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ErbB receptors and their growth factor ligands in pediatric

intestinal inflammation

Mark R. Frey'*3 and D. Brent Polk'2?

The ErbB tyrosine kinases (epidermal growth factor receptor
(EGFR), ErbB2/HER2, ErbB3, and ErbB4) are cell surface growth
factor receptors widely expressed in many developing mam-
malian tissues, including in the intestinal tract. Signaling elic-
ited by these receptors promotes epithelial cell growth and
survival, and ErbB ligands have been proposed as therapeutic
agents for intestinal diseases of pediatric populations, includ-
ing inflammatory bowel disease (IBD), necrotizing enteroco-
litis (NEC), and inflammation associated with total parenteral
nutrition (TPN). Furthermore, emerging evidence points to
reduced ErbB ligand expression and thus reduced ErbB activ-
ity in IBD, NEC, and TPN models. This review will discuss the
current understanding of the role of ErbB receptors in the
pathogenesis and potential treatment of pediatric intestinal
inflammation, with focus on the altered signaling in disease
and the molecular mechanisms by which exogenous ligands
are protective.

Inﬂammatory disorders of the intestine are a major source
of morbidity and mortality in the pediatric population. A
significant proportion of inflammatory bowel disease (IBD)
diagnoses are in children and adolescents, with an appar-
ent increase in incidence over the last two decades (1,2).
Necrotizing enterocolitis (NEC) affects up to 10% of prema-
ture infants (3) and has up to 30% mortality (4). Sepsis and
infection are major complications of parenteral nutrition (5),
which, in rodent models, are associated with tumor necrosis
factor (TNF)-driven intestinal inflammation (6). Together,
these conditions represent a major burden on public health in
the developed world.

The most widely used therapeutic approaches for these dis-
orders generally focus on anti-inflammatory agents (e.g., cor-
ticosteriods or anti-TNF biologicals for IBD) and supportive
care. However, currently available agents are not effective in all
patients, and relapses are common. Furthermore, significant
long-term safety concerns with a number of drugs (possible
growth retardation with corticosteriods (7), risk of lymphoma
with biologicals (8), etc.) limit options with a significant num-
ber of patients. Thus, new approaches to treating pediatric
intestinal inflammation are desperately needed.

The mixed effectiveness of exclusively anti-inflammatory
agents in IBD and NEC may, in part, be because a major ele-
ment of disease pathophysiology—damage to the intestinal
epithelium—is not a direct target of these approaches. For
example, mucosal healing is a desirable endpoint in IBD, and
in some studies, it predicts long-term remission (9,10), but it is
generally expected to occur through endogenous mechanisms
secondary to the inhibition of inflammation. Thus, strategies
aimed specifically at protecting or repairing the epithelium
are attractive options to augment anti-inflammatory treat-
ment in these diseases. A major class of molecules which has
been studied in this regard are the ErbB family of receptor
tyrosine kinases (RTKs) and their cognate ligands, which pro-
mote intestinal epithelial cell growth (11,12), survival (13,14),
and restitution/wound healing (15,16). They may therefore
be good models for therapeutic agents for intestinal diseases
of pediatric populations. Intriguingly, accumulating evidence
makes it clear that defects in ErbB signaling occur, and may be
causal, in multiple intestinal inflammatory conditions (17-20).
Thus, replacement or reactivation of the ligands and receptors
might be effective at directly promoting mucosal healing.

The ErbB family includes the prototypic member epider-
mal growth factor (EGF) receptor (R)/ErbB1 as well as ErbB2,
ErbB3, and ErbB4 (Figure 1a). ErbBs transduce signals from
outside the cell by recognizing, with varying affinities and
specificities, growth factors from the EGF and heregulin/neu-
regulin (NRG) families. Most ErbB ligands are detectable in the
intestine (6,17). After ligand binding, ErbBs signal as dimers
(both homo- and hetero-dimers) through increased kinase
activity and autophosphorylation on c-terminal cytoplasmic
tyrosines; these phosphotyrosine residues then provide dock-
ing sites for downstream substrates and adapter proteins.
The four ErbBs all share significant homology but have dis-
tinct individual properties. Epidermal growth factor recep-
tor (EGFR) and ErbB4 each have exclusive (EGF and NRG4
respectively, for example) as well as shared (betacellulin and
HB-EGE, for example) ligands, while ErbB3 binds a subset of
the NRG family. ErbB2 has no known ligand (21), and ErbB3
has greatly attenuated kinase activity relative to ErbB1, 2, and
4 (22), and thus these family members are thought to signal
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Figure 1. ErbB receptors and their ligands play key roles in intesti-

