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Probiotic	bacteria	can	potentially	have	beneficial	effects	on	the	clinical	course	of	several	intestinal	disorders,	
but	our	understanding	of	probiotic	action	is	limited.	We	have	identified	a	probiotic	bacteria–derived	soluble	
protein,	p40,	from	Lactobacillus rhamnosus	GG	(LGG),	which	prevents	cytokine-induced	apoptosis	in	intestinal	
epithelial	cells.	In	the	current	study,	we	analyzed	the	mechanisms	by	which	p40	regulates	cellular	responses	
in	intestinal	epithelial	cells	and	p40’s	effects	on	experimental	colitis	using	mouse	models.	We	show	that	the	
recombinant	p40	protein	activated	EGFR,	leading	to	Akt	activation.	Activation	of	EGFR	by	p40	was	required	
for	inhibition	of	cytokine-induced	apoptosis	in	intestinal	epithelial	cells	in	vitro	and	ex	vivo.	Furthermore,	we	
developed	a	pectin/zein	hydrogel	bead	system	to	specifically	deliver	p40	to	the	mouse	colon,	which	activated	
EGFR	in	colon	epithelial	cells.	Administration	of	p40-containing	beads	reduced	intestinal	epithelial	apoptosis	
and	disruption	of	barrier	function	in	the	colon	epithelium	in	an	EGFR-dependent	manner,	thereby	prevent-
ing	and	treating	DSS-induced	intestinal	injury	and	acute	colitis.	Furthermore,	p40	activation	of	EGFR	was	
required	for	ameliorating	colon	epithelial	cell	apoptosis	and	chronic	inflammation	in	oxazolone-induced	
colitis.	These	data	define	what	we	believe	to	be	a	previously	unrecognized	mechanism	of	probiotic-derived	
soluble	proteins	in	protecting	the	intestine	from	injury	and	inflammation.

Introduction
Intestinal epithelial cells actively engage in crosstalk with com-
mensal microbiota in the intestinal tract. Interruption of these 
normal interactions has been linked to several pathological con-
ditions, including inflammatory bowel disease (IBD), which 
consists of ulcerative colitis and Crohn disease (1). Thus, certain 
nonpathogenic living microorganisms, including some intestinal 
commensal microflora, have been used as alternative medicines 
for improving host health and preventing or treating various intes-
tinal disorders. Lilly and Stillwell first described such beneficial 
microflora as probiotics (2). Although there has been a paucity of 
large and well-controlled clinical studies to evaluate the clinical 
efficacy of probiotics, evidence is emerging to support beneficial 
effects of probiotics in preventing and/or treating several intesti-
nal diseases, including relapse of pouchitis (3) and ulcerative coli-
tis (4, 5), diarrhea, irritable bowel syndrome, neonatal necrotizing 
enterocolitis, gluten intolerance, gastroenteritis, Helicobacter pylori 
infection, and colon cancer (6–8). The effects of probiotics on the 
clinical course of Crohn disease are controversial (9, 10).

Recently, three distinct and complementary cellular mechanisms 
for the actions of probiotics were proposed (11). First, probiotics 
block pathogenic bacterial effects by producing bacteriocidal sub-

stances and competing with pathogens and toxins for adherence 
to the intestinal epithelium. Second, probiotics regulate immune 
responses by enhancing innate immunity and modulating patho-
gen-induced inflammation via Toll-like receptor–regulated signaling 
pathways. Third, probiotics regulate intestinal epithelial homeosta-
sis by promoting intestinal epithelial cell survival, barrier function, 
and protective responses through several signaling pathways.

The clinical application of probiotics has at least two limitations: 
bioavailability and biosafety. For example, bacteremia associated 
with probiotic therapy has been reported in very young (12) and 
immunocompromised patients (13). One potential approach to 
address these concerns may be development of probiotic bacteria–
derived proteins as novel therapeutic agents. Thus, identification of 
probiotic-derived soluble factors that exert effects similar to those of 
probiotics offers not only insight into the mechanisms of probiotic 
action, but also significant potential for clinical application.

Lactobacillus rhamnosus GG (LGG) is a naturally occurring Gram-
positive bacterium originally isolated from healthy human intes-
tine (14). In addition to being widely used in the production of 
yogurt as a nutritional supplement, LGG is one of the best-studied 
probiotic bacteria in clinical trials for treating and/or preventing 
several disorders, including diarrhea and atopic dermatitis (15). 
We have demonstrated that LGG prevents cytokine-induced intes-
tinal epithelial damage and apoptosis (16, 17). Furthermore, we 
have identified a 40-kDa protein, p40, present in LGG culture 
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supernatant that prevents cytokine-induced intestinal epithelial 
cell apoptosis by activating antiapoptotic PI3K/Akt signaling, and 
that protects intestinal barrier function from hydrogen peroxide–
induced insults (16, 18). Other reported effects of LGG-derived 
soluble factors include promotion of cytoprotective pathways in 
intestinal epithelial cells (19) and inhibition of cytokine produc-
tion in macrophages (20).

