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We previously demonstrated that intestinal myofibroblasts from immature tissue produce excessive IL-8 in
response to Escherichia coli lipopolysaccharide (LPS) compared to cells from mature tissue. However, it is
unknown whether other cytokines and TLR agonists contribute to this developmentally regulated response. The
aim of this study was to further characterize differences in inflammatory signaling in human primary intestinal
fibroblasts from fetal (FIF) and infant (IIF) tissue and examine their potential to activate the adaptive immune
response in vitro. Cytokine profiles of LPS-stimulated FIF and IIF were assessed by cytokine profile array. IL-8,
IL-6, and IL-10 production in response to TLR2, TLR2/6, TLR4, and TLR5 agonists was determined by
quantitative ELISA. The potential of activated myofibroblasts to activate adaptive immunity was determined by
measuring surface class II MHC expression using flow cytometry. LPS-stimulated FIF produced a distinct
proinflammatory cytokine profile consisting of MCP-1, GRO-alpha, IL-6, and IL-8 expression. FIF produced
significant IL-8 and IL-6 in response to TLR4 agonist. IIF produced significant levels of IL-8 and IL-6 in the
presence of TLR5 and TLR2 agonists. IFN-g-treated FIF expressed greater HLA-DR levels compared to
unstimulated controls and IFN-g- and LPS-treated IIF. Activated FIF produce a more diverse inflammatory
cytokine profile and greater levels of IL-8 and IL-6 in response to TLR4 stimulation compared to IIF. FIF
express class II MHC proteins associated with activation of the adaptive immune response. These data suggest
that FIF may contribute to bacterial-associated gut inflammation in the immature intestine.

Introduction

The healthy intestinal mucosa is lined by a layer of
epithelial cells that form tight junctions at their apical

portions. Intestinal tight junctions function as a selective
barrier between luminal contents and the underlying lamina
propria. A compromised or immature intestinal barrier may
result in bacteria, toxins, or other antigens accessing the
submucosal compartment with subsequent activation of
immune and immune-like mesenchymal cells. Activation of
these cells may incite an exaggerated local and systemic
immune response in the immature host, especially preterm
very low birth weight (VLBW, birth weight < 1,500 g) in-
fants (Luoto and others 2013). The immature host therefore
has a substantially higher risk of developing inflammatory-
associated bowel diseases such as necrotizing enterocolitis
(NEC), milk protein- or food-related allergy, and atopic
disease as a result of a compromised intestinal barrier (Ar-
vola and others 2006; Shiou and others 2011; Pietzcker and
others 2012).

Subepithelial intestinal myofibroblasts (IMFs) are sub-
mucosal mesenchymal cells that lie adjacent to intestinal

epithelial cells (IEC) at the base of intestinal crypts. They
regulate several aspects of intestinal barrier function, in-
cluding the innate and adaptive immune response. IMFs
contribute to intestinal barrier repair by modulating glandular
secretion (Beltinger and others 1999), epithelial cell differ-
entiation (Joyce and others 1987; Fritsch and others 2002),
proliferation and mobility (McKaig and others 1999), and
secretion of extracellular matrix (Inatomi and others 2007).

The intestinal inflammatory response is also regulated by
IMFs, which secrete cytokines, prostaglandins, and various
growth factors. They contribute to tissue injury and healing
in patients with inflammatory bowel disease (Powell and
others 1999; Andoh and others 2007; De and others 2007;
Di Sabatino and others 2007a, 2007b). In our previous
study, we observed that human fetal intestinal fibroblasts
produce excessive amounts of IL-8 in response to lipo-
polysaccharide (LPS) stimulation compared to cells from
more mature tissue (Okogbule-Wonodi and others 2012).
However, the role of other cytokines in this differential re-
sponse is unknown.

Pathogen-associated molecular patterns engage toll-like
receptors (TLRs) thereby initiating the innate immune
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response. Although we recently demonstrated that TLR4
partially mediates the hyper-responsiveness of human fetal
intestinal fibroblasts to LPS stimulation leading to greater
IL-8 production (Okogbule-Wonodi and others 2012), it
is not known if other TLR agonists contribute to this
developmental-dependent response.