nal epithelial integrity. (a) The ErbB family consists of four receptors
which bind a suite of ligands with varying specificity. Ligand binding
promotes homo- and hetero-dimer formation, autophosphorylation,
and downstream signaling involving both cytoplasmic kinases and
transcriptional changes. (b) Multiple protective mechanisms are trig-
gered by ErbB activation, including ERK MAPK and PI3K/Akt signaling.
These cascades restrict apoptosis, promote proliferation and migration,
maintain barrier integrity, and contribute to immune system regula-
tion. Metalloproteinase-dependent ErbB ligand cleavage and release
can be triggered by extracellular signals such as probiotic/commensal
bacteria (Lactobacillus rhamnosus GG shown as example). However,
inflammatory cytokines can inhibit expression of multiple ErbB ligands,
potentially limiting responses in the absence of exogenous ligand.
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primarily in hetero-dimers. These distinct properties, as well
as a variable set of downstream molecules that can attach to
c-terminal phosphotyrosine docking sites (23) provide intri-
cate networks of ligand/receptor/target combinations that are
just beginning to be understood.

ErbB activation in cultured intestinal cells promotes cellu-
lar outcomes that would be expected to be protective during
inflammation (Figure 1b). For example, in colon epithelial
cells, EGFR stimulates proliferation (12,24), reduction in cyto-
kine-induced apoptosis (13), and migration/wound healing
(15,16), both in vitro and in vivo. Selective responses can be
invoked by particular ligand/receptor combinations; NRG4,
which exclusively activates ErbB4 (25), signals for mouse
colonocyte survival but not proliferation or migration (17).
This suggests that, with better understanding of the relative
effects of different ligands and receptors, a significant degree of
selectivity in response can be obtained.

INFLAMMATORY BOWEL DISEASE

EGFRSs capacity to promote healing of gastrointestinal ulcers
has been appreciated since the 1980s (26). Since then, a num-
ber of studies using rodent models have demonstrated a pro-
tective role in intestinal inflammation. Mice with defective
EGFR activity (27,28) or lacking the EGFR ligand TGF-a (29)
are more susceptible to experimental colitis, while mice over-
expressing TGF-a (30) or rats treated with exogenous EGF (31)
are resistant. EGFR is furthermore responsible for the effects of
some other treatments; for example, proteins derived from the
probiotic organism Lactobacillus rhamnosus GG ameliorate
dextran sulfate sodium (DSS) colitis in mice by an EGFR- and
Akt-dependent mechanism (32). In that model, the mecha-
nism involved stimulation of metalloproteinase-mediated
ligand release (33), which is a common theme for EGFR trans-
activation by other pathways such as G protein coupled recep-
tors (34) or toll-like receptor/MyD88 signaling (35).

Multiple cellular effects of EGFR signaling contribute to its
protective effects in colitis. In addition to promoting epithelial
cell survival, proliferation, and restitution, EGF rescues colitis-
associated perturbations of transepithelial ion transport (36).
Furthermore, ErbB signaling is not only a target of inflamma-
tion but also plays an immunomodulatory role; for example,
amphiregulin signals through EGFR to support regulatory
T-cell function (37).

ErbB2-4 also play protective but distinct roles in murine
colitis models. Epithelial-specific knockout of ErbB2 or ErbB3
does not show profound effect on the onset of injury in DSS
colitis, but long-term recovery is dramatically impaired in
these mice (38). In addition, ErbB4 activation, by i.p. adminis-
tration of its selective NRG4 ligand, blocks cytokine-induced
colonocyte apoptosis and reduces injury in acute DSS colitis
(17). This response is dependent on PI3K/Akt signaling simi-
lar to results seen with EGE. However, unlike EGE, NRG4 has
no effect on cell proliferation or migration, apparently acting
strictly through an anti-apoptotic pathway. Together, these

Copyright © 2014 International Pediatric Research Foundation, Inc.



results indicate that ErbB family members play distinct but
complementary roles in protecting or repairing the intestinal
mucosa.

Evidence from several studies shows that ErbB signaling
is altered in IBD, though the results have not always been
in agreement. Multiple studies of clinical specimens have
reported reduced levels of EGFR or EGFR ligands in ulcerative
colitis (UC) or Crohn’s disease patients (19,39). For example, a
recent study of more than 50 patients each in healthy control,
Crohn’s disease, and UC groups showed reduced serum EGF
in the IBD patients (20). We have also noted a reduction in
the ErbB4-specific NRG4 ligand in active UC and Crohn’s dis-
ease compared to uninflamed controls (17). Conversely, some
groups have described increased expression of specific ligands
such as amphigregulin in inflamed tissue (40) or increased
EGFR (41) and EGFR ligand (42) in rodent colitis models.
These apparently contradictory results may be in part a result
of assaying expression at different phases of disease (e.g., acute
vs. chronic vs. recovery), but may also reflect the natural com-
plexity and interdependency of the different ErbBs and their
ligands. For example, we find increased ErbB4 receptor expres-
sion in colitis (43) but downregulation of its ligand NRG4,
which in IL-107" mice actually results in a relative decrease in
ErbB4 activation (17). A thorough understanding of coordi-
nate changes in multiple ligands and receptors, as has recently
been attempted in the context of total parenteral nutrition
(TPN) (6), will likely be informative and necessary.