In this study, we analyze the mechanisms through which LGG p40 
regulates cellular responses in intestinal epithelial cells. In addition, we 
evaluate p40’s role in dextran sulfate sodium–induced (DSS-induced) 
intestinal epithelial injury and acute colitis and oxazolone-induced 
Th2 cytokine–driven chronic colitis in C57BL/6 mice. We report that 
p40 activates EGFR, leading to amelioration of cytokine-induced 
apoptosis in intestinal epithelial cells. Furthermore, specific delivery 
of p40 to the colon prevents and treats DSS-induced colon epithelial 
cell injury and inflammation and ameliorates oxazolone-induced coli-
tis in an EGFR-dependent manner. These findings provide evidence 
that the administration of p40 has beneficial effects on the prevention 
and/or treatment of intestinal inflammatory disorders.

Results
Generation of a His-tagged p40 recombinant protein. We generated a His-
tagged p40 recombinant protein (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI44031DS1), which was recognized by both anti-p40 and anti-His 

antibodies (Supplemental Figure 1B). We then compared the biologi-
cal activity of the purified His-tagged p40 protein with that of p40 
purified from LGG culture supernatant and found that His-tagged 
p40 stimulated Akt activation in a concentration-dependent manner 
(Supplemental Figure 1C), as we previously reported for p40 purified 
from LGG culture supernatant (16, 17). Therefore, the p40 recombi-
nant protein was used in all subsequent studies in this report.

p40 prevents cytokine-induced apoptosis in intestinal epithelial cells 
via an EGFR-dependent mechanism. It is well known that activa-
tion of EGFR stimulates several signaling pathways, including 
PI3K/Akt, to promote proliferation and cell survival. Since we 
showed that p40 prevents cytokine-induced apoptosis in colon 
epithelial cells in an Akt-dependent manner (16), we investi-
gated whether p40 activates EGFR in intestinal epithelial cells. 
We treated intestinal epithelial cells with recombinant p40 at 
various concentrations and analyzed the EGFR phosphoryla-
tion state by using Western blot analysis. p40 increased EGFR 
phosphorylation in young adult mouse colon (YAMC) epithe-
lial cells and in a human colonic epithelial carcinoma cell line, 
HT-29 cells (Figure 1A), in a concentration-dependent man-
ner. We chose to use p40 at a concentration of 10 ng/ml for 
the remainder of the cell culture studies, based on the dose-
response analysis shown in Figure 1A. p40 activation of EGFR 
is heat-labile because heated p40 showed decreased ability to 
activate EGFR in YAMC and HT-29 cells (Figure 1A).

Figure 1
p40 activates EGFR, leading to Akt activation in colon 
epithelial cells. (A–D) YAMC, HT-29, or Egfr–/– MCE 
cells were treated with p40 or heat-inactivated p40 at 
the indicated concentrations for 1 hour, or with EGF  
(10 ng/ml) for 5 minutes. (E) Colon explants derived 
from 6- to 8-week-old WT and Egfrwa5 mice on a 
C57BL/6 background were cultured in DMEM con-
taining 0.5% FBS and treated with p40 (10 ng/ml) for 
1 hour, with or without 1-hour pretreatment using an 
EGFR tyrosine kinase inhibitor, AG1478 (150 nM). 
AG1478 was maintained during the entire course 
of cytokine treatment. EGFR and Akt phosphoryla-
tion was detected by Western blot analysis of cellu-
lar lysates with anti–phospho-EGFR (Tyr1068) and 
anti–phospho-Akt (Ser473) antibodies, respectively. 
Anti-actin antibody was used as a loading control. In 
D and E, lanes were run on the same gel but were 
noncontiguous, as indicated by the white lines. Data 
in this and subsequent figures are representative of at 
least 5 separate experiments.
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We then investigated whether p40-induced Akt activation 
requires EGFR by using an EGFR tyrosine kinase inhibitor and 
found that inhibition of EGFR kinase activity blocked the ability 
of p40 to stimulate Akt activation in YAMC and in HT-29 cells 
(Figure 1B). To confirm the role of EGFR, we used a conditionally 
immortalized mouse colon epithelial (MCE) cell line lacking EGFR 
(Egfr–/–) (21). In the absence of EGFR, p40 failed to stimulate Akt 
activation (Figure 1C). Importantly, expression of WT EGFR, but 
not kinase-inactive EGFR (kiEGFR), in Egfr–/– MCE cells rescued 
p40 activation of Akt (Figure 1D).

