among the patient groups, and the PDIA4 mRNA expression in
A-NEC-XBP1s patients was comparable to those in A-NEC-
XBP1u patients (Figure S2C).

Finally, expression levels of GRP78 and CHOP, general
markers of ER stress and the UPR, were determined in the
ileum of patients by gPCR and/or Western blot. The GRP78
expression in R-NEC patients was higher than that in A-NEC-
XBP1u patients. Interestingly, A-NEC-XBP1s patients
expressed more GRP78 than A-NEC-XBP1u patients (Figure
1B). Similarly, CHOP mRNA expression levels in A-NEC-
XBP1s patients were higher compared with A-NEC-XBP1u
patients (Figure 1C). Western blot analysis also revealed
increased GRP78 and CHOP protein expression in A-NEC-
XBP1s patients compared with A-NEC-XBP1u patients (Figure
1D).

Intestinal morphology and localization of GRP78

In line with our previous study [18], most (7 out of 12) of A-
NEC patients showed severe morphological damage
characterized by crypt-villus loss and/or almost complete villus
atrophy, i.e., crypt-villus ratio 1:1 (Figure 2A). Only 5 out of 12
A-NEC patients showed mild damage with relatively normal
crypts and villi (Figure 2B). Focusing on A-NEC patients, 2 out
of 4 A-NEC-XBP1s patients showed complete crypt-villus loss
but a remaining surface epithelium (Figure 2C), and 1 A-NEC-
XBP1s patient hardly had epithelium left (Figure 2D). In R-NEC
patients, epithelial morphology was restored compared with A-
NEC patients, and only mild mucosal damage was observed
(Figure 2E).

GRP78 positive (GRP78*) cells were observed in the
submucosa, lamina propria, and epithelium of the ileum of all
patients (Figure S3A and S3B). GRP78* cells were also found
at the base of crypts in most of R-CTRL and R-NEC patients
(Figure S3B). In contrast, most of A-CTRL and A-NEC patients
did not have GRP78* cells at the base of crypts (data not
shown). The position and morphology of these GRP78* cells
suggest that these cells are most likely Paneth cells. Therefore,
we performed double-stainings for HD5, a specific Paneth cell
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marker, and GRP78. The GRP78* cells at the base of crypts
were also positive for HD5 (Figure S3C), indicating that these
cells are indeed Paneth cells.

IL6 and IL8 expression levels in NEC patients

Gene expression levels of /L6 and /L8 were evaluated using
gPCR. Mucosal IL6 mRNA expression was increased in A-
NEC-XBP1s patients when compared with A-NEC-XBP1u
patients, and both A-NEC-XBP1s and A-NEC-XBP1u patients
showed higher /L6 mRNA expression than R-NEC patients
(Figure 3A). There was a trend towards increased /L8 mMRNA
expression in A-NEC-XBP1s patients compared with A-NEC-
XBP1u patients, and both A-NEC-XBP1s and A-NEC-XBP1u
patients showed higher /L8 mRNA expression than R-NEC
patients (Figure 3B).

To analyze whether ER stress and the UPR can increase /L6
and /L8 expression directly, THP-1 cells and HIEC cells were
treated with TM, an inducer of ER stress and the UPR. In both
cell lines, TM-treatment induced ER stress and the UPR
characterized by the induction of XBP1s (Figure 1A and Figure
S4A) and up-regulation of GRP78 (Figure S4B to S4D).
Importantly, TM-treatment indeed significantly up-regulated the
mRNA expression levels of /L6 and IL8 in both cell lines
(Figure 3C to 3F), which is similar to what was observed in A-
NEC-XBP1s patients.