Importantly, EGF was effective in a 2003 double-blind clini-
cal trial with UC (44). Twelve patients per group were given
either EGF or vehicle daily (by enema) for 2 wk in combination
with oral mesalamine. By 2 wk, 10/12 of the EGF patients com-
pared to 1/12 controls were in remission. Remission was main-
tained for >3 mo. As proof of concept, this trial demonstrates
the potential effectiveness of ErbB ligands for treating IBD.

NECROTIZING ENTEROCOLITIS
EGF is present in human milk (45), which is protective against
NEC, and premature infants with NEC have reduced intestinal
and serum EGF (46). Two EGFR ligands, EGF and HB-EGE
have been extensively tested in rodent models of NEC. Most
studies have used the “formula feeding/hypoxia® (FFH) rat
model, in which prematurely delivered rat pups are fed by
formula and subjected to several rounds of hypoxia and cold
stress, with or without variations including lipopolysaccharide
exposure along with formula (47,48). This protocol induces a
reproducible and highly penetrant NEC-like pathology.
Luminal EGF treatment is protective in FFH NEC (49),
reducing disease onset and severity and blocking ileal epithelial
apoptosis and histological damage (50). It also improves many
of the model’s physiological symptoms and molecular signa-
tures. NEC-associated increase in bile acids is ameliorated by
EGF (51), as are the loss of barrier integrity and dissolution of
tight junctions within the epithelium (52), and the overexpres-
sion of IL-18 (53). Furthermore, a recent study showed that
in both human and mouse NEC, EGFR levels are significantly
reduced, but amniotic fluid is protective against mouse NEC
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by dampening TLR4 signaling in an EGFR-dependent man-
ner (18). Thus, there is ample evidence that loss of EGF-driven
signaling is associated with NEC development, and replacing
this signal may be therapeutic. In fact, a limited 2007 trial with
recombinant EGF in severe NEC showed improvement in sev-
eral clinical parameters (54).

Similar to EGE HB-EGF administration reduces experi-
mental NEC incidence, severity, and barrier defects (55) in rat
pups. This is accompanied by reductions in epithelial apop-
tosis (56) and increased proliferation and migration (11).
Microcirculation in the intestine, normally compromised in
the FFH model, is preserved (57), as are repair-inducing sig-
naling pathways such as MAPK and PI3K (58). Similar to the
rat data, FFH NEC experiments with transgenic mice either
overexpressing (59) or deficient (60) in HB-EGF confirmed a
protective role for this growth factor.

There has been some disagreement in the literature over the
relative effectiveness of EGF vs. HB-EGF (47,48), which may
in part be due to differences in the experimental conditions
used, for example, the presence or absence of lipopolysac-
charide added in the FFH model. This variability with appar-
ently small changes suggests the need to expand the study of
ErbB ligands in NEC to additional models such as the recently
described dithizone/Klebsiella mouse protocol (61), in order to
test which compounds work well over a range of experimental
systems and thus maximize translatability.

PARENTERAL NUTRITION

Intestinal atrophy and barrier dysfunction as a result of TPN
appear particularly amenable to improvement with EGE
Treatment rescues the crypt proliferative index (62), reduces
mucosal atrophy and bacterial translocation (63), and partly
reverses loss of Gln uptake (64) in rats given TPN. The tro-
phic effects of EGF can apparently be enhanced by combined
administration of other growth factors such as GLP-2 (65). As
aleaky barrier and associated sepsis are major complications of
TPN in pediatric patients (66), these results definitely suggest
a role for ErbB signaling in improving outcomes of patients
who cannot tolerate enteral nutrition. For example, TPN adds
additional complexity to the problem of managing short bowel
syndrome after massive resection, and EGF has been shown to
be effective in supporting intestinal adaptation in rodent mod-
els of short bowel syndrome with TPN (67,68).

A recent string of papers from the Teitelbaum lab using a
mouse model of TPN have demonstrated not only a protective
role for EGF in the model, but also a causative role for loss of
EGEFR activity in the onset of pathology. In this model, animals
fed only parenteral nutrition develop intestinal inflammation
characterized by decreased proliferation and increased apopto-
sis in the epithelium, and at the molecular level by reduced sig-
naling through the PI3K/Akt cascade (69). Forced activation
of Akt improved disease, as did supplementation with gluta-
mine (70). Since both Akt phosphorylation (71) and glutamine
transport (64) are targets of EGFR signaling, these results sug-
gest a defect in that pathway, which is what was found. In TPN
mice, there is a TNF-driven, TNFR1-dependent loss of EGFR
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signaling (6). This was accompanied by decreased expression
of most ErbB ligands including EGE, TGF-a, HB-EGF, NRG1,
and NRG4. Exogenous EGF improved pathology and survival,
interestingly in a TNFR2-dependent manner.

