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Abstract

Background—Macrophages can be polarized into pro-inflammatory (M1) and anti-
inflammatory (M2) subtypes. However, whether macrophage polarization plays a role in
necrotizing enterocolitis (NEC) remains unknown.

Materials and methods—Macrophages were derived from the THP-1 human monocyte cell
line. Apoptosis of human fetal small intestinal epithelial FHs-74 cells was determined by Annexin
V/PI flow cytometry and by Western blotting to detect cleaved caspase-3. The effect of heparin-
binding EGF-like growth factor (HB-EGF) on macrophage polarization was determined by flow
cytometry with M1/ M2 markers and real time PCR. In vivo, experimental NEC was induced in
mouse pups by repeated exposure to hypoxia, hypothermia and hypertonic feedings. Intestinal
histologic sections were subjected to immunohistochemical staining for the detection of M1 and
M2 macrophages.

Results—In vitro, FHs-74 cell apoptosis was increased after co-culture with macrophages and
LPS. This apoptosis was increased by exposure to M1 conditioned medium (CM) and suppressed
by exposure to M2 CM. HB-EGF significantly decreased LPS-induced M1 polarization and
promoted M2 polarization via STAT3 activation. Addition of HB-EGF to LPS-stimulated
macrophages suppressed the pro-apoptotic effects of the macrophages on FHs-74 cells. In vivo, we
found enhanced intestinal macrophage infiltration in pups subjected to NEC, the majority of which
were M1 macrophages. HB-EGF treatment of pups subjected to experimental NEC significantly
reduced M1 and increased M2 polarization, and protected the intestines from NEC.

Conclusions—M1 macrophages promote NEC by increasing intestinal epithelial apoptosis. HB-
EGF protects the intestines from NEC by preventing M1 and promoting M2 polarization.
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1. Introduction

Necrotizing enterocolitis (NEC) is the most common cause of gastrointestinal mortality in
newborns, typically affecting babies born prematurely with low birth weight. NEC affects
~7% of infants with a birth weight between 500 and 1,500g. The overall mortality rate
associated with NEC is between 20 and 30% [1]. Despite over six decades of research, the
pathogenesis of the disease remains unclear.

Recent studies indicate that macrophages play an essential role in the development of NEC.
Neonatal NEC has been shown to be associated with macrophage-rich infiltration in human
NEC samples and experimental mouse NEC samples [2]. In addition, 1L-18 knockout mice
have been shown to have decreased intestinal macrophages, associated with less severe NEC
injury [3]. Furthermore, the premature innate immune system is associated with a hyper-
inflammatory intestinal macrophage phenotype that causes increased NEC injury [4].

Macrophages play a critical role in the development, progression and resolution of
inflammation. Two subtypes of polarized macrophages are classical macrophages (M1) and
alternative macrophages (M2). Activated M1 macrophages are pro-inflammatory
macrophages induced by IFN-y and TLR ligands. M1 macrophages produce inflammatory
cytokines such as IL-6, nitric oxide (NO) and tumor necrosis factor-a (TNF-a), and
contribute to inflammation. In contrast, M2 macrophages are anti-inflammatory and promote
tissue remodeling. Previous studies have shown that macrophages are plastic cells, and that
M1 and M2 macrophages can switch their functional profiles in response to micro-
environmental change [5, 6]. Moreover, M2 macrophage polarization has been reported to
contribute to the ability of mesenchymal stem cells to ameliorate acute kidney injury [7] and
to protect the lungs from endotoxemia and acute lung injury [8]. Thus, therapeutic
modulation of immune responses from M1 macrophages towards M2 macrophages may be
critical to the development of novel therapeutic strategies for NEC.

Heparin-binding epidermal growth factor-like growth factor (HB-EGF) was initially isolated
from cultured human macrophages [9] and was later found to be a member of the epidermal
growth factor (EGF) family [10]. We have previously demonstrated that administration of
HB-EGF protects the intestines from histologic injury in models of experimental NEC [11],
intestinal ischemia-reperfusion (I/R) injury [12, 13], hemorrhagic shock and resuscitation
[14], and radiation exposure [15], and that intraluminal administration of HB-EGF
significantly reduces intestinal I/R-induced production of pro-inflammatory cytokines
including TNF-a, IL-6 and IL-1f [16]. Although the role of HB-EGF in promoting cell
proliferation and migration is well established, its function in regulating macrophage
polarization is poorly understood.
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The goal of the current study was to investigate the role of macrophage polarization in
experimental NEC, and to determine the ability of HB-EGF to regulate the intestinal
inflammatory immune response and macrophage polarization in vitro and in a murine NEC
model in vivo.

2. Materials and Methods

2.1. FHs-74 Int cell culture

The FHs-74 Int human fetal small intestinal cell line (derived from a female) (ATCC,
Manassas, VA) was cultured in DMEM (Gibco, Grand Island, NY, USA) containing 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 30 ng/ml EGF (Gibco, Grand
Island, NY, USA) and 10 pg/ml insulin (Gibco, Grand Island, NY, USA).

