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ABSTRACT ARTICLE HISTORY
Disruption of the intestinal mucus barrier and intestinal epithelial endoplasmic reticulum (ER) stress Received 31 May 2022
contribute to necrotizing enterocolitis (NEC). Previously, we observed intestinal goblet cell loss and Revised 05 December 2022
increased intestinal epithelial ER stress following chorioamnionitis. Here, we investigated how chor- Accepted 05 Dec 2022
ioamnionitis affects goblet cells by assessing their cellular characteristics. Importantly, goblet cell KEYWORDS

features are compared with those in clinical NEC biopsies. Mucus thickness was assessed as read-out Chorioamnionitis; NEC; TEM;
of goblet cell function. Fetal lambs were intra-amniotically (IA) infected for 7d at 122 gestational age mucus; ER stress; goblet cell
with Ureaplasma parvum serovar-3, the main microorganism clinically associated with chorioamnio-

nitis. After preterm delivery, mucus thickness, goblet cell numbers, gut inflammation, epithelial

proliferation and apoptosis and intestinal epithelial ER stress were investigated in the terminal

ileum. Next, goblet cell morphological alterations (TEM) were studied and compared to human NEC

samples. lleal mucus thickness and goblet cell numbers were elevated following IA UP exposure.

Increased pro-apoptotic ER stress, detected by elevated CHOP-positive cell counts and disrupted

organelle morphology of secretory cells in the intestinal epithelium, was observed in IA UP exposed

animals. Importantly, comparable cellular morphological alterations were observed in the ileum from

NEC patients. In conclusion, UP-driven chorioamnionitis leads to a thickened ileal mucus layer and

mucus hypersecretion from goblet cells. Since this was associated with pro-apoptotic ER stress and

organelle disruption, mucus barrier alterations seem to occur at the expense of goblet cell resilience

and may therefore predispose to detrimental intestinal outcomes. The remarkable overlap of these in

utero findings with observations in NEC patients underscores their clinical relevance.

Introduction inflammation in the fetus called fetal inflammatory
response syndrome (FIRS). We have previously
shown, in an ovine chorioamnionitis model, that
UP-induced chorioamnionitis caused intestinal

Ureaplasma parvum (UP) is frequently isolated
from the amniotic fluid (AF) and uterine mem-
branes of women with chorioamnionitis.'
Chorioamnionitis is characterized by an inflamma-
tory cell influx into fetal membranes and is an
important cause of preterm birth.” Although chor-

ioamnionitis is often clinically silent, it can affect

... 8 . .
the fetus through direct contact with the contami- enterocolitis (NEC).” NEC is a severe gut disease
nated amniotic fluid> and via systemic that mainly affects premature neonates.” It is

inflammation, injury and developmental
disruptions.*> Consequently, chorioamnionitis
and FIRS are associated with increased neonatal
morbidity and mortality®” including necrotizing
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characterized by intestinal inflammation and, in
progressing disease, gut necrosis. Mortality gener-
ally ranges from 20% to 30% and survivors are at
risk of long-term morbidities including short-
bowel syndrome and neurodevelopmental delays.”
Despite being an important research topic in
neonatology for years, NEC pathophysiology is
still incompletely understood. One previously
described contributing factor is disruption of the
intestinal mucus barrier with goblet cell loss and
reduced mucin production.'”"* In a healthy gut,
a mucus layer, formed by gel-forming mucins that
are secreted by goblet cells, separates the intestinal
epithelium from the gut lumen and prevents bac-
teria from adhering to the epithelial surface."
Upon disruption, bacteria reach the intestinal
epithelial cells and trigger inflammation.'® In pre-
vious preclinical chorioamnionitis studies using
lipopolysaccharides (LPS) as inflammatory stimu-
lus, it was observed that chorioamnionitis induces
in utero goblet cell loss, suggesting mucus barrier
alterations may, at least in part, form a mechanistic
explanation for the association between chorioam-
nionitis and NEC.">'* Additionally, goblet cell loss
was found to be associated with intestinal inflam-
mation, intestinal epithelial endoplasmic reticulum
(ER) stress and apoptosis.'* These combined find-
ings suggest that impaired development of mature
goblet cells by ER-stress driven apoptosis was
mechanistically involved.'* Importantly, ER stress
is causally linked with the pathophysiology of sev-
eral intestinal diseases, including inflammatory
bowel disease'” and NEC.'®'” A key function of
the ER is the folding of proteins following riboso-
mal protein synthesis. If the ER’s capacity to fold
proteins is exceeded, ER stress occurs and the
unfolded protein response (UPR) will be initiated
by binding immunoglobulin protein (BiP) to sup-
port ER stress resolution."®'? Once the UPR is
unable to resolve ER stress, apoptosis will be
induced through, amongst other mechanisms,
upregulation of transcription factor C/enhancer
binding protein homologous protein (CHOP).*
Here, we investigated how goblet cells are affected
following UP-induced chorioamnionitis by examin-
ing cellular mechanisms including studying goblet
cell counts, intestinal epithelial apoptosis and intest-
inal epithelial ER stress and by in-depth analysis of