The observation that ligands for ErbB3 and ErbB4 (e.g., NRG1,
NRG4) are also altered in TPN suggests that signaling through
these receptors is likely dysregulated in disease as well. Loss
of NRG4 and an accompanying reduction in ErbB4 signaling
would be consistent with our own observations in colitis (17)
and NEC models (S.L. Castle, S.J. McElroy, and M.R. Frey,
unpublished data). However, the specific role that altered ErbB3
or ErbB4 signaling might play in TPN is still an open question.

POTENTIAL ISSUES WITH TARGETING ErbBs IN
INFLAMMATION

Despite numerous iz vitro and animal studies over the last two and
a half decades and a few small but promising clinical trials, only
limited progress has been made towards translating the mucosal
protective effects of ErbB RTK signaling into therapeutic use. In
large part, this is due to reluctance to chronically promote the
activity of receptors which, when mutated or overexpressed, may
be oncogenic. This is certainly a valid concern, especially given
the predisposition of patients with inflammation of the intestine
to colorectal cancer development (72,73). However, several lines
of evidence argue against colorectal cancer promotion being a
major issue for growth factor therapy: the fundamental differ-
ence between mutation of a pathway and activation of the endog-
enous wild-type signaling, possible immunomodulatory effects
of growth factor treatment, and the idea that the antitumorigenic
effects of wiping out inflammation may be much greater than any
tumor promoting effects.

EGFR, ErbB2, and ErbB3 are indeed overexpressed or
expressed in the form of constitutively active mutants in
many cases of intestinal neoplasia (74-76). The role of ErbB4
in colorectal cancer is as yet less clear, but its expression has
been reported in tumors with high levels in a subset (77). Thus,
the ErbB family members are at least candidate proto-onco-
genes. However, there are likely differences between expres-
sion at supra-physiologic levels or expression of constitutively
active mutants vs. activation of wild-type receptor with ligand.
Mutant or hyper-expressed receptors exhibit defects in loca-
tion or duration of signaling (78), and ErbB mutations which
inhibit ligand-stimulated downregulation resulting in inap-
propriately sustained signaling have been described (79). In
contrast, application of exogenous ligand to wild-type recep-
tor triggers a more acute, physiological response, which in
the case of wild-type receptors is terminated over time (78).
Furthermore, it was recently shown that loss of endogenous
EGFR signaling can in fact promote colon carcinogenesis in
mice. When crossed with the EGFR hypomorphic Waved-5
allele, IL-107~ animals displayed, increased inflammation,
colonic crypt hyperproliferation, increased DNA damage in
enterocytes, and dramatically accelerated onset of colitis-asso-
ciated tumors (28). Similar results were observed in the azoxy-
methane-DSS model. Thus, while excessive, “always-on” EGFR
activity may contribute to tumorigenesis, insufficient signaling
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through this pathway contributes to chronic inflammation
and, in the end, is also tumorigenic. As ErbB signaling levels
appear to be reduced in IBD patients (17,19,39), application of
ErbB ligands may actually be anticarcinogenic in this setting.
Further study into this complex issue is warranted.

In addition to the concerns regarding unintended effects of
growth factor signaling, protein growth factors may present dif-
ficulties with bioavailability, stability, and convenient adminis-
tration. In the single clinical trial of EGF for UC published to
date, it was given in an enema preparation daily for 2 wk (44),
which is not a convenient means for wide-scale treatment.
Alternative approaches using coated beads designed to release
growth factor only in the lower intestinal tract are possible
alternatives. In addition, promoting ErbB signaling through
indirect mechanisms may be a useable approach. For example,
EGEFR transactivation by Lactobacillus rhamnosus GG-derived
soluble proteins is effective in mouse models of colitis (32), as
is Lactobacillus-fermented milk (80). Evidence suggests that
the protective effects of these probiotic-derived proteins are
through stimulating local release of EGFR ligand.

CONCLUSIONS

Since the observation, decades ago, that urogastrone/EGF is a
trophic factor for the intestinal epithelium, growth factor treat-
ment of intestinal inflammatory disorders has been a theoreti-
cal possibility. Recent advances defining how EGF-like growth
factors and their ErbB receptors affect—and are affected by—
inflammatory signaling suggest that this signaling axis still
has great potential to treat the epithelial damage in settings
such as IBD, NEC, or TPN, perhaps in combination with anti-
inflammatory agents to form a two-pronged attack on disease.
Ongoing work towards the understanding of signaling speci-
ficity and selective activation mechanisms will likely open the
way towards clinical use of ErbB signaling.

ACKNOWLEDGMENT
We thank Shivesh Punit, who assisted with manuscript revisions and figure
preparation.

STATEMENT OF FINANCIAL SUPPORT

This work was supported by National Institutes of Health grants
RO1DK095004 (M.R.F.), RO3DK090295 (M.R.F.), and R0O1DK056008 (D.B.P),
and by Senior Research Awards from the Crohn’s and Colitis Foundation of
America (M.R.F. and D.B.P).