2.2. Preparation and stimulation of macrophage conditioned medium

The THP-1 human monocytic cell line (ATCC, Manassas, VA) was cultured in RPMI-1640
Medium (ATCC, Manassas, VA) supplemented with 10% (v/v) FBS (Gibco, Grand Island,
NY) and 0.05nM 2-mercaptoethanol (Gibco, Grand Island, NY). THP-1 cells were treated
with 10 ng/ml Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO) for
48h to generate macrophages. Following differentiation, macrophages were washed and then
treated with the following additives to their culture medium: 1) no additional additive to
maintain MO macrophages; 2) 100 ng/ml LPS (Sigma-Aldrich, St. Louis, MO) and 20 ng/ml
IFN-y (eBioscince, San Diego, CA) to produce M1 macrophages; 3) 20 ng/ml IL-4 (Life
Technologies, Grand Island, NY) and 20 ng/ml IL-13 (Shenanboah Biotechnology,
Warwick, PA) to produce M2 macrophages; 4) 100 ng/ml HB-EGF; 5) 100 ng/ml LPS; or 6)
100 ng/ml HB-EGF + 100 ng/ml LPS. After incubation for 24h, medium was removed and
all cells were washed 3 times with PBS to remove residual LPS and other additives, and then
the cells were cultured in fresh DMEM supplemented with 10% FBS for 8h. Supernatant
conditioned medium (CM) was collected from each cell group and labeled as follows: 1) MO
CM, 2) M1 CM, 3) M2 CM, 4) HB-EGF CM, 5) LPS CM, and 6) HB-EGF+LPS CM.

2.3. Quantitative real time PCR (qQRT-PCR)

Total RNA from macrophages derived from THP-1 cells was extracted using RNA
STAT-60 (TEL-TEST, Friendswoods, TX) according to the manufacturer’s protocol.
Aliquots of 1pg of total RNA were reverse transcribed using SuperScript 11 Reverse
Transcriptase (Invitrogen, Carlsbad, CA) and oligo-dT (18)-primers (Invitrogen, Carlsbad,
CA). The real time PCR reaction was performed using SYBR Green Master Mix kit in ABI
Prism 7000 Sequence Detection System (Applied Biosystems, Forster City, CA) according
to the manufacturer’s instructions. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was amplified as an internal standard. The primers used are shown in Table I. The
expression levels of the mRNAS were reported as fold changes vs. control.

2.4. Flow cytometry for macrophage subtype analysis

M1 macrophages were recognized by immunophenotype using monoclonal antibodies
specific for F4/80-APC and CD86-FITC (BD Biosciences, San Jose, CA), and M2
macrophages were identified with antibodies specific for anti-F4/80-APC and anti-CD206-
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PE-Cy5 antibodies (BD Biosciences, San Jose, CA). For immunophenotypic analysis,
macrophages were gently detached by a cell scraper, pipetted into single cells, and
suspended at 2x108/ml. Cell suspensions were incubated for 15 min with 10% goat serum,
following by incubation with the antibody mixtures for 30 min on ice. Cells were then
washed with PBS containing 2% FBS twice. Data were immediately acquired using BD
LSR 1l (BD Biosciences, San Jose, CA) using Flowjo software (Tree Star, San Carlos, CA).
Gating strategies are shown in the figure legends.

2.5. Flow-cytometry for apoptosis detection

Apoptosis of FHs-74 cells was measured using an annexin V-FITC apoptosis detection kit
(BD Pharmingen, San Diego, CA) according to the manufacturer’s protocol. Briefly, FHs-74
cells were harvested, washed in PBS, and stained with annexin V-FITC and propidium
iodide (PI) in binding buffer at RT for 15 min. Samples were detected with BD LSR Il (BD
Biosciences, San Jose, CA) and 20,000 cells were analyzed for each sample. Data were
analyzed using Flow Jo software (Tree Star, San Carlos, CA).

2.6. Western blot analysis

FHs-74 cells were lysed in buffer containing 50 mM Tris-HCI, 150 mM NacCl, 1% Triton
X-100,1 mM EDTA, 1 mM EGTA, 50 mM NaF, 10 mM B-glycerophosphate, 5 mM sodium
pyrophosphate, and 2 ug/ml protease inhibitors (Roche, San Francisco, CA ). Clarified
cytosolic extracts were subjected to SDS-PAGE followed by Western blot analysis using
rabbit anti-human cleaved caspase-3 mAb (1:1000, Cell Signaling, Beverly, MA). Protein
bands were detected with ECL detection reagents (Amersham Biosciences, Piscataway, NJ)
using Hyperfilm (Amersham Biosciences, Piscataway, NJ) for exposure. To standardize
protein loading, membranes were stripped and probed with anti-B-actin antibodies (1:3000,
Sigma-Aldrich, St. Louis, MO). B-actin was used to normalize densities of cleaved caspase
bands. Bands were quantified by densitometry using Image J Software.