goblet cell characteristics in the terminal ileum with
transmission electron microscopy (TEM). Moreover,
we studied the thickness of the ileal mucus layer as
read-out for goblet cell function. Importantly, we
compared morphological goblet cell alterations dur-
ing chorioamnionitis with those in clinical ileal NEC
biopsies and gestation matched controls.

Material and methods
Experimental design

Animal experiments were approved by the animal
experimentation committee of Maastricht
University (registration number PV2015-005-02).
The ovine model used and experimental proce-
dures have been described in detail previously.™*'
The study design is presented in Supplementary
figure 1. Ten time-mated Texel ewes carrying twin
fetuses were randomly assigned (per twin) to two
groups of eight to ten animals. One lamb was
appointed to a different experiment and one lamb
was excluded because of a humane endpoint. At
122d gestational age (GA), ewes (both amniotic
sacs) were intra-amniotically (IA) injected with
viable Ureaplasma parvum serovar-3 (HPAS5 strain,
107 color changing units (CCU)) or saline (con-
trols). Fetuses were delivered preterm via cesarean
section at 129d GA (term ~150d GA), equivalent to
approximately 30-32 weeks of human gastrointest-
inal development, and subsequently euthanized.
Euthanasia and tissue sampling procedures are
described in Supplementary file 1.

Alcian Blue/Periodic Acid Schiff (AB-PAS)

AB-PAS was used as marker for mature (e.g., glyco-
sylated) mucins®>* Staining was performed on 4 um
thick paraffin embedded Carnoy’s solution fixated
terminal ileum sections as previously described,"*
with the exception of a shorter incubation with
Alcian blue of 15 minutes in the current study.

Immunohistochemistry

For immunohistochemical stainings, 4 pm thick
paraffin embedded paraformaldehyde fixated
(Ki67, CC3, CHOP, IBA1 and BiP) or Carnoy’s
solution fixated (MUC2) terminal ileum sections
were used. Staining procedures were described



previously”' and are summarized in Supplementary
file 2. Antibodies used are listed in Supplementary
table 1.

Analysis of stained sections (AB-PAS and
immunohistochemistry)

Stained sections were scanned using Ventana iScan
(Ventana Medical System, Inc., Tucson, AZ). Cells
that were positively stained for AB-PAS, CC3,
CHOP, Ki67 and MUC2 were counted in a semi-
automated fashion with the use of QuPath quanti-
tative pathology and bioimage analysis software
version 0.20 (University of Edinburgh, Edinburgh,
UK).** For AB-PAS, BiP and MUC2, lower villus,
middle villus and villus tips were analyzed sepa-
rately as previously described'* to investigate regio-
nal differences. For BiP and CHOP, crypts were
analyzed separately. Crypts were not analyzed for
AB-PAS and MUC2, since these markers are
expressed by both goblet cells and Paneth cells.
Mucosal surface area and IBA1 positively stained
surface area (macrophages) were measured in Leica
QWin Pro version 3.4.0 (Leica Microsystems).
Positive cell count and positively stained surface
area were corrected for mucosal surface area and
presented as positive cell count per mm? ileal sur-
face area or percentage of positively stained ileal
surface area. Quantitative analyses were performed
by one investigator blinded to the experimental
groups. Qualitative assessment of BiP staining
intensity was assessed by two independent blinded
researchers. The scoring system used was pre-
viously reported,'* 0: no staining, 1: mild staining,
2: moderate staining, 3: intense staining.