Disclosure: M.R.F. has a patent application pending on the possible thera-
peutic use of NRG4 in intestinal inflammation.

REFERENCES

1. Martin-de-Carpi J, Rodriguez A, Ramos E, Jimenez S, Martinez-Gomez
MJ, Medina E. Increasing incidence of pediatric inflammatory bowel
disease in Spain (1996-2009): the SPIRIT registry. Inflamm Bowel Dis
2013;19:73-80.

2. Kappelman MD, Moore KR, Allen JK, Cook SE Recent trends in the preva-
lence of Crohn’s disease and ulcerative colitis in a commercially insured US
population. Dig Dis Sci 2013;58:519-25.

3. Hunter CJ, Upperman JS, Ford HR, Camerini V. Understanding the sus-
ceptibility of the premature infant to necrotizing enterocolitis (NEC). Pedi-
atr Res 2008;63:117-23.

4. Blakely ML, Lally KP, McDonald §, et al; NEC Subcommittee of the
NICHD Neonatal Research Network. Postoperative outcomes of extremely
low birth-weight infants with necrotizing enterocolitis or isolated intestinal

Copyright © 2014 International Pediatric Research Foundation, Inc.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

perforation: a prospective cohort study by the NICHD Neonatal Research
Network. Ann Surg 2005;241:984-9; discussion 989-94.

Kudsk KA, Croce MA, Fabian TG, et al. Enteral versus parenteral feeding.
Effects on septic morbidity after blunt and penetrating abdominal trauma.
Ann Surg 1992;215:503-11; discussion 511-3.

Feng Y, Teitelbaum DH. Epidermal growth factor/TNF-a transactiva-
tion modulates epithelial cell proliferation and apoptosis in a mouse
model of parenteral nutrition. Am J Physiol Gastrointest Liver Physiol
2012;302:G236-49.

Ezri J, Marques-Vidal P, Nydegger A. Impact of disease and treatments on
growth and puberty of pediatric patients with inflammatory bowel disease.
Digestion 2012;85:308-19.

Cucchiara S, Escher JC, Hildebrand H, Amil-Dias J, Stronati L, Ruemmele
FM. Pediatric inflammatory bowel diseases and the risk of lymphoma:
should we revise our treatment strategies? ] Pediatr Gastroenterol Nutr
2009;48:257-67.

af Bjorkesten CG, Nieminen U, Sipponen T, Turunen U, Arkkila P, Fark-
kila M. Mucosal healing at 3 months predicts long-term endoscopic remis-
sion in anti-TNF-treated luminal Crohn’s disease. Scand ] Gastroenterol
2013;48:543-51.

Baert F, Moortgat L, Van Assche G, et al.; Belgian Inflammatory Bowel Dis-
ease Research Group; North-Holland Gut Club. Mucosal healing predicts
sustained clinical remission in patients with early-stage Crohn’s disease.
Gastroenterology 2010;138:463-8; quiz e10-1.

Feng J, Besner GE. Heparin-binding epidermal growth factor-like growth
factor promotes enterocyte migration and proliferation in neonatal rats
with necrotizing enterocolitis. ] Pediatr Surg 2007;42:214-20.

Frey MR, Dise RS, Edelblum KL, Polk DB. p38 kinase regulates epidermal
growth factor receptor downregulation and cellular migration. EMBO ]
2006;25:5683-92.

Yamaoka T, Yan F, Cao H, et al. Transactivation of EGF receptor and ErbB2
protects intestinal epithelial cells from TNF-induced apoptosis. Proc Natl
Acad Sci USA 2008;105:11772-7.

Frey MR, Hilliard VC, Mullane MT, Polk DB. ErbB4 promotes cyclooxy-
genase-2 expression and cell survival in colon epithelial cells. Lab Invest
2010;90:1415-24.

Polk DB. Epidermal growth factor receptor-stimulated intestinal epithe-
lial cell migration requires phospholipase C activity. Gastroenterology
1998;114:493-502.

Yamaoka T, Frey MR, Dise RS, Bernard JK, Polk DB. Specific epidermal
growth factor receptor autophosphorylation sites promote mouse colon
epithelial cell chemotaxis and restitution. Am J Physiol Gastrointest Liver
Physiol 2011;301:G368-76.

Bernard JK, McCann SP, Bhardwaj V, Washington MK, Frey MR. Neuregu-
lin-4 is a survival factor for colon epithelial cells both in culture and in vivo.
] Biol Chem 2012;287:39850-8.

Good M, Siggers RH, Sodhi CP, et al. Amniotic fluid inhibits Toll-like
receptor 4 signaling in the fetal and neonatal intestinal epithelium. Proc
Natl Acad Sci USA 2012;109:11330-5.

Alexander RJ, Panja A, Kaplan-Liss E, Mayer L, Raicht RE. Expression of
growth factor receptor-encoded mRNA by colonic epithelial cells is altered
in inflammatory bowel disease. Dig Dis Sci 1995;40:485-94.