Altered cluster of differentiation 4 positive (CD4*) T
cells differentiation in NEC patients

We determined the gene expression of hematopoietic cells
(except erythrocytes and plasma/B-cells) and CD4* T cells in
A-NEC patients using cluster of differentiation 45 (CD45) and
CD4 as markers, respectively. Mucosal mRNA expression
levels of CD45 and CD4 were significantly decreased in A-
NEC-XBP1s patients compared with A-NEC-XBP1u patients
when normalized to GAPDH (Figure 4A and 4B), suggesting
that overall there were less hematopoietic cells and CD4* T
cells in A-NEC-XBP1s patients. However, there were no
significant differences in CD4 expression levels when
normalized to CD45 (Figure S5A), implying that the numbers of
CD4* T cells relative to hematopoietic cells were not altered
between A-NEC-XBP1s and A-NEC-XBP1u patients.

Since there was an overall decrease in CD4 expression
levels in A-NEC-XBP1s patients compared with A-NEC-XBP1u
patients, we analyzed the expression of helper T (Th1, Th2 and
Th17) cell markers and regulatory T (Treg) cell markers using
GAPDH as internal control. Mucosal mRNA expression levels
of T-box 21 (TBX21) and GATA binding protein 3 (GATA3) did
not differ between A-NEC-XBP1s and A-NEC-XBP1u patients
(Figure S5B and S5C), indicating that the total abundances of
Th1 and Th2 cells were not changed between A-NEC-XBP1s
and A-NEC-XBP1u patients. The mRNA expression levels of
RAR-related orphan receptor C (RORC) and interleukin 17A
(IL17A) were down-regulated in A-NEC-XBP1s patients
compared with A-NEC-XBP1u patients (Figure 4C and 4D),
demonstrating that there were less Th17 cells in A-NEC-XBP1s
patients. Similarly, mRNA expression levels of FOXP3, a
hallmark of immune-suppressive Treg cells, were down-
regulated in A-NEC-XBP1s patients compared with A-NEC-
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Figure 1
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Figure 1. Occurrence of ER stress and the UPR in a subset of A-NEC patients. (A) Splicing of XBP1 mRNA was checked in all
patients, and representative PCR products of XBP1u and XBP1s are shown using DNA electrophoresis. Dimethyl sulfoxide
(DMSO)-treated HIEC cells were used as negative control for XBP1s, and TM-treated HIEC cells were used as positive control for
XBP1s.
Mucosal mRNA expression levels of GRP78 (B) and CHOP (C) in the ileum of patients were quantified using qPCR and normalized
to GAPDH mRNA levels. Asterisks indicate statistical significant differences between indicated groups.
(D) The Western blot result shows the representative protein expression of GRP78 and CHOP in A-NEC-XBP1u and A-NEC-XBP1s

patients, and beta ACTIN was used as loading control.
doi: 10.1371/journal.pone.0078491.g001

expression levels of FOXP3 and cytotoxic T-lymphocyte
antigen 4 (CTLA4) were up-regulated in R-NEC patients

XBP1u patients (Figure 4E), suggesting reduced Treg cell
numbers in A-NEC-XBP1s patients. Interestingly, the mRNA
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Figure 2. Intestinal morphology of NEC patients. lleal tissues from NEC patients were stained with hematoxylin and eosin and

representative sections are shown.

(A) lleum of an A-NEC-XBP1u patient with severe morphological damage.
(B) lleum of an A-NEC-XBP1u patient with mild morphological damage.
(C) lleum of an A-NEC-XBP1s patient with complete crypt-villus loss but remaining surface epithelium.

E) lleum of an R-NEC patient with mild mucosal damage.
oi: 10.1371/journal.pone.0078491.g002

(
(
d

Table 4. A-NEC patient demographics.

Demographics A-NEC-XBP1u n=8 A-NEC-XBP1s n=4 p Value

Male 6 (75.0%) 4 (100.0%) 0.5152
Birth weight (gram) 1001 (781, 1190) 1501 (926, 1909) 0.1481
Gestational age at birth

27.8(26.0, 29.7) 30.8 (29.9, 32.2) 0.0485
(weeks)
Postnatal age at surgery

11.5(7.8, 19.8) 7.0 (4.3,30.8) 0.5697
(days)
Gestational age at surgery

29.4 (27.8, 32.1) 32.6 (31.4, 34.9) 0.0727
(weeks)
Survival (1 year after

5 (62.5%) 1(25.0%) 0.5455

surgery)

A-NEC-XBP1u: acute NEC without XBP1 splicing.