RNA isolation, cDNA synthesis and RT-qPCR

Snap frozen terminal ileum was lysed and homo-
genized and RNA was isolated with the RNeasy
Mini Kit (#74104, Qiagen, Hilden, Germany).
cDNA was synthesized with the SensiFast cDNA
synthesis kit (BIO-65054, Bioline, London, UK).
Real-time (RT) qPCR was performed with the
SensiMix SYBR Hi-Rox kit (QT605-05, Bioline)
and LightCycler-580 Instrument (Roche Applied
Science, Basel, Switzerland). Ovine specific primers
were used (Supplementary table 2). RT-qPCR data
processing was performed with LinRegPCR
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software (version 2016.0, Heart Failure Research
Center, Academic Medical Center, Amsterdam,
the Netherlands). The geometric mean of three
housekeeping genes (ovRPS15, GAPDH and
YWHAZ) was used for data normalization. Delta
CT values were used for statistical analyses. Data
are presented as fold change compared controls
(calculated from delta-delta CT values).

Mucus thickness measurements

After sacrifice, fresh ileal tissue was stored in ice-
cold Krebs buffer (NaHCO; 24.9 mM, KH,PO,
1.2 mM, MgSO, - 7H,0 1.1 mM, KCI 4.7 mM,
NaCl 118.2 mM and CaCl-2H,O 2.5 mM) and
kept at 4°C until measurement of mucus thickness
within 3 hours after sample collection. Ileal mucus
thickness measurements were based on a method
developed at the University of Gothenburg,
Sweden®® and are described in detail in
Supplementary file 3 and Supplementary figure 2.

Human intestinal sample collection

We collected gut samples and clinical data of five
pediatric patients undergoing ileal resection for
acute NEC (patient 1-3), stoma reversal after
NEC (patient 4) and stoma reversal after meconium
ileus (patient 5). Patients were born prematurely
and were treated at the neonatal intensive care unit
during surgery. The study was approved by the
Medical Ethical Committee of Maastricht
University Medical Center (registration number
16-5-185). All parents gave written informed con-
sent. After tissue removal, ileum was kept on ice
and fixated in Karnovsky’s fixative for TEM
analysis.

Transmission electron microscopy (TEM)

For TEM, ileum samples from randomly selected
fetal lambs (N = 5 controls and N = 6 UP exposed
lambs), human NEC (N = 3) and human control
tissue (N = 2) were prepared for imaging as
described in Supplementary file 1. Following tissue
processing and cutting, ultrathin sections were
mounted on Formvar-coated copper grids and
stained with 2% uranyl acetate in 50% ethanol and
lead citrate. We imaged stained sections of all EM
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tixed ileal samples using a Tecnai G2 Spirit trans-
mission electron microscope with a CCD Eagle
4kx4k camera (Thermo Fisher Scientific).

Statistics

We wused GraphPad Prism Software (v6.0,
GraphPad software Inc., La Jolla, CA, USA) for
statistical analyses. We tested for statistical signifi-
cance between the groups with a Mann-Whitney
U test. Differences were regarded as statistically
significant at p < .05. Data are displayed as median
with interquartile range (IQR) for all outcome
measures.

A composite z-score was calculated for the three
intestinal inflammatory read-outs (IBA1l, TNFa
and TGEFp). Since the number of animals per
group is relatively small, p-values between 0.05
and 0.10 were reported in exact numbers and are
regarded as potentially biologically relevant as
described previously.'**"2°

Results

Mucus layer thickness in distal ileum of premature
lambs

To assess the consequences of IA UP exposure for
the small intestinal mucus layer, as read-out for
goblet cell function, distal ileal mucus thickness
was measured. Ileal mucus thickness was increased
in animals IA exposed to UP for 7d compared to
controls (p < 0.05) (Figure 1a). No differences in
villus length were observed between groups
(Supplementary figure 3), suggesting the mucus
layer thickness was also increased relative to villus
length following IA UP exposure.