We hypothesize that fetal IMFs may contribute to immune
dysregulation in the premature gut. Our objective in this study
was to further characterize the differences in the inflam-
matory responses between IMFs from immature and more
mature tissue by comparing cytokine profiles in response to
LPS stimulation and analyze the effects of TLR agonists on
the acute-phase inflammatory response as well as the poten-
tial to initiate an adaptive immune cellular response.

Materials and Methods

Reagents

Ultrapurified Escherichia coli (E. coli) 0111:B4 LPS was
purchased from List Biologicals Laboratory, Inc. (Campbell,
CA). Purified Pam2CGDPKHPKSF, FSL-1 (TLR2/TLR6),
and Pam2CSK4 (TLR2) agonists were obtained from Invivo-
Gen (San Diego, CA). Flagellin (TLR5 agonist) was purified
from Salmonella typhi and provided as a kind gift from
Dr. Raphael Simon (Center for Vaccine Development, Uni-
versity of Maryland School of Medicine, Baltimore, MD). The
Proteome Profiler� Human Cytokine Array Panel A, DuoSet
human ELISA Kits, and recombinant human interferon gam-
ma (IFN-g) were purchased from R&D Systems (Minneapolis,
MN). The ECL� Prime Western Blotting Detection Reagent
was purchased from GE Healthcare (Piscataway, NJ). Anti-
human HLA-DR APC and mouse IgG2b K Isotype Control
APC were obtained from eBioscience (San Diego, CA).

Intestinal fibroblast cell culture

The primary fetal intestinal myofibroblast (FIF) cell iso-
late, designated as CCD-112CoN by ATCC (Manassas,
VA), was isolated from normal fetal intestine at the second
trimester. They were received at population doubling level
(PDL) 24, begin to senesce at PDL 76, and were split at a
ratio of 1:2. The maximum PDL used for experiments was
28. A primary infant intestinal myofibroblast (IIF) cell iso-
late, designated by ATCC as CCD-18Co, was isolated from
normal intestine of a 2.5-month-old infant and received at
PDL 27. These cells begin to senesce at PDL 42 and the
maximum PDL used was 32 splitting at a ratio of 1:4. Cells
were cultured in DMEM (Corning Cell Gro. Manassas, VA),
supplemented with 10% fetal bovine serum (Quality Bio-
logical, Inc., Gaithersberg, MD), Pen-Strep (10,000 U/mL
penicillin, 100mg/mL streptomycin; Calbiochem, La Jolla,
CA), and 1% MEM Non-Essential Amino Acid Solution
(Mediatech, Manassas, VA) and maintained at 37�C in 5%
CO2. The medium was changed 3 times weekly. Cells were
passaged 3-4 times after removal from liquid nitrogen and
seeded at a density of 4 to 8 · 105/mL for cell culture assays.

Cytokine profile array

Supernatants from FIFs and IIFs stimulated with 0.1mg/mL
of LPS were evaluated for cytokine expression using the
Proteome Profiler� Human Cytokine Array Panel A (R&D
Systems) based on the manufacturer’s instructions. We chose

to use cell culture supernatants stimulated with this concen-
tration of LPS because it was the lowest dose that led to
significant IL-8 production in our previous experiments
(Okogbule-Wonodi and others 2012). Triplicate samples
from each treatment group were pooled. Briefly, supernatants
diluted 1:6 were mixed with the biotinylated detection anti-
body cocktail. The mixture was applied to the proteome
membranes spotted with cytokine capture antibodies. The
membranes were washed to remove unbound sample mixture
and developed by chemiluminescence detection using Strep-
tavidin-HRP and the ECL detection system. Quantification of
each cytokine was accomplished by pixel density analysis.

TLR assay

Cells seeded in 96-well tissue culture plates were grown
to * 80% confluence and stimulated with increasing con-
centrations of TLR2 agonist Pam2CSK4 (1–100 ng/mL),
TLR2/TLR6 agonist FSL-1 (1–100 ng/mL), and TLR5 agonist
S. typhi flagellin (10–50 ng/mL). Cells cultured in media alone
or stimulated with 1mg/mL LPS served as negative and posi-
tive controls, respectively. Cell culture supernatants were
collected after 24 h and analyzed for IL-8, IL-6, and IL-10. We
used 1mg/mL LPS for this and subsequent experiments. Si-
milar to 0.1mg/mL of LPS used in the cytokine profile array
experiments, 1mg/mL LPS stimulated significant levels of
IL-8 production that was consistent across the different ex-
perimental assays used in this study.