2.7. Knock-down of expression of signal transducers and activators of transcription 3

(STAT3)

Differentiation of THP-1 cells to macrophages was performed 48h prior to transfection.
Macrophages were detached using Accutase | (Thermo Electron, Louisville, CO) and
transfected using the Amaxa Basic Nucleofector kit (Lonza, Allendale, NJ) and the Amaxa
Nucleofactor Il apparatus (Lonza, Allendale, NJ) with either human STAT3 siRNA
(200nM) or human scrambled siRNA (200nM) (all from Ambion, Carlsbad, CA).
Transfected cells were then seeded into 6-well plates (2x108 cells/well) for an additional
24h in RPMI-1640 Medium (ATCC, Manassas, VA) supplemented with 10% (v/v) FBS
(Gibco, Grand Island, NY), 0.05nM 2-mercaptoethanol (Gibco, Grand Island, NY) and 10
ng/ml Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO) for 24h.
Macrophages were then washed and treated with the following additives to the culture
medium: 1) no additional additive; 2) HB-EGF (100 ng/ml); or 3) HB-EGF (100 ng/ml) +
LPS 100 (ng/ml).
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2.8. Murine Model of NEC

The following experimental protocols followed the guidelines for the ethical treatment of
experimental animals as approved by the Institutional Animal Care and Use Committee of
the Research Institute at Nationwide Children’s Hospital (protocol #02205 AR). C57/BL6
mice were randomized into the following groups: (1) breast fed (Vehicle) (n=17); (2) NEC
(n=48); (3) NEC + gastric gavage of HB-EGF (800 ug/kg/dose) with each feed (n=27). NEC
was induced using a modification of the model initially described by Barlow et al. [17] and
modified for mice by Jilling et al. [18]. Mouse pups (male and female) were collected after
vaginal delivery and prior to breast feeding. They were recovered, dried and placed in an
incubator at 35°C. Pups were fed Similac 60/40 (Ross Pediatrics, Columbus, OH) formula
fortified with Esbilac powder (Pet-Ag, New Hampshire, IL) which provided 836.8 kJ/kg per
day as we have described [19]. Pups were exposed to hypoxia (95% nitrogen for 1 min)
followed by hypothermia (4° C for 10 min) every 12 hours. Pups were sacrificed upon the
development of clinical signs of NEC including abdominal distention, bloody stools or
respiratory distress. Any surviving pups were sacrificed 96 h after birth. Pups were treated
with enteral HB-EGF (800 pg/kg/dose) added to each feed by adding HB-EGF into the
formula. Intestines were harvested immediately upon sacrifice.

2.9. Immnuofluorescence staining

Intestines were fixed in 4% paraformaldehyde, embedded in paraffin, and 4 pm thick tissue
sections obtained. Tissue sections were subjected to immunohistochemistry using the
following specific primary antibodies: mouse anti-CD68 (1:100, Novus biologicals,
Littleton, CO) to detect total macrophages, rabbit anti-CD86 (1:100, Abcam, Cambridge,
MA\) to detect M1 macrophages, and rabbit anti-CD206 (0.1ug/ml, Abcam, Cambridge,
MA\) to detect M2 macrophages. After washing in PBS, tissue sections were incubated with
fluorophore-conjugated goat anti-mouse 1gG (1:400, Alexa 647, Molecular Probes, Eugene,
OR) or anti-rabbit 1gG (1:400, Alexa 488, Molecular Probes, Eugene, OR) as appropriate.
Sections were counterstained with 4’6-diamidino-2-phenylindole (DAPI). Fluorescence
images were obtained by confocal microscopy (LSM 710, Carl Zeiss, Thornwood, NY) and
images analyzed using Image J software (Media cybernetics, Silver Springs, MD).

2.10. Statistical analyses

All values are presented as mean + SD. After confirming that all variables were normally
distributed using the Kolmogorov-Smirnov test, statistical differences were evaluated by
ANOVA followed by Bonferroni’s multiple comparison test. Differences in the incidence of
NEC between two groups were evaluated using the Fisher’s exact test. P values of <0.05
were considered statistically significant.

3. Results

3.1. Macrophages enhance LPS-induced FHs-74 cell apoptosis in vitro

To evaluate a potential role for macrophages in LPS-induced IEC apoptosis, we examined
apoptosis of FHs-74 human fetal intestinal epithelial cells exposed to LPS alone,
macrophage co-culture alone, or a combination of LPS + macrophage co-culture as
determined by flow-cytometry and Western blot analysis. FITC-annexin V/PI flow
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cytometry showed that the percentage of apoptotic FHs-74 cells was increased after LPS
exposure x 24h compared to control cells (25.0% + 2.0% vs. 9.1% * 0.8%, p<0.01) (Figure
1A,B). Apoptosis of FHs-74 cells was further increased after co-culture of LPS-treated cells
with macrophages (34.4% + 3.8% vs. 25.0% + 2.0%, P=0.04). Macrophage co-culture
alone did not induce apoptosis of FHs-74 cells (11.7% % 2.6% vs. 9.1% + 0.8%, p=0.116).
Further confirmation of these results was obtained by cleaved caspase-3 Western blotting.
Cleaved caspase-3 expression in FHs-74 cells was increased after exposure to LPS, and was
further increased when LPS-treated FHs-74 cells were co-cultured with macrophages
(Figure 1C). These results indicate that macrophages enhance LPS-induced FHs-74 cell
apoptosis.