A-NEC-XBP1s: acute NEC with XBP1 splicing.

Data provided are numbers (percentage) or medians (interquartile range).
doi: 10.1371/journal.pone.0078491.t004

compared with A-NEC-XBP1u patients (Figure 4E and 4F),
implying an enhanced immunosuppressive function in R-NEC
patients.

We also identified FOXP3 positive (FOXP3*) cells by
immunohistochemistry. FOXP3* cells were detected in 6 out of
12 A-NEC patients and all R-NEC patients, and there was a
trend towards increased abundance of FOXP3* cells in R-NEC
patients compared with A-NEC patients (data not shown). In A-
NEC patients, FOXP3* cells were confined to the lymph nodes,
submucosa and lamina propria in the crypt region (Figure
S6A). In R-NEC patients, besides the Ilymph nodes,
submucosa and lamina propria in the crypt region, FOXP3*
cells also localized to lamina propria within the villi, which
correlated with areas containing lymphocytic infiltrates.
Remarkably, in some R-NEC patients FOXP3* cells were
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)
)

D) lleum of an A-NEC-XBP1s patient who hardly had epithelium left.
)

associated with, and interspersed between, epithelial cells
(Figure S6B).

Finally we normalized the expression of Th cell markers and
Treg cells to CD4 mRNA to determine the relative amount of
these cells compared with CD4* cells. In A-NEC-XPB1s
patients compared with A-NEC-XBP1u patients, the relative
expression levels of TBX21 and GATA3 were up-regulated
(Figure 5A and 5B), while the relative expression of RORC,
IL17A and FOXP3 remained unaltered (Figure S5D to S5F).
These data suggest that more CD4* T cells had differentiated
into a Th1 or Th2 cell than into a Th17 or Treg cell in the A-
NEC-XPB1s patients.

Discussion

ER stress and the UPR are involved in various chronic
inflammatory diseases, including inflammatory bowel disease.
However, the role of ER stress and the UPR in NEC, an acute
inflammatory disease in premature infants, was unknown. In
the present study, we first analyzed ER stress and the UPR in
NEC patients, and we determined /L6 and /L8 expression and
the differentiation of CD4* T cells. Our data indicate that acute
NEC patients with ER stress and activation of the UPR show
increased IL6 and /L8 expression with altered T cell
differentiation.

There are three main pathways (IRE1, PERK and ATF®6)
sensing ER stress. Splicing of XBP1 mRNA, which is activated
by ER stress via IRE1 pathway, is associated with intestinal
inflammation [5]. The spliced form XBP1s is a transcriptional
activator of UPR target genes; whereas the unspliced form
XBP1u is a transcriptional suppressor of UPR target genes
[19]. XBP1s was detected in 1 out of 5 A-CTRL patients and in
4 out of 12 A-NEC patients, but not in R-CTRL and in R-NEC
patients. Two general ER stress and UPR markers, GRP78
and CHOP, were both up-regulated in A-NEC-XBP1s patients
compared with A-NEC-XBP1u and R-NEC patients, which
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Figure 3. ER stress and the UPR up-regulated the expression levels of IL6 and IL8. The mRNA expression levels of IL6 (A,C
& E) and IL8 (B, D & F) in the ileum of patients (A&B), THP-1 cells (C & D) and HIEC cells (E & F) were quantified using gq°PCR and
normalized to the mRNA expression levels of GAPDH. Asterisks indicate statistical significant differences between indicated groups.