Oikonomou KA, Kapsoritakis AN, Kapsoritaki Al, et al. Downregulation of
serum epidermal growth factor in patients with inflammatory bowel disease.
Is there a link with mucosal damage? Growth Factors 2010;28:461-6.
Brennan PJ, Kumagai T, Berezov A, Murali R, Greene MI. HER2/Neu:
mechanisms of dimerization/oligomerization. Oncogene 2002;21:328.

Shi E, Telesco SE, Liu Y, Radhakrishnan R, Lemmon MA. ErbB3/HER3
intracellular domain is competent to bind ATP and catalyze autophos-
phorylation. Proc Natl Acad Sci USA 2010;107:7692-7.

Kaushansky A, Gordus A, Budnik BA, Lane WS, Rush ], MacBeath G.
System-wide investigation of ErbB4 reveals 19 sites of Tyr phosphoryla-
tion that are unusually selective in their recruitment properties. Chem Biol
2008;15:808-17.

Finney KJ, Ince P, Appleton DR, Sunter JP, Watson AJ. A trophic effect of
epidermal growth factor (EGF) on rat colonic mucosa in organ culture.
Cell Tissue Kinet 1987;20:43-56.

Copyright © 2014 International Pediatric Research Foundation, Inc.

L]
ErbBs in intestinal inflammation ‘ REVIew

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Harari D, Tzahar E, Romano J, et al. Neuregulin-4: a novel growth fac-
tor that acts through the ErbB-4 receptor tyrosine kinase. Oncogene
1999;18:2681-9.

Skov Olsen P, Poulsen SS, Therkelsen K, Nexo E. Oral administration of
synthetic human urogastrone promotes healing of chronic duodenal ulcers
in rats. Gastroenterology 1986;90:911-7.

Egger B, Biichler MW, Lakshmanan J, Moore P, Eysselein VE. Mice har-
boring a defective epidermal growth factor receptor (waved-2) have an
increased susceptibility to acute dextran sulfate-induced colitis. Scand |
Gastroenterol 2000;35:1181-7.

Dubé PE, Yan E, Punit S, et al. Epidermal growth factor receptor inhibits
colitis-associated cancer in mice. J Clin Invest 2012;122:2780-92.

Egger B, Procaccino E Lakshmanan J, et al. Mice lacking transforming
growth factor alpha have an increased susceptibility to dextran sulfate-
induced colitis. Gastroenterology 1997;113:825-32.

Egger B, Carey HV, Procaccino F, et al. Reduced susceptibility of mice over-
expressing transforming growth factor alpha to dextran sodium sulphate
induced colitis. Gut 1998;43:64-70.

Procaccino E Reinshagen M, Hoffmann P, et al. Protective effect of epider-
mal growth factor in an experimental model of colitis in rats. Gastroenter-
ology 1994;107:12-7.

Yan E, Cao H, Cover TL, et al. Colon-specific delivery of a probiotic-derived
soluble protein ameliorates intestinal inflammation in mice through an
EGFR-dependent mechanism. J Clin Invest 2011;121:2242-53.

Yan E Polk DB. Characterization of a probiotic-derived soluble protein
which reveals a mechanism of preventive and treatment effects of probiot-
ics on intestinal inflammatory diseases. Gut Microbes 2012;3:25-8.
McCole DE, Truong A, Bunz M, Barrett KE. Consequences of direct versus
indirect activation of epidermal growth factor receptor in intestinal epi-
thelial cells are dictated by protein-tyrosine phosphatase 1B. ] Biol Chem
2007;282:13303-15.

Brandl K, Sun L, Neppl C, et al. MyD88 signaling in nonhematopoietic
cells protects mice against induced colitis by regulating specific EGF recep-
tor ligands. Proc Natl Acad Sci USA 2010;107:19967-72.

McCole DE Rogler G, Varki N, Barrett KE. Epidermal growth factor par-
tially restores colonic ion transport responses in mouse models of chronic
colitis. Gastroenterology 2005;129:591-608.

Zaiss DM, van Loosdregt J, Gorlani A, et al. Amphiregulin enhances regu-
latory T cell-suppressive function via the epidermal growth factor receptor.
Immunity 2013;38:275-84.

Zhang Y, Dubé PE, Washington MK, Yan E, Polk DB. ErbB2 and ErbB3
regulate recovery from dextran sulfate sodium-induced colitis by promot-
ing mouse colon epithelial cell survival. Lab Invest 2012;92:437-50.
Hormi K, Cadiot G, Kermorgant S, et al. Transforming growth factor-
alpha and epidermal growth factor receptor in colonic mucosa in active
and inactive inflammatory bowel disease. Growth Factors 2000;18:79-91.
Nishimura T, Andoh A, Inatomi O, et al. Amphiregulin and epiregulin
expression in neoplastic and inflammatory lesions in the colon. Oncol Rep
2008;19:105-10.