3.2. M1 macrophages increase LPS-induced FHs-74 cell apoptosis and M2 macrophages
decrease LPS-induced FHs-74 cell apoptosis induced in vitro

LPS is well known to induce macrophages towards M1 polarization. To determine whether
polarization of macrophages affects LPS-induced IEC apoptosis, we examined the effects of
CM from activated-macrophage cultures on FHs-74 cells. Flow cytometry using FITC-
annexin V/PI staining demonstrated that M1 macrophage conditioned medium (M1 CM)
significantly increased the percent of apoptotic FHs-74 cells (20.9% + 1.5% vs. 11.45% +
2.1%, p<0.01) and further increased the percent of apoptotic FHs-74 cells after LPS
exposure compared to MO (untreated) macrophage CM (M0 CM) (36.3% + 2.5% vs. 28.3%
+ 3.2%, p<0.01) (Figure 2A,B). In contrast, M2 macrophage CM (M2 CM) significantly
decreased apoptosis of FHs-74 cells after LPS exposure compared to apoptosis of FHs-74
cells exposed to MO CM after LPS exposure (23.5% * 2.2% vs. 28.3% * 3.2%, p<0.05). As
determined by Western blotting, increased cleaved caspase-3 expression was found in
FHs-74 cells exposed to M1 CM, which was further increased after LPS exposure (Figure
2C). Conversely, M2 CM suppressed the effect of LPS on cleaved caspase-3 expression.
Thus, the CM from M1 macrophages enhances IEC apoptosis and the CM M2 protects IEC
from apoptosis.

3.3. HB-EGF promotes M1 to M2 macrophage polarization in vitro

Having demonstrated that macrophage polarization affects IEC apoptosis, we next
investigated the effects of HB-EGF on macrophage polarization as determined by flow
cytometry and real time RT-PCR. M1 macrophages and M2 macrophages were identified as
viable CD68+CD86+ cells and CD68+CD206+ cells respectively on flow cytometry. Flow
cytometric analysis of macrophages derived from THP-1 cells showed the identification of
distinct subsets. M1 macrophages predominated in the total macrophages exposed to LPS
alone (83.1% + 4.8%) (Figure 3A,C). The proportion of M1 macrophages significantly
decreased with increasing doses of HB-EGF during LPS exposure. Conversely, LPS
markedly decreased the proportion of M2 macrophages, whereas the proportion of M2
macrophages exposed to LPS was significantly increased in a dose-dependent fashion with
HB-EGF addition (Figure 3B,C).

For gRT-PCR, CD86 and inducible nitric oxide synthase (iNOS) served as M1 macrophage
markers, while CD206, peroxisome proliferation activated receptor-gamma (PPAR-y) and
Arginase-1 (Arg-1) served as M2 macrophage markers. mRNA expression of the M1
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macrophage markers CD86 and iNOS were significantly increased after exposure of
macrophages to LPS, and were significantly decreased after addition of HB-EGF during
LPS exposure (Figure 4A). In contrast, MRNA expression of the M2 macrophage markers
CD206, PPAR-y, and Arg-1 were significantly decreased after exposure of macrophages to
LPS, and HB-EGF significantly increased their mMRNA expression during LPS exposure
(Figure 4B). Taken together, these results demonstrate that HB-EGF promotes M1 to M2
macrophage polarization.

3.4. HB-EGF treatment of macrophages protects FHs-74 cells from LPS-induced apoptosis

in vitro

To determine whether HB-EGF protects FHs-74 cells from LPS-induced apoptosis induced
by a direct effect on macrophages, we collected CM from supernatants of HB-EGF-treated
macrophages (HB-EGF CM), LPS-treated macrophages (LPS CM), a combination of HB-
EGF- and LPS-treated macrophages (HB-EGF+LPS CM), and non-treated control
macrophages. Flow-cytometry for FITC Annexin V/PI showed that LPS CM significantly
increased the percent of apoptotic FHs-74 cells compared to control (19.9% + 2.2% vs.
10.9% + 0.8%, p<0.01) (Figure 5A,B). HB-EGF + LPS CM decreased the percent of
apoptotic FHs-74 cells compared to LPS CM (15.0% + 1.5% vs. 19.9% + 2.2%, p=0.012).
After LPS exposure, addition of LPS CM further increased apoptosis of FHs-74 cells
compared to LPS exposure alone (37.2% £ 5.2% vs. 27.7% + 2.5%, p<0.01). Addition of
HB-EGF CM significantly decreased apoptosis of FHs-74 cells compared to LPS exposure
alone (20.7% + 2.2% vs. 27.7% + 2.5%, p<0.05). Moreover, after LPS exposure, HB-EGF +
LPS CM significantly decreased the the percentage of apoptotic FHs-74 cells compared to
LPS CM (29.36% + 2.2% vs. 37.2% + 5.2%, p<0.05). Western blot analysis confirmed the
flow cytometry results (Figure 5C).