doi: 10.1371/journal.pone.0078491.g003

confirmed the occurrence of ER stress and the UPR in A-NEC-
XBP1s patients. Analysis of PERK and ATF6 pathways
revealed that the expression levels of ATF4, GADD34 and
PDIA4 were similar between the patient groups studied. With
respect to these data, we suggest that PERK and ATF6
pathways were not activated, likely suggesting that only the
IRE1 pathway was activated in A-NEC-XBP1s patients. These
data indicate that ER stress and activation of the UPR plays a
role in NEC, as ER stress and the UPR was observed in a
subset of A-NEC patients, but might not occur in all NEC
patients. A reason for this might be the complexity of this
devastating disease. NEC can be caused by one or a
combination of risk factors, i.e., bacterial colonization, formula
nutrition and ischemia [20,21]. Because of this, one can
consider NEC as a multi-factorial disease, most likely leading
to differences in the pathogenesis. The occurrence of ER
stress and the UPR in only a subset of A-NEC patients
supports the multifactoriality of NEC.

We observed increased GRP78 expression levels and
increased GRP78* Paneth cell abundances in R-NEC patients
compared with A-NEC-XBP1u patients. Paneth cells are
among the most highly secretory cell types in mammals, and
these cells synthesize large amount of secretory proteins
including anti-microbial peptides [22]. To cope with the high
basal protein synthesis level, Paneth cells express high basal

PLOS ONE | www.plosone.org

levels of ER chaperones including GRP78. Studies report that
the Paneth cell number is lower in the preterm infants
compared with term infants [23,24]. This is in line with our
results showing reduced HD5 positive and GRP78* Paneth
cells in A-CTRL and A-NEC patients. Paneth cells play a
pivotal role in the innate immune response and host defense by
producing anti-microbial peptides that shape the gut microbiota
[25], and Paneth cell dysfunction has been suggested in NEC
[26]. In a previous study we already demonstrated Paneth cell
hyperplasia after recovery from NEC [27]. Therefore, the
increased GRP78 expression in R-NEC patients might be due
to up-regulated Paneth cell activity, i.e., increased protein
synthesis, but this aspect needs more investigation.

There is growing evidence showing that /L6 and IL8 are
involved in the pathogenesis of NEC [28]. In the present study,
we detected increased mucosal /L6 and /L8 expression in A-
NEC patients compared with R-NEC patients. Several studies
suggest that plasma IL6 concentrations reflect the clinical
severity of NEC [29-32]. Plasma IL8 levels were elevated in
infants with NEC compared with those with sepsis [33], and it
was also higher in infants with stage 3 NEC compared with
those with less severe NEC [34]. Our results are in line with the
previous studies analyzing IL6 and IL8 levels in plasma of NEC
patients and imply an essential role for mucosal IL6 and IL8 in
the pathogenesis of NEC. Interestingly, A-NEC-XBP1s patients
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Figure 4. Altered CD4" cells differentiation in NEC patients. Mucosal mRNA expression levels of CD45 (A), CD4 (B), RORC
(C), IL17A (D), FOXP3 (E) and CTLA4 (F) in the ileum of patients were quantified using qPCR and normalized to GAPDH mRNA

levels. Asterisks indicate statistical significant differences between indicated groups.
doi: 10.1371/journal.pone.0078491.9g004
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showed increased IL6 expression and a trend towards
increased /L8 expression compared with A-NEC-XBP1u
patients. It has been reported that ER stress activated NF-kB
[35], and XBP1s induces the production of IL6 and IL8 in
various cell types [36—38]. Moreover, a positive correlation
between GRP78 and IL8 expression in the intestine of IBD
patients has also been observed [6]. Using the human
monocytic cell line THP-1 and the fetal human intestine
epithelial cell line HIEC, we confirmed the correlation between
ER stress and increased /L6 and /L8 expression in vitro.
Specifically, TM induced GRP78 expression, splicing of XBP1,
and up-regulated the expression of /L6 and /L8 mRNAs in both
cell lines.