Hoffmann P, Reinshagen M, Zeeh JM, et al. Increased expression of epi-
dermal growth factor-receptor in an experimental model of colitis in rats.
Scand ] Gastroenterol 2000;35:1174-80.

Hoffmann P, Zeeh JM, Lakshmanan J, et al. Increased expression of trans-
forming growth factor alpha precursors in acute experimental colitis in
rats. Gut 1997;41:195-202.

Frey MR, Edelblum KL, Mullane MT, Liang D, Polk DB. The ErbB4 growth
factor receptor is required for colon epithelial cell survival in the presence
of TNE Gastroenterology 2009;136:217-26.

Sinha A, Nightingale J, West KP, Berlanga-Acosta J, Playford R]J. Epi-
dermal growth factor enemas with oral mesalamine for mild-to-mod-
erate left-sided ulcerative colitis or proctitis. N Engl ] Med 2003;349:
350-7.

Warner BW, Warner BB. Role of epidermal growth factor in the patho-
genesis of neonatal necrotizing enterocolitis. Semin Pediatr Surg 2005;14:
175-80.

Shin CE, Kim SS, Chwals W]J. Salivary gland choristoma of the anterior
chest wall. ] Pediatr Surg 2000;35:1506-7.

Volume 75 | Number 1 | January 2014 Pediatric RESEARCH 131



Review

47.

48.
49.
50.
51.
52.
53.
54.

55.
56.

57.
58.
59.

60.
61.

62.

63.

132 Pediatric RESEARCH

Frey and Polk

Dvorak B, Khailova L, Clark JA, et al. Comparison of epidermal growth
factor and heparin-binding epidermal growth factor-like growth factor for
prevention of experimental necrotizing enterocolitis. ] Pediatr Gastroen-
terol Nutr 2008;47:11-8.

Radulescu A, Zorko NA, Yu X, Besner GE. Preclinical neonatal rat studies
of heparin-binding EGF-like growth factor in protection of the intestines
from necrotizing enterocolitis. Pediatr Res 2009;65:437-42.

Dvorak B, Halpern MD, Holubec H, et al. Epidermal growth factor reduces
the development of necrotizing enterocolitis in a neonatal rat model. Am J
Physiol Gastrointest Liver Physiol 2002;282:G156-64.

Clark JA, Lane RH, Maclennan NK, et al. Epidermal growth factor reduces
intestinal apoptosis in an experimental model of necrotizing enterocolitis.
Am J Physiol Gastrointest Liver Physiol 2005;288:G755-62.

Halpern MD, Holubec H, Saunders TA, et al. Bile acids induce ileal dam-
age during experimental necrotizing enterocolitis. Gastroenterology
2006;130:359-72.

Clark JA, Doelle SM, Halpern MD, et al. Intestinal barrier failure during
experimental necrotizing enterocolitis: protective effect of EGF treatment.
Am J Physiol Gastrointest Liver Physiol 2006;291:G938-49.

Halpern MD, Dominguez JA, Dvorakova K, et al. Ileal cytokine dysregu-
lation in experimental necrotizing enterocolitis is reduced by epidermal
growth factor. ] Pediatr Gastroenterol Nutr 2003;36:126-33.

Sullivan PB, Lewindon PJ, Cheng C, et al. Intestinal mucosa remodeling
by recombinant human epidermal growth factor(1-48) in neonates with
severe necrotizing enterocolitis. ] Pediatr Surg 2007;42:462-9.

Feng ], El-Assal ON, Besner GE. Heparin-binding epidermal growth
factor-like growth factor reduces intestinal apoptosis in neonatal rats
with necrotizing enterocolitis. ] Pediatr Surg 2006;41:742-7; discussion
742-7.

Feng J, El-Assal ON, Besner GE. Heparin-binding epidermal growth
factor-like growth factor reduces intestinal apoptosis in neonatal rats
with necrotizing enterocolitis. ] Pediatr Surg 2006;41:742-7; discussion
742-7.

Yu X, Radulescu A, Zorko N, Besner GE. Heparin-binding EGF-like
growth factor increases intestinal microvascular blood flow in necrotizing
enterocolitis. Gastroenterology 2009;137:221-30.

Chen CL, Yu X, James IO, et al. Heparin-binding EGF-like growth fac-
tor protects intestinal stem cells from injury in a rat model of necrotizing
enterocolitis. Lab Invest 2012;92:331-44.

Radulescu A, Zhang HY, Yu X, et al. Heparin-binding epidermal growth
factor-like growth factor overexpression in transgenic mice increases resis-
tance to necrotizing enterocolitis. ] Pediatr Surg 2010;45:1933-9.
Radulescu A, Yu X, Orvets ND, Chen Y, Zhang HY, Besner GE. Dele-
tion of the heparin-binding epidermal growth factor-like growth factor
gene increases susceptibility to necrotizing enterocolitis. J Pediatr Surg
2010;45:729-34.