3.5. HB-EGF promotes macrophage polarization via STAT3

HB-EGF is known to activate STAT3 in glioma cells [20], and STAT3 is known to promote
macrophage M2 polarization [21]. Based on these observations, we next tested whether the
STATS3 pathway is involved in HB-EGF-induced macrophage M2 polarization. STAT3
siRNA transfection of macrophages significantly reduced STAT3 mRNA expression
compared to scrambled siRNA transfection (Figure 6A). Flow cytometry results showed that
HB-EGF-induced macrophage M2 polarization in the presence or absence of LPS was
significantly blocked by siRNA silencing of STAT3 (Figure 6B,C). Quantitative real time
PCR analysis of M2 markers CD206, Arg-1 and PPARY, confirmed the role of STAT3 in
HB-EGF-induced macrophage M2 polarization since STAT3 silencing significantly
suppressed HB-EGF-induced mRNA expression of these M2 markers in the presence or
absence of LPS (Figure 6D).

3.6. HB-EGF promotes a phenotypic switch from M1 macrophages to M2 macrophages
during experimental NEC in vivo

We first determined whether macrophage infiltration in the intestines occurs in experimental
NEC, and then evaluated whether HB-EGF affects macrophage polarization in vivo.
Immunohistochemistry using anti-CD68, anti-CD86 and anti-CD206 antibodies was used to
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detect total macrophages, M1 macrophages and M2 macrophages, respectively (Figure 7).
Increased total (CD68%) macrophage infiltration was observed in the intestines of pups
subjected to NEC compared to breast fed pups (22.9 + 5.8 cells/ visual field vs. 11.9 £ 2.1
cells / visual field, p<0.01) (Figure 7C). The majority of infiltrated macrophages in NEC
intestine expressed M1 macrophage markers (M1 vs. M2: 63.5% * 12.0% vs. 7.7% * 5.4%,
P<0.01) (Figure 2D). Compared to untreated pups subjected to NEC, pups that were treated
with HB-EGF had significantly reduced numbers of M1 macrophages (8 + 1.47 cells/ visual
field vs. 13.63 + 3.61 cells/ visual field, p<0.05), as well as the percent of M1 macrophages/
total macrophages (45.3% =+ 3.9% vs. 63.5% * 12.0%, p<0.05). In contrast, HB-EGF
treatment markedly increased M2 macrophages (7.0 £ 1.5 cells/ visual field vs. 1.8 £ 1.3
cells/ visual field, p<0.01) as well as the percent of M2 macrophages/total macrophages
(39.7% + 9.7% vs. 7.7% £ 5.4%, p<0.01) compared to non-treated pups exposed to NEC.
These results suggest that HB-EGF promotes the polarization of macrophages from an M1
to an M2 phenotype during experimental NEC.

3.7. HB-EGF protects the intestines from experimental NEC injury in vivo

Pups exposed to experimental NEC had a significantly increased incidence of histological
injury compared to breast fed pups (68.8% vs. 0%, p<0.01) (Figure 8A). Pups exposed to
NEC that received enteral HB-EGF had a significantly decreased incidence of NEC
compared to non-treated pups subjected to NEC (38.4% vs. 68.8%, p=0.012) (Figure 8B).
These results confirm that HB-EGF protects the intestines from injury during experimental
NEC.

4. Discussion

The immune system plays an important role during NEC. Previous work has shown that an
exaggerated inflammatory response in the immune system of premature hosts causes severe
intestinal inflammation such as that seen in NEC [4]. Macrophages are extremely important
host cells in the innate immune system. Epithelial cells in the fetal intestine produce
chemerin to recruit macrophages [22] whose presence in the fetal intestine precedes the
appearance of lymphocytes and neutrophils. Investigations of the pathogenic role of
macrophages in NEC have focused on their infiltration and their ability to produce
inflammatory cytokines [2, 4, 23]. The increased levels of IFN-y and TNF-a in both the
diseased gut and the serum of patients with NEC [24], together with large amounts of LPS,
can provide ample stimulation to macrophages in both the peripheral blood and in the
mucosa and submucosa of the intestines of these patients.