Presence of goblet cells expressing mature mucins
and their distribution in distal ileum of premature
lambs

AB-PAS- and MUC2-positive cells were identified
in the distal ileum to assess alterations in goblet cell
numbers and their expression of the major intest-
inal gel-forming mucin, since such goblet cell
changes could contribute to the increased mucus
layer thickness. Compared to controls (Figure 1b),
the number of AB-PAS-positive cells was increased

in the lower villus (Figure lc, d), middle villus
(Figure 1c, e) and total villus (Figure 1c, f) of IA
UP exposed animals (all p < 0.05). In the upper
villus region, AB-PAS-positive cell counts did not
differ between groups (Supplementary figure 4).
The number of MUC2-positive cells did not differ
between groups in all regions analyzed
(Supplementary figure 5). Collectively, these find-
ings suggest that the number of goblet cells (AB-
PAS-positive cells) was increased following IA UP
exposure. However, this increase was not linked to
additional MUC2-positive cells, indicating the
increased numbers of goblet cells might reflect
cells producing alternative gel-forming mucins.>”

Signs of mild inflammation in the distal ileum of
premature lambs

Intestinal inflammation was investigated as potential
mechanism underlying the observed increased
mucus layer thickness and goblet cell alterations.
After 7d of IA UP exposure, 7 out of 8 UP exposed
animals had a IBA1 positive surface area (macro-
phages) above median control level (Figure 2a, b, ¢),
versus 5 out of 10 control animals (Figure 2a, ¢) and
the median percentage IBAl-positive surface area
was 1.2% higher following UP exposure (74% rela-
tive difference). Regarding TNFa mRNA expres-
sion, 6 out of 8 UP exposed animals had delta CT
values below median control delta CT values with
a difference in median expression of 1.65 CT value
(~214% relative levels of mRNA expression)
(Figure 2d), and for TGFB mRNA expression 5 out
of 8 UP exposed animals had delta CT levels below
median control values (Figure 2e) with a difference
in median expression of 0.95 CT value (~93% rela-
tive levels of mRNA expression). The composite
z-score of the three intestinal inflammatory data
sets (IBA1, TNFa and TGFp) tended to be increased
(p = 0.10) following IA UP exposure for 7d com-
pared to control animals (figure 2f).

Collectively, these data indicate mild inflammation
of the terminal ileum after 7d of IA UP exposure.

ER-stress and intestinal epithelial apoptosis and
proliferation in distal ileum of premature lambs

Intestinal epithelial levels of ER stress were investi-
gated because increased mucus layer thickness
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Figure 1. Mucus layer thickness and the number of AB-PAS-positive cells per mm? surface area in distal ileum of premature lambs.
Compared to control lambs, mucus layer thickness was increased in 7d UP exposed animals (a). Compared to control lambs (b), the
number of AB-PAS positive cells was increased in UP exposed lambs (c) in the lower villus region (d), middle villus region (e) and in the
total villi (f). Each data point represents the mucus layer thickness or average cell count of one lamb. Data are displayed as median with
interquartile range. Scale bar indicates 100 um. *p < 0.05. Abbreviations: AB-PAS: alcian blue/periodic acid Schiff, IA: intra-amniotic, UP:
Ureaplasma parvum.
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Figure 2. Mild inflammation in the ileum of premature lambs. Mild inflammation was detected in IA UP exposed animals compared to
controls, although none of the comparisons reached statistical significance. A mild increase in IBA1 positive surface area (macrophages)
(black arrows) (A, B, C), TNFa mRNA expression (d) and TGFB mRNA expression (e) was detected in the ileum of IA UP exposed lambs
compared to controls. (f) The composite z-score of the intestinal inflammatory data sets (IBA1, TNFa and TGFf) tended to be increased
(p = 0.10) following 7d IA UP exposure compared to controls. Each data point represents the average positive surface area or relative
mMRNA expression of one lamb. Data are displayed as median with interquartile range. Scale bar indicates 100 um. 0.05 < p < 0.10.
Abbreviations: IA: intra-amniotic, IBA1: ionized calcium-binding adaptor molecule 1, TNFa: tumor necrosis factor a, TGF: transforming

growth factor B, UP: Ureaplasma parvum.