Cytokine quantification

IL-8, IL-6, and IL-10 were quantified in cell culture su-
pernatants using capture DuoSet� human ELISA Kits (R&D
Systems) according to the manufacturer’s instructions. The
cytokine concentrations from each sample were calculated
from a curve fitted to standards. Concentrations are ex-
pressed as pg/mL supernatant.

Flow cytometry

IMFs were stimulated with 100 U/mL of interferon
gamma (IFN-g) for 7 days and subsequently with 1mg/mL
LPS for 24 h. Cells cultured in media or with LPS alone
served as negative and positive controls, respectively. At the
end of the incubation period, culture supernatants were
discarded and IMFs washed ·3 in PBS and harvested from
plates using a cell dissociation buffer. Cells were stained
with APC-conjugated anti-human HLA-DR or APC mouse
IgG2b K isotype control according to the manufacturer’s
instructions and fixed in 2% paraformaldehyde. HLA-DR
cell surface expression was measured with a BD LSR flow
cytometer and data analyzed by FlowJo7 software (Tree
Star). Median fluorescence intensity was calculated and
compared to isotype and unstimulated controls.

Statistical analysis

Experimental conditions were performed in triplicate
except where indicated and each experiment was repeated at
least 2–3 times. Data are represented as mean – SD. Multiple
comparisons were conducted using analysis of variance
(ANOVA) with Tukey post hoc and Student t-tests. A P
value < 0.05 was considered significant. Statistical analysis
was performed using SPSS 12.0 (IBM Corp., Armonk, NY).
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Results

LPS-stimulated fetal intestinal fibroblasts produce
a novel cytokine profile

Our previous observations demonstrated a differential
response between fetal and infant cell IL-8 production
(Okogbule-Wonodi and others 2012). To more accurately
phenotype the soluble factors produced by LPS-activated
fibroblasts, a membrane-bound cytokine capture blotting
system was used to analyze over 30 cytokines. The condi-
tioned media of LPS-stimulated and unstimulated FIF and
IIF were compared (Fig. 1). Conditioned media of the LPS-
stimulated FIF produced a unique cytokine profile when
compared to media from the other cell populations. Sig-

nificantly elevated cytokines secreted by activated FIF in-
cluded the monocyte chemoattractant protein-1 (MCP-1, 0
vs. 10,303 – 725, P = 0.002), growth-related oncogene-alpha
(GRO-alpha, 0 vs. 10,771 – 666, P = 0.002), and IL-6 (0 vs.
12,003 – 548, P = 0.013). Elevated levels of IL-8 (0 vs.
16,463 – 752, P = 0.001) were also confirmed. In addition to
these 4 factors, the macrophage migration inhibitory factor
(MIF) and Serpin E1 were present in the supernatants of all
4 groups. The cytokines, not shown in Fig. 1, were not
detected in the supernatants.

TLR2 agonists induce less IL-8 and IL-6 production
by fetal intestinal fibroblasts compared to infant cells