Naive CD4* T cells may differentiate into Th cells and Treg
cells with their distinct cytokine profiles and immune functions
[39]. Treg cells can suppress the effector functions of other
types of T cells, and therefore are essential for the immune
homeostasis [40]. Recently, reduced numbers of Treg cells
were reported in NEC ileum compared with infants without
NEC [41]. We did not find differences in FOXP3 and CTLA4
gene expression levels between age-matched A-CTRL and A-
NEC patients or between R-CTRL and R-NEC patients, but we
noticed that R-NEC patients expressed higher FOXP3 and
CTLA4 levels than both A-NEC-XBP1u and A-NEC-XBP1s
patients. Accordingly, compared with A-NEC patients, there
was a trend towards to increased FOXP3* cell in the ileum of
R-NEC patients, and FOXP3* cells appeared to be associated
with epithelial cells of R-NEC patients exclusively, suggesting
altered Treg  cell differentiation =~ and  decreased
immunosuppressive function in A-NEC patients. However,
detailed functional studies are needed to further confirm the
important role of Treg in NEC recovery since FOXP3 can also
be induced in activated T effector cells [42].

Detailed analysis reveals that there might be a link between
ER stress and altered CD4* cells differentiation as seen in A-
NEC-XBP1s patients. Total CD4 gene expression levels were
lower in A-NEC-XBP1s patients than in A-NEC-XBP1u
patients. Using the key transcription factors as T cell markers,
we demonstrate that the total abundance of Th1 and Th2 cells
remained unaltered, while the total abundance of Th17 cells
and Treg cells were decreased in A-NEC-XBP1s patients
compared with A-NEC-XBP1u patients. These data imply that
decreased abundances in Th17 and Treg cells are the cause of
the decrease in total abundance of CD4* T cells. Accordingly,
the relative amounts of Th1 and Th2 cells were higher in A-
NEC-XBP1s patients when TBX21 and GATA3 were
normalized to CD4. We also confirmed the altered Th17 cell
differentiation using the signature cytokine IL17A. ER stress
and the UPR can regulate Th17 cells, as overexpression of
CHORP in developing Th17 cells suppresses IL17A production
[43]. Th17 cells and IL17A can directly inhibit Th1 cells, and
thereby suppress the development of intestinal inflammation
[44]. Interestingly, it has been shown that the Th17-cell
capacity is inversely related to developmental age and that
preterm infants show a significant Th17-cell bias [45].
Therefore, it can be hypothesized that ER stress inhibits the
differentiation of Th17 cells in A-NEC-XBP1s patients, whom
were born prematurely, resulting in more severe inflammation
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and necrosis. Yet, further studies are necessary to confirm this
hypothesis. Nevertheless, all data in conjunction point to an
imbalance in CD4* T cells differentiation in A-NEC-XBP1s
patients. Additionally, changes in

RORGC, IL17A and FOXP3 gene expression levels might also
reflect a dysregulation of a group of innate immune cells called
innate lymphoid cells. However, the exact role of these innate
lymphoid cells in NEC needs further investigation.

XBP1s correlated with a poor epithelial morphology and
surgical outcome. Two of 4 A-NEC-XBP1s patients showed
complete crypt and villus loss, and 1 A-NEC-XBP1s patient
only had limited epithelium left. Three of the 4 A-NEC-XBP1s
patients died within 1 year after surgery. In contrast, A-NEC-
XBP1u patients had relatively better epithelial morphology than
A-NEC-XBP1s patients and surgical outcome was also better
in A-NEC-XBP1u patients as 3 out of 8 A-NEC-XBP1u patients
died within 1 year after surgery compared with 3 out of 4 A-
NEC-XBP1s patients. However, there was no significant
difference between the survival rates of A-NEC-XBP1s and A-
NEC-XBP1u patients (25.0% versus 62.5%), probably due to
the small patient numbers. Finally, in most R-NEC patients, the
epithelial morphology was restored, and only 1 out of 13 R-
NEC patients died within 1 year after surgery.