could result from enhanced mucus secretion by
goblet cells, which could induce ER stress.
Expression levels of BiP, an important initiator of
the UPR to resolve ER stress,'®'” were in both
groups highest in the lower villus region, but did
not differ between controls (Figure 3a, ¢) and IA
UP exposed animals (Figure 3b, c). In contrast, the
number of cells positive for CHOP, a driver of ER-
stress induced apoptosis,”® was increased (p < 0.01)
in ileal crypts (Figure 3e, f) and ileal villi (Figure 3e,
g) of IA UP exposed lambs compared to controls
(Figure 3d, £, g).

Subsequently, we studied whether the observed
ER stress was associated with increased intestinal
epithelial apoptosis and whether intestinal epithe-
lial proliferation was altered. Compared to controls
(Figure 3g, j), the number of apoptotic cells (CC3-
positive cell count) was not statistically significantly

altered in IA UP exposed animals (Figure 3h, i, j).
Apoptosis was primarily detected in the intestinal
crypts (Figure 3g, h). Of note, two IA UP exposed
animals had high amounts of apoptotic cells and in
these animals, apoptosis was mainly detected in the
lower villus region (Figure 3i). No differences in
intestinal epithelial proliferation (Ki67-positive cell
counts) were detected (Supplementary figure 6).

Thus, 7d of IA UP exposure was associated with
pro-apoptotic ER stress and potential increased
apoptosis at a later time point.

Cellular morphological alterations in distal ileum of
premature lambs - TEM

We performed TEM to investigate whether the
elevated epithelial ER stress levels were associated
with cellular morphological alterations in the fetal
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ileum. Interestingly, most pronounced differences
were observed in secretory cell types (goblet cells
and Paneth cells) in the crypt to villus transition
region. In UP exposed animals, in ~60% of the
crypts-villus axes in this region affected secretory
cells were present, whereas secretory cells of control
animals and non-secretory cells in both groups
(data not shown) were seldomly altered. In secre-
tory cells of control animals, the mitochondria
show an elongated morphology with abundant par-
allel cristae perpendicular to the mitochondria
membrane (Figure 4a), while mitochondria in
affected secretory cells in IA UP exposed animals
are globular shaped, contain less electron dense
matrix and have altered cristae morphology and
organization (Figure 4b). The rough endoplasmic
reticulum (RER) cisternae show a wide range of
sizes and shapes in control animals, from almost
parallel membranes with thin spaces in between
(Figure 4c) to ovoidal shapes with wider intramem-
brane spaces (Figure 4a), which are both considered
structurally normal. In contrast, in the secretory
cells of IA UP exposed animals, the RER does not
have recognizable cisternae, but contains big spaces
filling the cytoplasm (Figure 4d). Regarding the
Golgi apparatus, the differences between control
and IA UP exposed animals concern to the dimen-
sions of the saccules, which are clearly swollen in
UP exposed animals (Figure 4e, f). Thus, whereas
mitochondria, RER and Golgi apparatus are struc-
turally normal in control animals, these organelles
are morphologically disrupted in the secretory cells
in the transition region from crypt to villus of IA
UP exposed animals. In addition, in this region,
cells with necrotic characteristics were exclusively
detected in the lumen of IA UP exposed animals
(Figure 4g, h). In the base of the crypts, no mor-
phological alterations of secretory cell types,
including Paneth cells (Supplementary figure 7),
were detected.

Morphological differences at cellular level were
also observed in the villus region (Figure 5). At
organelle level, mitochondria and RER were struc-
turally normal in enterocytes of control animals

with organelle morphologies similar to those
observed in the transition region from crypt to
villus (Figure 5a, c), whereas these organelles were
morphologically disrupted in epithelial cells of
~60% of the villi of IA UP exposed animals
(Figure 5b, d). In addition, in small intestinal enter-
ocytes of control animals, small vacuoles were
found (Figure 5e), which corresponds to the intest-
inal cell morphology of fetal enterocytes.*®
Remarkably, larger vacuoles were observed in
enterocytes of UP exposed animals (figure 5f).
Secretory cells were structurally normal in the villus
region of both the control group and in UP exposed
animals (data not shown).