To identify the role of various TLRs in proinflammatory
mediator production by FIF and IIF, we used agonists to
stimulate TLR 2, TLR2/6 heterodimer, TLR4, and TLR5. Si-
milar to our previous published findings (Okogbule-Wonodi
and others 2012), FIF (Fig. 2A) stimulated with the TLR4
agonist, LPS led to a 10-fold increase in IL-8 secretion com-
pared to unstimulated controls (7,397 – 3,554 pg/mL vs.
738 – 307 pg/mL, P < 0.001). However, flagellin, Pam2CSK4,
and FSL-1, which are TLR5, TLR2, and TLR2/TLR6 agonists,
respectively, did not stimulate significant IL-8 production by
FIF. IIF (Fig. 2B) appeared to respond to flagellin in a dose-
dependent manner. There was a 7.1-fold (3,973 – 415 pg/mL,
P < 0.0001), 7.1-fold (3,937 – 770 pg/mL, P < 0.0001), and
8.2-fold (4,556 – 1024 pg/mL, P < 0.0001) increase in IL-8
production in response to 10, 25, and 50 ng/mL flagellin, re-
spectively, versus unstimulated controls (556 – 153 pg/mL).
IIF stimulated with 10 and 100 ng/mL FSL-1 produced 4.3-
fold (2,406 – 656 pg/mL, P = 0.001) and 2.2-fold (3,796 –
1,689 pg/mL) greater levels of IL-8, respectively, compared to
unstimulated control cells (556 – 153 pg/mL). IL-6 production
by LPS-stimulated FIF (Fig. 3A) was 4.5-fold greater com-
pared to controls (10,040 – 2,109 pg/mL vs. 2,238 – 700 pg/
mL, P < 0.0001). Flagellin-induced IL-6 secretion by IIF (Fig.
3B) was dose dependent. Stimulation with 10, 25, and 50 ng/
mL led to a 4-fold (1,011 – 566 pg/mL, P = 0.001), 4.1-fold
(1,049 – 508 pg/mL, P = < 0.0001), and 4.1-fold (1,057 –
522 pg/mL, P = < 0.0001) increase in IL-6 levels, respectively,
compared to unstimulated IIF (255 – 130 pg/mL). IL-6 produc-
tion by IIF was also induced 3.5-fold following stimulation with
100 ng/mL of Pam2CSK4 compared to controls (887 – 376 pg/
mL vs. 255 – 136 pg/mL, P = 0.014). IL-10 secretion by FIF and
IIF was undetectable.

IFN-c-stimulated fetal intestinal fibroblasts have
increased expression of MHC II

Adult intestinal and gastric fibroblasts express MHC class
II molecules in response to proinflammatory stimuli (Saada
and others 2006; Pinchuk and others 2013). Thus, we sought
to determine if FIF express class II MHC following acti-
vation through HLA-DR staining using flow cytometry (Fig.
4). Fetal and infant cells were cultured in the presence of
IFN-g for 7 days prior stimulation with LPS. As seen in Fig.
4A and B, fetal cells cultured with IFN-g expressed more
HLA-DR compared to cells stimulated with LPS alone or
media controls. HLA-DR expression on IFN-g-treated cells
cocultured with LPS-expressed HLA-DR at levels similar to
cells treated with IFN-g alone. Infant fibroblasts cultured
with LPS alone expressed similar levels of HLA-DR when

FIG. 1. Cytokine profile of lipopolysaccharide (LPS)-
stimulated fetal and infant intestinal myofibroblasts. Cytokine
profile of LPS-stimulated fetal cells is consistent with acute
inflammation. Cytokine profiler array measurements of (A)
fetal intestinal myofibroblasts (FIF) and (B) infant intestinal
fibroblasts (IIF) grown to confluence and stimulated with
0.1mg/mL LPS for 24 h. Culture supernatants were incubated
on membranes possessing capture antibodies for 30 different
chemokines/cytokines. Data are expressed as relative pixel
density. Results are reported as mean – SD and are represen-
tative of at least 3 experiments. *P < 0.05, cytokines versus
media control. LPS-stimulated FIF compared to controls
expressed significant levels of monocyte chemoattractant
protein-1 (MCP-1, 10,303– 725 vs. 0, P = 0.002); growth-related
oncogene-alpha (GRO-alpha, 10,771 – 666 vs. 0, P = 0.002);
IL-6 (12,003 – 548 vs. 0, P = 0.013); and IL-8 (16,463 – 752
vs. 0, P = 0.001). Serpin E1 expression was comparable in
stimulated and control FIF (15,966 – 1,455 vs. 12,193 – 5,334,
P = 0.4). LPS-stimulated and control IIF expressed similar
levels of Macrophage Migration Inhibitory Factor (MIF,
10,007 – 4,784 vs. 9,018 – 3,998, P = 0.33) and Serpin E1
(9,009 – 2,555 vs. 8,546 – 1,753, P = 0.56). MCP-1, GRO-
alpha, IL-6, and IL-8 were not expressed by IIF.
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compared to unstimulated controls. Incubation of infant fi-
broblasts with IFN-g appeared to increase expression of
HLA-DR although this was not statistically significant and
not all cells expressed the molecule. LPS did not enhance
HLA-DR expression on IIF cells preincubated with IFN-g.