To study the kinetics of Akt activation by p40, we treated 
YAMC cells with p40 and EGF at the same molar concentration 
for 5 to 180 minutes. EGF activated EGFR from 5 to 180 min-
utes of treatment, with the peak activation at 5 minutes. EGF 
stimulated Akt activation at 5 and 30 minutes after treatment. 
However, at 60, 120, and 180 minutes after treatment, EGFR 

and Akt activation was stimulated by p40 (Supplemental Fig-
ure 2). Thus, p40 stimulates delayed EGFR and Akt activation, 
compared with EGF.

To define the role of EGFR kinase activity in the response to p40 
in intact tissue, we treated isolated colon tissues from WT mice 
or Egfrwa5 mice expressing a dominant negative EGFR (22) with 
p40. p40 stimulated EGFR and Akt activation in colon explants 
isolated from WT but not Egfrwa5 mice (Figure 1E). These findings 
indicate that EGFR is a key regulator of p40-initiated Akt signal-
ing in intestinal epithelial cells.

We next investigated the role of EGFR activation in p40-stimulated 
cytoprotection of intestinal epithelial cells from cytokine-induced 
apoptosis. siRNA directed against EGFR was used to reduce EGFR 
expression in HT-29 cells (Figure 2A). As determined by annexin 
V–FITC staining, p40 prevented apoptosis induced by the “cytokine 
cocktail” combination of TNF, IL-1α, and IFN-γ in cells transfected 

Figure 2
Activation of EGFR is required for p40-stimulated prevention of cytokine-induced apoptosis and disruption of tight junctions in colon epithelial 
cells. HT-29 cells transfected with EGFR siRNA or nontargeting siRNA (A and B) for 24 hours were treated with the cytokine cocktail combina-
tion of TNF (100 ng/ml), IL-1α (10 ng/ml), and IFN-γ (100 ng/ml) for 16 hours (B). HT-29 cells were dissociated, stained with annexin V–FITC 
and propidium iodide, and analyzed using flow cytometry. Percentage of apoptosis is shown in B. *P < 0.01 compared with control in non-target 
or EGFR siRNA–transfected cells; #P < 0.01 compared with TNF/IL-1α/IFN-γ treatment in non-target siRNA–transfected cells. HT-29 cells 
were treated with the cytokine cocktail as indicated in B for 8 hours, with or without 1-hour pretreatment using AG1478 (150 nM) or wortmannin  
(100 nM). (C) Caspase activity in living cells was detected using the Sulforhodamine Multi-Caspase Activity Kit, with caspase-active cells stain-
ing red. The percentage of cells with active caspase is shown in D.*P < 0.01 compared with control; #P < 0.05 and §P < 0.01 compared with 
TNF/IL-1α/IFN-γ treatment. Colon explants derived from 6- to 8-week-old mice were cultured in DMEM containing 0.5% FBS and treated with 
TNF (100 ng/ml) for 8 hours in the presence or absence of p40 (10 ng/ml). (E) Paraffin-embedded tissue sections were prepared for detecting 
apoptosis using ISOL staining. Apoptotic nuclei (brown nuclei) labeled with peroxidase were visualized using differential interference contrast 
(DIC) microcopy. The percentage of crypts with apoptotic cells is shown. n = 3 mice for each group. Three colon explants were cultured from 
each mouse for each treatment condition. Original magnification, ×20 (C); ×40 (E).
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with nontargeting control siRNA, but failed to prevent apoptosis in 
cells transfected with EGFR siRNA (Figure 2B). Similarly, p40 did 
not inhibit the cytokine cocktail–induced caspase activation when 
cells were treated with the EGFR tyrosine kinase inhibitor AG1478 
or the PI3K inhibitor wortmannin (Figure 2, C and D). Furthermore, 
p40 inhibited TNF-induced colon epithelial apoptosis in colon tissue 
explants from WT mice, but not Egfrwa5 colon explants (Figure 2E).

Thus, in human intestinal epithelial cell lines and cultured 
mouse colon explants, activation of EGFR is required for p40-
stimulated prevention of cytokine-induced apoptosis.