Collectively, 7d of IA UP exposure was asso-
ciated with overt cellular morphological alterations
of secretory cells in the transition region from crypt
to villus and of enterocytes in the villus region.

Cellular morphological alterations in distal ileum of
NEC patients and controls - TEM

To investigate whether cellular changes compar-
able to those observed in UP exposed animals
are present in the ileum of NEC patients, TEM
was performed on ileal samples of NEC patients
and gestation matched controls. Consistent with
our findings in IA UP exposed animals, mito-
chondria, RER and Golgi apparatus were mor-
phologically disrupted in the transition region
from crypt to villus in the ileum of NEC patients
(Figure 6b, d, f) compared to controls
(Figure 6a, c, e). However, in NEC patients,
changes were observed in all cell types, the cel-
lular morphological alterations were present in
all crypt-villus axes and extended to the whole
crypt (compared to crypt to villus transition
region in UP exposed animals). In addition, the
organization of the crypt region was completely
disrupted in most ileal crypts, with presence of
a large amount of necrotic cells (Figure 6h),
compared to controls (Figure 6g). Interestingly,
in crypts that were not fully disrupted, the num-
ber of Paneth cells was reduced and Paneth cell
granule intensity was diminished in the base of
the crypts of NEC patients compared to control
ileal samples (Supplementary figure 6).
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Figure 4. Organelle and cellular morphology of secretory cells (goblet cells and Paneth cells) in the crypt to villus transition region in
the distal ileum of premature lambs imaged with TEM. In control animals, mitochondria (A; red arrows, cristae indicated by small red
arrows), RER (C; orange arrows) and Golgi apparatus (E; purple arrows) of secretory cells had a structurally normal appearance. In IA UP
exposed animals, these organelles were morphologically disrupted (B, D, F). In addition, cells with necrotic characteristics (green
arrows) were observed in the lumen (1) of IA UP exposed animals (h), but not in controls (g). Abbreviations: IA: intra-amniotic, L: lumen,
RER: rough endoplasmic reticulum, TEM: transmission electron microscopy, UP: Ureaplasma Parvum.
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Figure 5. Organelle and cellular morphology of enterocytes in the villus region in the distal ileum of premature lambs imaged with
TEM. Mitochondria (A; red arrows, mitochondrial cristae indicated by small red arrows) and RER (C; orange arrows) of enterocytes were
normal in control animals. In IA UP exposed animals these organelles were morphologically disrupted (b, d). In addition, enterocytes
containing small vacuoles (blue arrows) were observed in control animals (e), whereas larger vacuoles were detected in IA UP exposed
lambs (f). Abbreviations: IA: intra-amniotic, L: lumen, RER: rough endoplasmic reticulum, TEM: transmission electron microscopy, UP:

Ureaplasma Parvum.

Villi were largely necrotic in ileal NEC sam-
ples. Comparable to the findings in IA UP
exposed animals, mitochondria and RER of
enterocytes, but also goblet cells, were morpho-
logically disrupted in all the remaining villi of
NEC patients (Figure 6j), whereas a normal

organelle appearance was observed in control
samples (Figure 6i).

Collectively, there is remarkable overlap between
the cellular morphological alterations observed in
the ileum of NEC patients and those observed in
the ovine terminal ileum following IA UP exposure.
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Figure 6. Organelle and cellular morphology of enterocytes and secretory cells (goblet cells and Paneth cells) in the ileal crypt region
and villus region of NEC patients and controls detected with TEM. Mitochondria (red arrows; mitochondrial cristae indicated by small
red arrows), RER (orange arrows) and the Golgi apparatus (purple arrows) of epithelial and secretory cells were normal in the crypt
region of control infants (A, C, E), but morphologically disrupted in the NEC patients (B, D, F). Interestingly, compared to control ileal
samples (g), large amounts of intestinal cells with necrotic characteristics (green arrows) were present in the crypts of NEC patients (h).
Similarly, mitochondria (red arrows, mitochondrial cristae are indicated by small red arrows) and RER (orange arrows) appeared normal
in goblet cells and enterocytes in the ileum of control infants (i), whereas these organelles were morphologically disrupted in goblet
cells and enterocytes in the ileum from NEC patients (j). Abbreviations: L: lumen, NEC: necrotizing enterocolitis, RER: rough
endoplasmic reticulum, TEM: transmission electron microscopy.
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Discussion