Discussion

In the present study, we provide additional evidence of
the inherent differences between intestinal fibroblasts de-
rived from fetal and infant tissue that make fetal tissue-

FIG. 2. Toll-like receptor (TLR) ag-
onists stimulated IL-8 production by
FIF and IIF. FIF produce significant
levels of IL-8 in response to TLR4
agonist, while IIF produce higher levels
in response to TLR5 and TLR2/6 ag-
onist. IL-8 ELISA quantification of (A)
FIF and (B) IIF cell culture superna-
tants following stimulation with 1mg/
mL LPS, flagellin (FL, 10–50 ng/mL),
Pam2CSK4 (Pam, 1–100 ng/mL), or
FSL-1 (1–100 ng/mL) for 24 h. Data
are expressed as mean – SD. N = 3 ex-
periments. #P < 0.0001 and *P = 0.001
TLR agonists versus media control.

FIG. 3. TLR agonists stimulated IL-6
production by FIF and IIF. FIF produce
significant levels of IL-6 in response to
TLR4 agonist, while IIF produce higher
levels in response to TLR5 and TLR2
agonists. IL-6 ELISA quantification of
(A) FIF and (B) IIF cell culture super-
natants following stimulation with 1mg/
mL LPS, flagellin (FL, 10–50 ng/mL),
Pam2CSK4 (Pam, 1–100 ng/mL), or
FSL-1 (1–100 ng/mL) for 24 h. Data are
expressed as mean – SD. N = 3 experi-
ments. #P < 0.0001, *P = 0.001, and
**P < 0.014 TLR agonists versus media
control.
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derived cells more responsive to certain pathogen-associated
molecular patterns. These results suggest that FIF may play
a role in the innate and adaptive intestinal immune re-
sponses of the immature host and thus contribute to tissue
injury in neonatal inflammatory-related bowel diseases.

To maintain intestinal homeostasis, a balance between
local and systemic pro- and anti-inflammatory signaling and
mediator production is required (Bahrami and others 2003).
Physiological immaturity of the GI tract, the presence of
bacterial pathogens, and altered levels of the commensal GI
microbiota predispose VLBW infants to a dysregulated in-
flammatory response. We recently described heightened IL-
8 production by FIF in response to LPS (Okogbule-Wonodi
and others 2012). The present results extend our previous
observations and provide a more comprehensive picture of
the cytokine profile elicited from LPS-stimulated FIF, con-
sistent with the promotion of acute inflammation. Inter-
leukins, IL-8 and IL-6, are associated with acute systemic
and local intestinal inflammation. IL-8 is a key mediator of
acute inflammation and a neutrophil chemoattractant. It is
secreted by and regulates the activity of several cell types,

including fibroblasts (Dunican and others 2000; Cheng and
others 2008; Castellani and others 2010). In a previous study
by Otte et al., stimulation of infant intestinal fibroblasts used
in this study and fibroblasts derived from normal human
lung with TLR2 and 4 agonists resulted in upregulation of
TLR2, 4 mRNA, and protein expression and increased IL-8
secretion (Otte and others 2003). Several investigators have
studied the role of IL-8 in neonatal intestinal inflammatory
diseases. Human fetal IEC stimulated with tumor necrosis
alpha and IL-1 beta in vitro produce significantly greater
levels of IL-8 compared to unstimulated cells (Claud and
others 2003). Viscardi and others (1997) demonstrated an
association between IL-8 mRNA expression in full-thick-
ness and mucosal intestinal sections from neonates and
acute inflammation. IL-6, produced to a greater degree by
the stimulated fetal fibroblasts in our study, is associated
with inflammatory-related bowel and systemic disease in the
mature and immature host. Patients with inflammatory bo-
wel disease have increased circulating levels of IL-6 and the
soluble IL-6 receptor (Rose-John and others 2009). IL-6 is
elevated in the serum of VLBW infants with NEC and
spontaneous intestinal perforations (Chan and others 2012;
Benkoe and others 2013). Increased IL-6 mRNA expression
is evident in sigmoid colon tissue biopsy samples of infants
with food-protein-induced proctocolitis and neonatal tran-
sient eosinophilic colitis (Mori and others 2014). MCP-1
and GRO-alpha were also secreted by FIF at higher levels
compared to controls, but not in IIF. These cytokines, ex-
pressed by several different cell types, including fibroblasts,
are also consistent with a proinflammatory profile (Tettelbach
and others 1993; Cohen and others 1996; Ajuebor and others
1998; Spoettl and others 2006; Deshmane and others 2009).