Specific delivery of p40 to the colon stimulates EGFR activation in colon 
epithelial cells in vivo. In order to study the role of p40 in colitis 
in vivo, a delivery system resistant to proteases, acid, and other 
intestinal contents is required. Among many approaches for oral 
delivery of drugs to the colon, pectin/zein-based hydrogel beads 
show considerable promise (23, 24). Pectin is a natural polysac-
charide, derived from vegetables and fruit, that is degraded in the 
colon by colonic microflora–produced pectinolytic enzymes and 
not readily digested by gastric or small intestinal enzymes. In addi-
tion, the hydrophobic nature of zein protects drugs from gastric 
acid. Zein is released in the small intestine by protease digestion. 
We prepared pectin/zein beads containing p40 (5 μg/bead) with 
an average diameter of 2 mm. Beads were administered to mice 
through gavage, and mice were sacrificed after a 4-hour treatment. 
The whole colon, three parts of the small intestine, the duodenum, 
jejunum, and ileum, and the stomach were examined. We found 
FITC-p40 on the surface of the whole colon epithelium, with more 

p40 recovered in the proximal and middle parts of the colon (Fig-
ure 3A and Supplemental Figure 3), but no p40 was found in the 
duodenum, jejunum, or stomach (Figure 3A). Limited amounts of 
p40 were found in the ileum (data not shown). Immunostaining 
showed that treatment with p40-containing beads increased EGFR 
phosphorylation in cells staining positive for E-cadherin (an epi-
thelial cell adherens junctional marker), indicating that p40 stimu-
lated EGFR activation in colon epithelial cells (Figure 3B). To con-
firm this observation, we isolated colon epithelial cells for Western 
blot analysis. EGFR and Akt were activated in colon epithelial cells 
isolated from mice treated with beads containing p40, but not in 
cells from mice treated with control beads (Figure 3C). Treatment 
with 10 μg p40 stimulated maximal EGFR activation compared 
with other p40 dosages that we tested. Thus, we chose this dosage 
for subsequent experiments in this study.

p40 prevents and treats DSS-induced acute colitis in an EGFR-dependent 
manner. Since the well-characterized DSS mouse model of acute 
colitis is characterized by increased epithelial injury and pro-
duction of inflammatory cytokines (25, 26), we investigated the 
preventive and therapeutic effects of p40 on DSS-induced colon 
epithelial injury and colitis in vivo. To evaluate the ability of p40 
to prevent colitis, we administered p40 at the beginning of DSS 
treatment until mice were sacrificed (Figure 4A). DSS treatment 
for 4 or 7 days induced injury and acute colitis with massive colon 
ulceration, crypt damage, and severe inflammation. These abnor-
malities were reduced by cotreatment with p40-containing beads 
in WT mice, but not in Egfrwa2 mice with kinase-defective EGFR 

Figure 3
Delivery of p40 to the colon using pectin/zein hydrogel beads activates EGFR in colon epithelial cells. Pectin/zein beads containing p40 or FITC-
labeled p40 (10 μg p40 in A and B, or at the indicated doses in C), or pectin/zein beads only without p40 (control) were administered to WT 
C57BL/6 mice by gavage. Mice were sacrificed 4 hours after gavage. Paraffin-embedded tissue sections were prepared for immunohistochemistry 
to detect p40 delivery (green staining) (A), EGFR activation using a rabbit anti–phospho-EGFR (Tyr1068) antibody and FITC-conjugated second-
ary antibody (green staining) (B), an epithelial cell marker using a mouse anti–E-cadherin antibody and Cy3-conjugated secondary antibody (red 
staining) (A and B), and nuclei using DAPI staining (blue staining) (A and B). The green arrow in A indicates FITC-p40 detected in the intestine. 
The white arrow in B indicates EGFR-Tyr1068 phosphorylation in cells staining positively for E-cadherin. Original magnification, ×40 (A and B); 
×60 (B, inset). (C) Colon epithelial cells were isolated for Western blot analysis to detect EGFR and Akt activation as described in Figure 1.
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(Figure 4B). Colon epithelial injury and inflammation were scored 
by a pathologist blinded to the treatment. Administration of DSS 
to WT mice induced severe colitis (scores, 7.6 ± 1.6 and 14.3 ± 2.0 
after 4 and 7 days of DSS treatment, respectively). p40 treatment 
significantly decreased injury and inflammation (scores, 6.1 ± 1.1,  
P < 0.05, and 11.1 ± 1.7, P < 0.01, after 4 and 7 days of DSS treat-
ment, respectively). Administration of beads alone (without p40) 
had no effect on DSS-induced colitis (scores, 8.3 ± 1.4 and 13.4 ± 2.1  
after 4 and 7 days of DSS treatment) (Figure 4C). DSS-induced 
shortening of the colon, a marker for colitis, was prevented by 
p40-containing beads, but not beads only (Figure 4D). In contrast 
to what was observed in WT mice, treatment with p40-contain-
ing beads did not ameliorate injury or inflammation scores and 
shortening of colon length in Egfrwa2 (Figure 4, B–D) or Egfrwa5 mice 
(data not shown).