Key findings of the current study are increased
numbers of goblet cells and increased mucus layer
thickness, which may be caused by mucus hyperse-
cretion, in the distal ileum of premature lambs
following UP-induced chorioamnionitis, demon-
strating that mucus barrier alterations occur in
response to a microbial trigger already in utero.
These mucus barrier alterations were associated
with pro-apoptotic intestinal epithelial ER stress
and cellular morphological disruptions that largely
overlap with the observations in the ileum of NEC
patients. This indicates that, although the increased
mucus layer thickness at the short term could be
favorable, antenatal UP exposure likely poses
a large burden on the resilience of goblet cells and
therefore may predispose to detrimental outcomes
of the premature ileum.

Although, at the time point of premature delivery,
no gut injury (villus atrophy) and alterations in
intestinal epithelial proliferation were detected and
no increase of intestinal epithelial cell death (CC3)
was observed in the majority of UP exposed animals,
UP exposure caused considerable disruptions at cel-
lular level. Interestingly, pro-apoptotic ER stress,
which probably results from mucus hypersecretion,
seems to be an important mechanism contributing
to hampered goblet cell resilience. CHOP-positive
cell counts were increased following IA UP exposure
and the observed cellular morphological alterations
are indicative of ER stress. Moreover, pro-apoptotic
intestinal epithelial ER stress was previously
observed at a later time point in the course of LPS-
induced chorioamnionitis and was then paralleled by
reduced goblet cell numbers.'* Together, these find-
ings support the idea that UP is not just an innocent
bystander during chorioamnionitis but contributes
to its pathophysiology." One might argue that the
fact that the increased CHOP immunoreactivity was
not accompanied by altered BiP expression at the
studied time point contradicts the involvement of ER
stress. However, in an earlier study in fetal sheep we
observed that BiP and CHOP immunoreactivity did
not peak at the same moment following intra-uterine
inflammation.'* Of note, overt organelle disruptions
of both crypt and villi were only detected in 4 out of 6
UP exposed animals studied by TEM and there was
also pronounced variability in other studied

parameters. This reflects the variable phenotype of
infants prenatally exposed to UP in the clinical
setting,” which to date is not fully understood, but
has been associated with the magnitude of the host
response.”’

The clinical relevance of the antenatal findings in
our translational model is substantiated by compar-
able findings in clinical biopsies from NEC
patients. In ileal samples from patients with NEC,
morphological alterations on organelle level (as
assessed by TEM analysis) that were observed in
secretory cells of the intestinal crypts largely over-
lapped with our findings in UP-induced chorioam-
nionitis (morphologically disrupted RER and
mitochondria). In clinical NEC tissues however,
these changes were present in all crypt-villus axes
and extended to the whole crypt instead of predo-
minantly in the transition region from crypt to
villus. This could be related to the more severe
nature of NEC, its multifactorial origin, including
the influence of the microbiome and exposure to
enteral nutrition, and the longer duration of pro-
inflammatory insults when compared to our
antenatal pre-clinical setting. Importantly, even
temporal disturbance of resilience of intestinal gob-
let cells could predispose the vulnerable infant to
injury following additional pro-inflammatory hits,
such as sepsis’' and mechanical ventilation,” and
may in part explain the association between chor-
ioamnionitis and postnatal development of NEC.