It is well known that macrophages have a plastic ability to switch between two functional
phenotypes, designated as pro-inflammatory M1 macrophages and anti-inflammatory M2
macrophages, in response to environment changes. Classically activated M1 macrophages
act as initiators of inflammation, with release of pro-inflammatory cytokines including
IL-1B, iINOS and TNF-a. In comparison, M2 macrophages can up-regulate the expression of
IL-10, TGF-B, and other molecules that are involved in cell proliferation, wound healing,
tissue remodeling and immnuoregulation [25, 26], and are considered beneficial in that they
promote resolution of M1 macrophage-mediated inflammation. Thus, macrophages show a
functional plasticity during the initiation and resolution of inflammation. A phenotypic
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switch to M2 polarization has been suggested as a novel approach to reducing inflammation
in a model of inflammatory muscle pain [27] and in a model of experimental asthma [28].

In the current study, we investigated the effects of HB-EGF on macrophage polarization
both invitro, and in vivo using a model of experimental NEC. In vitro, we showed that M1
macrophages enhance LPS-induced apoptosis of human intestinal epithelial cells whereas
M2 macrophages suppress this effect. We showed that macrophages contribute to LPS-
induced apoptosis of human fetal epithelial cells. M1 macrophages further enhance this
apoptosis while M2 macrophages suppress it. We showed that HB-EGF promotes the
polarization of M1 macrophages toward M2 macrophages by activation of STAT3 in vitro,
and protects human fetal intestinal epithelial cells from apoptosis. In vivo, we showed that
M1 macrophages are significantly increased in NEC-afflicted intestine, and that HB-EGF
reduces the number of M1 macrophages and increases the number of M2 macrophages
during NEC, and protects the intestines from NEC. We showed that the total number of
macrophages is significantly increased in the intestines of pups exposed to NEC compared
to breast fed pups. Although we and others have described increased macrophage infiltration
in the intestines of animals with NEC [2, 29], the current results extend these prior
observations by demonstrating that M1 macrophages represent the majority of infiltrated
macrophages during NEC.

It is known that M1 macrophages promote apoptosis by various mechanisms, including the
secretion of pro-apoptotic cytokines such as TNF-a and others [30]. We believe that in our
studies, M1 macrophages first become activated and then mediate IEC apoptosis via
paracrine mechanisms. However, a large number of cytokines are likely to be released, and
determining which ones contribute to IEC apoptosis, although beyond the scope of the
current manuscript, will be examined in the future. The contributing roles of intestinal
epithelial cell Toll-like receptor expression warrants examination in the future as well.

We have previously shown that HB-EGF protects the intestines from NEC [11] and that
administration of HB-EGF significantly reduces intestinal I/R-induced pro-inflammatory
cytokine expression in vivo [16]. We now show that HB-EGF promotes M2 macrophage
polarization in a STAT3-dependent fashion. HB-EGF interacts with EGFR [10], which
activates downstream signal transducers and activators of transcription 3 (STAT3) in the
nucleus [31]. Others have reported that human macrophages can be induced to M2
polarization via SATAS3 activation [21] and that suppression of STAT3 activation inhibits
macrophage polarization to the M2 phenotype [32]. Taking together, EGFR/STAT3 may be
the signal pathway through which HB-EGF promotes M2 polarization.

5. Conclusions

Our current results suggest that M1 macrophages may play an important role in the
pathogenesis of NEC. HB-EGF promotes the polarization M1 macrophages to M2
macrophages via STAT3, reduces LPS-induced apoptosis of intestine epithelial cells, and
protects the intestines from NEC injury. These findings provided novel insights into the
pathogenesis of NEC, and into the effect of HB-EGF in the treatment of NEC. These results
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ggest that new therapeutic approaches for NEC, based on the regulation of macrophage

polarization, may be beneficial.
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Figure 1. Effect of macrophage co-culture on LPS-induced FHs-74 cell apoptosis
FHs-74 cells were either untreated (Control); exposed to LPS (1 pg/ml); co-cultured with

macrophages in a transwell system; or exposed to LPS (1 pug/ml) and co-cultured with
macrophages. After 24h, the FHs-74 cells were harvested and analyzed by Annexin V/PI
flow cytometry. Gating was performed on FITC-Annexin V* cells. (A) Representative
FACS plot. (B) Quantification of results from A. Data represent the mean + SD of four
independent experiments. *p<0.01 vs. control; T p<0.05 vs. LPS. (C) Western blot analysis
of cleaved caspase-3 expression in FHs-74 cells. The expression level of cleaved caspase-3
was normalized against the level of untreated FHs-74 cells, which was arbitrarily set as 1.
The data shown are the mean + SD of three independent experiments. * p<0.01 vs. control;
T p<0.05 vs. LPS.
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Figure 2. Effect of M1 and M2 CM on LPS-induced FHs-74 cell apoptosis
Macrophages derived from THP-1 cells were either unstimulated (MO0) or were polarized