Zhang C, Sherman MP, Prince LS, et al. Paneth cell ablation in the pres-
ence of Klebsiella pneumoniae induces necrotizing enterocolitis (NEC)-
like injury in the small intestine of immature mice. Dis Model Mech
2012;5:522-32.

Goodlad RA, Lee CY, Wright NA. Cell proliferation in the small intes-
tine and colon of intravenously fed rats: effects of urogastrone-epidermal
growth factor. Cell Prolif 1992;25:393-404.

McAndrew HE Lloyd DA, Rintala R, van Saene HK. The effects of intra-
venous epidermal growth factor on bacterial translocation and central

Volume 75 | Number 1 | January 2014

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

venous catheter infection in the rat total parenteral nutrition model. Pedi-
atr Surg Int 2000;16:169-73.

Wang JY, Zhang LH, Song WL. Epidermal growth factor regulates intes-
tinal glutamine uptake during total parenteral nutrition. Clin Nutr
1996;15:21-3.

Kitchen PA, Goodlad RA, FitzGerald A], et al. Intestinal growth in paren-
terally-fed rats induced by the combined effects of glucagon-like peptide 2
and epidermal growth factor. JPEN ] Parenter Enteral Nutr 2005;29:248-
54.

Pierro A, van Saene HK, Donnell SC, et al. Microbial translocation in
neonates and infants receiving long-term parenteral nutrition. Arch Surg
1996;131:176-9.

Eizaguirre I, Aldazabal P, Barrena MJ, et al. Effect of growth hormone, epi-
dermal growth factor, and insulin on bacterial translocation in experimen-
tal short bowel syndrome. J Pediatr Surg 2000;35:692-5.

Stern LE, Erwin CR, O’Brien DP, Huang F, Warner BW. Epidermal growth
factor is critical for intestinal adaptation following small bowel resection.
Microsc Res Tech 2000;51:138-48.

Feng Y, McDunn JE, Teitelbaum DH. Decreased phospho-Akt signaling
in a mouse model of total parenteral nutrition: a potential mechanism for
the development of intestinal mucosal atrophy. Am ] Physiol Gastrointest
Liver Physiol 2010;298:G833-41.

Nose K, Yang H, Sun X, et al. Glutamine prevents total parenteral
nutrition-associated changes to intraepithelial lymphocyte phenotype and
function: a potential mechanism for the preservation of epithelial barrier
function. J Interferon Cytokine Res 2010;30:67-80.

Chiu T, Santiskulvong C, Rozengurt E. EGF receptor transactivation medi-
ates ANG II-stimulated mitogenesis in intestinal epithelial cells through
the PI3-kinase/Akt/mTOR/p70S6K1 signaling pathway. Am J Physiol Gas-
trointest Liver Physiol 2005;288:G182-94.

Laukoetter MG, Mennigen R, Hannig CM, et al. Intestinal cancer
risk in Crohn’s disease: a meta-analysis. ] Gastrointest Surg 2011;15:
576-83.

Higashi D, Futami K, Ishibashi Y, et al. Clinical course of colorectal cancer
in patients with ulcerative colitis. Anticancer Res 2011;31:2499-504.

Ross JS, McKenna BJ. The HER-2/neu oncogene in tumors of the gastroin-
testinal tract. Cancer Invest 2001;19:554-68.

Kruser TJ, Wheeler DL. Mechanisms of resistance to HER family targeting
antibodies. Exp Cell Res 2010;316:1083-100.

Maurer CA, Friess H, Kretschmann B, et al. Increased expression of erbB3
in colorectal cancer is associated with concomitant increase in the level of
erbB2. Hum Pathol 1998;29:771-7.

Leung SP, Griffith OL, Masoudi H, et al. Clinical utility of type 1
growth factor receptor expression in colon cancer. Am J Surg 2008;195:
604-10.

Sundvall M, Korhonen A, Paatero I, et al. Isoform-specific monoubiqui-
tination, endocytosis, and degradation of alternatively spliced ErbB4 iso-
forms. Proc Natl Acad Sci USA 2008;105:4162-7.

Shtiegman K, Kochupurakkal BS, Zwang Y, et al. Defective ubiquitinyl-
ation of EGFR mutants of lung cancer confers prolonged signaling. Onco-
gene 2007;26:6968-78.

Yoda K, Miyazawa K, Hosoda M, Hiramatsu M, Yan F, He E Lactobacil-
lus GG-fermented milk prevents DSS-induced colitis and regulates intes-
tinal epithelial homeostasis through activation of epidermal growth factor
receptor. Eur ] Nutr 2013; e-pub ahead of print 7 March 2013.

Copyright © 2014 International Pediatric Research Foundation, Inc.



	ErbB receptors and their growth factor ligands in pediatric intestinal inflammation
	Main
	Inflammatory Bowel Disease
	Necrotizing Enterocolitis
	Parenteral Nutrition
	Potential Issues with Targeting ErbBs in Inflammation
	Conclusions
	Statement of Financial Support
	Acknowledgements
	References