Increased mucus layer thickness is likely caused
by an increased secretion of mucus by goblet cells.
Alternatively, other factors, such as increased ion
secretion or altered mucus proteolysis, could be
involved in the increased mucus layer thickness
following TA UP exposure.”>**

UP-induced inflammation could underlie the
increased number of mature goblet cells and the
postulated increased mucus secretion rate, as sev-
eral pro-inflammatory cytokines have been
reported to induce mucus secretion.>
Consistently, (mild) inflammation was detected at
the time point of delivery in this study and we have
previously shown intestinal inflammation in com-
parable ovine studies.”*' Moreover, direct contact
between UP and intestinal goblet cells could trigger
mucus release via UP-induced activation of Toll-
like receptors (TLRs).*® In the mouse colon,



sentinel goblet cells have been described at the
entrance of intestinal crypts that secrete MUC2
upon endocytosis of a TLR2/1 ligand and that sub-
sequently also promote mucus release from adja-
cent reactive goblet cells.”” In addition, UP might
have a negative on the GI tract by altering the pH of
the amniotic fluid and the intestinal mucus layer
because of its effects on ammonia and urease
metabolism.*®

Interestingly, several findings support the con-
cept that the thicker mucus layer observed in the
distal ileum may result from a similar mechan-
ism. First, goblet cells present in the transition
region from crypt to villus display a cellular
morphology (observed with TEM) of ER stress
(disrupted RER and Golgi apparatus) and oxida-
tive stress (disrupted mitochondria), whereas
this phenotype is less pronounced in goblet
cells in the villus region. These observations are
considered to be causally linked to the postu-
lated increased mucin production, as mucins are
processed by the ER and the Golgi apparatus
and ER stress and oxidative stress can give rise
to a vicious cycle.>™”” Reactive oxygen species
(ROS) can disturb ER protein folding and ER
stress can increase ROS formation directly
through oxidative protein folding in the ER
and indirectly through mitochondrial uptake of
Ca’" released from the ER.>® Second, in the
transition region from crypt to villus, cells with
necrotic characteristics were observed that may
represent sentinel goblet cells that were expelled
into the intestinal lumen following mass mucus
secretion.””*°

Interestingly, cellular changes (as assessed by
TEM analysis) and increased pro-apoptotic levels
of ER stress (CHOP) were also detected in intestinal
villi, suggesting that, besides goblet cells, entero-
cytes are affected by intrauterine inflammation. In
control animals, vacuolated enterocytes were
observed, which is a hallmark of fetal enterocytes
that results from amniotic fluid macromolecule
uptake.”® In UP exposed animals however, these
vacuoles were much larger. Although the precise
nature of this observation remains to be elucidated,
similar findings were described in a murine NEC
model.* That study suggested that these vacuoles
were giant lysosomes resulting from lysosomal
overloading due to excessive endocytosis and
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autophagy and these structures were implicated to
be involved in NEC pathophysiology.*' In addition,
we observed morphologically disrupted organelles
(RER and mitochondria) in vacuolated enterocytes
as well, indicating elevated levels of ER stress in the
villus region. Whether this ER stress is causally
related to the presence of larger vacuoles is an
interesting topic for future research.

Regardless of the high translation value of the
research findings from large animal studies, an
inherent limitation of the current study is the rela-
tively low animal numbers per treatment group.
Unfortunately, this is an unavoidable drawback of
preclinical large animal models.

Of note, the mucus thickness alteration observed
in the current study is the first indication that
goblet cell alterations have a big impact on their
mucus secretory behavior. These functional conse-
quences and postulated underlying mechanisms
need to be confirmed and extended in ongoing
follow-up studies.

In conclusion, UP-induced chorioamnionitis
increased the number of goblet cells, which may
be related to an increased mucus secretion rate and
the observed increased ileal mucus layer thickness.
It is likely these changes take place at the expense of
goblet cell resilience, as they were associated with
pro-apoptotic intestinal epithelial ER stress and the
cellular morphological disruptions largely over-
lapped with the observations of the ileum from
NEC patients. Interestingly, intrauterine inflamma-
tion also negatively affected enterocytes. Even tem-
poral disruption of intestinal goblet cell and
enterocyte resilience could predispose the vulner-
able infant to injury following additional pro-
inflammatory hits and may in part explain the
association between chorioamnionitis and NEC.
Therefore, timely initiation of interventions that
may support intestinal recovery after chorioamnio-
nitis, such as enteral feeding intervention,** could
aid in preserving a healthy mucus barrier and pre-
venting NEC development.
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