into M1 or M2 cells for 24h and supernatant CM harvested. FHs-74 cells were exposed to
CM or CM + LPS (1pg/ml) for 24h and then harvested for Annexin V/PI flow cytometry.
Gating was performed on FITC-Annexin V* cells. (A) Representative FACS plots. (B)
Quantification of results from A. Data represent the mean + SD of four independent
experiments. * p<0.01 vs. MO; 1 p<0.05 vs. MO+LPS; f p<0.05 vs. MO+LPS. (C) Western
blot analysis of cleaved caspase-3 expression in FHs-74 cells. The expression level of
cleaved caspase-3 was normalized against the level of FHs-74 cells incubated with MO CM,
which was arbitrarily set as 1. The data shown are the mean £ SD of three independent
experiments. p<0.01 vs. MO; T p<0.05 vs. MO+LPS; 1t p<0.05 vs. MO+LPS.
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Figure 3. Effect of HB-EGF on macrophage polarization as determined by flow cytometry
Macrophages derived from THP-1 cells were exposed to the indicated conditions for 24h.

(A) M1 macrophages were labeled with FITC-conjugated anti-human CD86 and APC-
conjugated anti-human F4/80 antibodies and the percent of M1 macrophages/total
macrophages determined by flow cytometry. Representative FACS plots are shown. Gating
was performed on F4/80 */CD86* cells. (B) M2 macrophages were labeled with PE-Cy5-
conjugated anti-human CD206 and APC-conjugated anti-human F4/80 antibodies and then
analyzed the percentage of M2 macrophages/total macrophages by flow cytometry.
Representative FACS plots are shown. Gating was performed on F4/80 */CD206* cells. (C)
Quantification of data from A and B. Data represent the mean + SD of four independent
experiments. * p<0.05 vs. LPS alone; T p<0.05 vs. LPS alone.
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Figure 4. Effect of HB-EGF on M2 macrophage polarization as determined by quantitative real
time PCR
Macrophages derived from THP-1 cells were exposed to the indicated conditions x 24h and

then harvested for mRNA extraction. mMRNA expression of the indicated genes was
examined using qRT-PCR. The transcript level of each gene was normalized against the
level of unstimulated macrophages, which was arbitrarily set as 1. Data represent the mean +
SD of three independent experiments, with each experiment performed in triplicate. (A) M1
macrophage associated markers. * p<0.05 vs. control; T p<0.05 vs. LPS alone. (B) M2
macrophage associated markers. * p<0.05 vs. control; T p<0.05 vs. LPS alone.

1duosnuen Joyiny

1duosnuep Joyiny

J Surg Res. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wei and Besner

Page 16
Control HB-EGF CM LPS CM HB-EGF+LPS CM
R R0
2 !
2| 104
= !
3|1 ]
=] i i R
g o1, ’\‘11'8%m '»7,’15.1"/%
o ¢ TR (VPR | SR [ VOO RS L . S -
0 10° 10* 10° 0 10° 10* 10° 0 10° 10* 10° 0 10° 10 10°
FITC Annexin V
HB-EGF+LPS CM
LPS HB-EGF CM+LPS LPS CM+LPS +LPS
g 16 o Jor ar| Jor al fo
8.+
= (107
€
3|10 - ] ! -
g| o1 «19.2% 1, “48636.9% 1, “4829.4%
TSR O SO M - T RN < o O (R
0 10° 10* 10° 0 10° 10* 10° 0 10° 10* 10° 0 10° 10* 10°
FITC Annexin V
~%

8%55“ b C LpscM — — + + - — + +
LT HBEGFCM — 4+ — 4+ — 4+ — 4+
s § LPS — — — — 4+ + + +
28w * - cleaved caspase-3 = L2 1 1]
E'::-,m -1 Braclin —————————
21
Sl
S
<z, Al s ° $
LPSCM - — + + — — + + 254
HBEGFCM — + — + — + — + o55

LPS - — — -+ + + + 2684 §
S84 *
S g >
!
g l
S
0 . |
lPSCM — — + + — — + +
HBEGFCM — + — + — + — +
PSS — — — — + + + +

Figure 5. Effect of HB-EGF treatment of macrophages on LPS-induced FHs-74 cell apoptosis
(A) Macrophages derived from THP-1 cells were either unstimulated or exposed to HB-EGF

(100ng/ml), LPS (100 ng/ml), or HB-EGF (100 ng/ml) + LPS (100 ng/ml) for 24h. Cells
were then washed in PBS and fresh medium added. Supernatant were collected 8h later as
Control CM, HB-EGF CM, LPS CM or HB-EGF + LPS CM. FHs-74 cells were cultured in
CM alone or in CM + LPS (1 pg/ml) for 24h, and then harvested for Annexin V/PI flow
cytometry. Gating was performed on FITC-Annexin V* cells. (B) Quantification of results
of A, Data represent the mean = SD of four independent experiments. Statistical analysis
was performed with ANOVA followed by Bonferroni’s multiple comparison test. * p<0.05
vs. no addition control; T p<0.05 vs. LPS CM alone; 1 p<0.05 vs. LPS alone; § p<0.05 vs.
LPS CM+LPS. (C) Western blot analysis of cleaved caspase-3 expression in FHs-74 cells.
The expression level of cleaved caspase-3 was normalized against the level of FHs-74 cells
incubated with control CM, which was arbitrarily set as 1. Data represent the mean + SD of
three independent experiments. * p<0.05 vs. control; T p<0.05 vs. LPS CM alone; f
p<0.05 vs. LPS alone; § p<0.05 vs. LPS CM+LPS.
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Figure 6. Effect of HB-EGF on STAT3 activation during HB-EGF macrophage polarization
(A) Silencing efficiency of STAT3 siRNA in macrophages as determined by real-time PCR.