In summary, ER stress and the UPR correlate with the
disease severity in a subset of NEC patients. Compared with
A-NEC-XBP1u patients, A-NEC-XBP1s patients suffer from
more severe inflammation, have increased ER stress and
activated UPR, as demonstrated by XBP71s and increased
GRP78 and CHOP expression, and have a worse surgical
outcome. Accordingly, A-NEC-XBP1s patients express higher
levels of /L6, and show a trend towards increased IL8
expression compared with A-NEC-XBP1u patients. The total
abundance of CD4* T cells is reduced in A-NEC-XBP1s
patients compared with A-NEC-XBP1u patients, and T cells
differentiation is also altered. Specifically, in A-NEC-XBP1s
patients, Th17 and Treg functions seem suppressed and the
relative amounts of Th1 and Th2 cells seem up-regulated in A-
NEC-XBP1s patients. In line with this, the mucosal damage is
more severe in A-NEC-XBP1s patients compared with A-NEC-
XBP1u patients. Furthermore, R-NEC patients did not show
splicing of XBP1 mRNA. In R-NEC patients, /L6 and IL8 are
suppressed, Treg cells are up-regulated and epithelial
morphology is restored. Together, these data imply that that
prevention/avoidance of ER stress and the UPR in NEC
patients may contribute to improved disease outcome.

Supporting Information

Figure S1. Three pathways of ER stress and the UPR. IRE1
functions as an endoribonuclease and protein kinase. Upon
activation, IRE1 removes a 26-bp nucleotide fragment from
cytosolic unspliced XBP1 mRNA to generate spliced XBP1
which encodes a transcription factor inducing UPR target
genes.

During ER stress, PERK is autophosphorylated, resulting in
phosphorylation of EIF2A. This in turn leads to an arrest in
protein translation and accumulation of ATF4. GADD34 is also
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induced by the PERK pathway and dephosphorylates EIF2A to
restores protein translation.

Upon ER stress, ATF6 is cleaved and the active ATF6 p50
subunit moves to the nucleus to modulate gene expression
such as PDIA4.

(TIF)

Figure S2. Expression of genes of PERK and ATF6
pathways in the ileum of patients. The mucosal mRNA
expression levels of ATF4 (A), GADD34 (B) and PDIA4 (C) in
the ileum of patients were quantified using gPCR and
normalized to the mRNA expression levels of GAPDH.

(TIF)

Figure S3. Localization of GRP78 in the ileum of NEC
patients. The localization of GRP78 in the ileum of NEC
patients was investigated using IHC (A & B) and IF (C).

(A) Representative staining of GRP78 in A-NEC patients is
shown. Black arrows indicate the GRP78* cells in submucosa
(SM), lamina propria (LP) and surface epithelium (SE).

(B) Representative staining of GRP78 in R-NEC patients is
shown. Black arrows indicate the GRP78* cells in SM, LP, SE
and base of crypts (BC).

(C) Representative IF staining shows the co-localization of
GRP78 and HD5 in the Paneth cells in R-NEC patients. Green
signals in the top-left panel show the GRP78 staining, red
signals in the top-right panel show the HD5 staining, and the
bottom-left panel shows the merged signals. White arrows
indicate the GRP78 and HD5 co-localized Paneth cells.

(TIF)

Figure S4. TM-induced ER stress and the UPR in vitro. (A)
The splicing of XBP1 induced by TM was detected, and the
representative PCR products of XBP1u and XBP1s in THP-1
cells are shown using DNA electrophoresis.

(B) The induction of GRP78 protein expression by TM in HIEC
and THP-1 cells was demonstrated using Western blot.

The mRNA expression levels of GRP78 in the DMSO-treated
and TM-treated THP-1 (C) and HIEC (D) cells were quantified
using qPCR and normalized to the mRNA expression levels of
GAPDH. Asterisks indicate statistical significant differences
between DMSO and TM groups.
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