We examined the effects of different TLR activation on IL-
8, IL-6, and IL-10 production by FIF and IIF using agonists.
FIF were responsive to the TLR4 agonist, while IIF were
predominantly more sensitive to stimulation with TLR5 and 2
agonists. Our prior analysis demonstrated that IL-8 produc-
tion by fetal cells decreased by 50% with anti-TLR4 anti-
bodies (Okogbule-Wonodi and others 2012), thus implicating
other bacterial lipoproteins as participating in the activation
of our fibroblast cells. The mature healthy host exhibits tol-
erance to abundant LPS and other bacterial antigens present
in the intestinal lumen through down- and upregulation
of pathways associated with pro- and anti-inflammatory sig-
naling. Downregulation of interleukin 1 receptor-associated
kinase 1 (IRAK-1) postnatally decreases TLR4 signaling in
response to LPS (Lotz and others 2006). In another report,
low-dose flagellin and LPS downregulated several Caco-2
proinflammatory, cell death, and apoptosis genes associated
with IL-8 production (Li and others 2012). However, the im-
mature intestinal mucosal barrier is more permeable and hy-
per-responsive to inciting stimuli (Nanthakumar and others
2000; van Elburg and others 2003; Claud and others 2004).
We have demonstrated that fetal myofibroblasts respond sim-
ilarly to LPS. Conversely, we speculate that fibroblasts from
more mature tissues have counterinflammatory mechanisms
present that dampen their response to the intraluminal levels of
LPS that translocate to the lamina propria. We speculate that
this immature immune response may explain why we did not
detect the anti-inflammatory cytokine IL-10 in the supernatants
of stimulated fetal cells. Furthermore, a longer incubation with
the TLR agonists may be required for significant IL-10 pro-
duction by both cell types (Edelson and others 1999).

FIG. 4. Class II MHC expression by FIF and IIF treated
with interferon-gamma (IFN-g) and LPS. FIF express in-
creased Class II MHC in response to IFN-g compared to
controls and IIF. Flow cytometry measurement of HLA-DR
expression on FIF and IIF (A and B) represented by mean
fluorescence intensity (MFI). Cells pretreated with 100 U/
mL IFN-g for 7 days prior stimulation with 1 mg/mL LPS for
24 h were stained with APC-conjugated anti-human HLA-
DR or isotype antibody. *P < 0.0001 FIF IFN, FIF LPS +
IFN versus FIF media control, #P < 0.0001 FIF IFN versus
IIF IFN and FIF LPS + IFN versus IIF LPS + IFN.
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In the present study, FIF cocultured with IFN-g expressed
more MHC II compared to unstimulated controls and co-
incubation with LPS had no added benefit on HLA-DR
expression. Intestinal fibroblasts are uniquely situated in the
lamina propria and therefore have the potential to facilitate
interactions between luminal contents and intestinal epithelial
and submucosal immune cells. The expression of HLA-DR
on FIF suggests that they may behave like antigen-presenting
cells and interact with lamina propria T cells and thus influ-
ence the adaptive immune response. Our results further sup-
port those of other investigators who demonstrated that
intestinal and gastric myofibroblasts express class II MHC
molecules and activate T cells in vitro (Saada and others
2006; Pinchuk and others 2013). IIF expressed constitutive
levels of HLA-DR that trended to increase in the presence of
IFN-g. Similar to FIF, LPS did not appear to have an added
effect on HLA-DR expression on the IFN-g-stimulated cells.
Overall, FIF were more responsive to IFN-g and have pro-
pensity to activate an adaptive immune response.

In conclusion, this study further elucidates the role FIF
may play in promoting intestinal inflammation. FIF produce
a distinct cytokine profile that includes increased IL-8 and
IL-6, in response to activation of TLR4 that promotes ex-
cessive inflammation. FIF also express class II MHC mol-
ecules, which may make them capable of antigen
presentation and activation of the adaptive immune system.
Taken together, our results indicate that FIF may contribute
to the overall dysregulated inflammatory response in the
immature intestine.
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