*p<0.05 vs. scrambled siRNA. (B) Macrophages derived from THP-1 cells were transfected
with either scrambled control sSiRNA or STAT3 siRNA and were then exposed to the
indicated treatments for 24h. M2 macrophages were labeled with PE-Cy5-conjugated anti-
human CD206 and APC-conjugated anti-human F4/80 antibodies and then analyzed the
percentage of M2 macrophages/total macrophages by flow cytometry. Representative FACS
plots are shown. Gating was performed on CD206*/F4/80™ cells. (C) Quantification of data
from B. * p<0.05 vs. scramble siRNA transfected M@+HB-EGF; T p<0.05 vs. scramble
siRNA transfected M@+HB-EGF+LPS. (D) mRNA expression of M2 associated markers
was examined using real time PCR. The transcript level of each gene was normalized
against the level of unstimulated macrophages, which was arbitrarily set as 1. Data represent
the mean + SD of four independent experiments.

* p<0.05 vs. scramble siRNA transfected M@+HB-EGF; T p<0.05 vs. scramble siRNA
transfected M@+HB-EGF+LPS.
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Figure 7. Effect of HB-EGF on macrophage infiltration and polarization during NEC
(A) Representative immunofluorescent staining for the total macrophage marker CD68 (red)

and the M1 macrophage marker CD86 (green) of intestinal sections obtained from mouse
pups exposed to breast feeding (n=12), NEC (n=12), or NEC + HB-EGF (n=12). Nuclei are
indicated by DAPI staining. M1 macrophages are indicated by co-localization of CD68 and
CD86 in the merged images. (B) Representative immunofluorescent staining for the total
macrophage marker CD68 (red) and the M2 macrophage marker CD206 (green). Nuclei are
indicated by DAPI staining. M2 macrophages are indicated by co-localization of CD68 and
CD206 in the merged images. In A and B, eight segments of intestine were analyzed for
each mouse pup, and four fields in each section were viewed and counted blindly by two
independent investigators. (C) Quantification of the results from A and B. Data represent
mean =+ SD. * p<0.01 vs. BF; **<0.05 vs. NEC; tp<0.05 vs. BF; T1p<0.05 vs. NEC; 1
p<0.05 vs. NEC. (D) Quantification of the percent of macrophage subtypes in intestinal
sections from mouse pups exposed to the indicated treatments. Data represent mean + SD.
Statistical analysis was performed with ANOVA followed by Bonferroni’s multiple
comparison test.
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Figure 8. Effect of HB-EGF on the incidence and severity of NEC
Intestinal samples were harvested from breast fed mouse pups (n=17), pups exposed to NEC

(n=48), or pups exposed to NEC and treated with HB-EGF (n=27), and sections stained with
H&E. (A) Representative examples of histological scoring of intestines. Eight to ten
segments of intestines were analyzed for each mouse pup. Each section were viewed and
graded blindly by two independent investigators. Magnification x20. (a) Grade 0, normal
intestine; (b) Grade 1, epithelial cell lifting or separation; (c) Grade 2, necrosis to mid villus
level; (d) Grade 3, necrosis of entire villus; (€) Grade 4, transmural necrosis. Any injury of
grade 2 or above is considered consistent with NEC. (B) Incidence and severity of NEC.
Each dot represents an individual mouse pup.
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Table 1

Gene NCBI ref. sequence  Primer

M1 Macrophages

iINOS NM_001002837

CD86 NM_175862

SENS: GTTCTCAAGGCACAGGTCTC
REVS: GCAGGTCACTTATGTCACTTATC

SENS: TGGAGAGGGAAGAGAGTGAACA
REVS: GCCCATAAGTGTGCTCTGAA

M2 Macrophages

CD206  NM_002438

Arg-1 NM_001244438

PPAR-y NM_138712

SENS: CCATGGACAATGCGCGAGCG
REVS: CACCTGTGGCCCAAGACACGT

SENS: TTCTCAAAAGGACAGCCTCG
REVS: GCTCTTCATTGGCTTTCCC

SENS: TCCTGTAAAAGCCCGGAGTAT
REVS: GCTCTGGTAGGGGCAGTGA

a‘l'able 1. Primers for RT-PCR.
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