To evaluate the ability of p40 to ameliorate established colitis 
(treatment effect), we treated mice with DSS for 4 days to induce 
colitis and then administered p40 via gavage for the following 3 
days before mice were sacrificed (Figure 5A). In established DSS-
induced colitis (score, 9.7 ± 2.1), injury and inflammation were sig-
nificantly decreased following treatment with p40 (score, 6.7 ± 2.7, 
P < 0.05) in WT mice (Figure 5, B and C). In Egfrwa2 mice, p40 failed 
to reduce DSS-induced inflammation. In addition, p40 treatment 
significantly reduced DSS-induced colon shortening in WT mice, 

but not in Egfrwa2 (Figure 5D) or in Egfrwa5 mice (data not shown). 
These data suggest that p40 exerts both preventive and therapeutic 
effects on intestinal epithelial cell injury associated with colitis in 
an EGFR-dependent manner.

EGFR kinase activity is required for p40-stimulated antiapoptotic and 
barrier-preserving effects in DSS-induced colitis. Since p40 prevents 
cytokine-induced colon epithelial cell apoptosis through activa-
tion of EGFR (Figure 2), we next determined whether p40 reduced 
DSS-induced colon epithelial cell apoptosis and barrier disruption 
and whether these protective effects required EGFR activity.

DSS-induced colon epithelial cell apoptosis, detected using 
an In Situ Oligo Ligation (ISOL) kit, was inhibited by preventive 
administration of p40 in WT, but not Egfrwa2, mice (Figure 6, A and 
B). Similarly, Western blot analysis of colon epithelial cell lysates 
showed that DSS-induced caspase-3 activation was inhibited by 
p40 in WT, but not Egfrwa2, mice (Figure 6C). Since EGFR has direct 
effects on the apoptotic machinery through regulating expression 
of several factors, including an antiapoptotic protein, Bcl-2, and a 
proapoptotic protein, Bax (27), we studied expression of these pro-
teins in colon epithelial cells. DSS induced downregulation of Bcl-2 
expression, and this effect was blocked by p40 in WT mice, but not 
in Egfrwa2 mice (Figure 6, C and D). However, p40 did not have any 
detectable effect on DSS-induced upregulation of Bax (Figure 6, 
C and D). Thus, these results suggest that p40 activation of EGFR 

Figure 4
p40 prevents DSS-induced colitis in mice. (A) Mice were treated with 3% DSS in drinking water for 4 or 7 days and were gavaged with pectin/zein 
control beads or beads containing p40 at 10 μg/mouse/d, beginning on the same day of DSS treatment until the end of the experiment. Control 
mice received water alone. sac, sacrifice. (B) Paraffin-embedded colon sections were stained with H&E for light microscopic assessment of epi-
thelial damage. Original magnification, ×10. (C) Colon injury scores are shown. (D) The length of colon was measured. *P < 0.05 compared with 
water groups in WT or Egfrwa2 mice; #P < 0.05 compared with either WT mice treated with DSS or WT mice treated with DSS and control beads.
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regulates Bcl-2 expression in colon epithelial cells in DSS-treated 
mice. Since Bcl-2 is a known antiapoptotic protein (27), p40 regula-
tion of Bcl-2 expression through EGFR activation might mediate 
p40’s prevention of apoptosis in DSS-induced colitis.

To further characterize effects of p40 on DSS-induced disruption 
of intestinal integrity, we performed an in vivo permeability assay to 
test intestinal barrier function. Disrupted barrier function, as evi-
denced by increased FITC-dextran in the serum, was found in both 
DSS-treated WT mice and Egfrwa2 mice. Treatment with p40 pre-
vented DSS-induced changes in colon permeability in WT mice, but 
not Egfrwa2 mice (Figure 7A). As a marker of tight junction structure, 
we determined the distribution of a tight junctional protein, zona 
occludens 1 (ZO-1), using immunostaining. DSS-induced redistri-
bution of this protein from apical tight junctional complexes to the 
cytoplasmic compartment of colon epithelial cells was prevented by 
p40 treatment in WT, but not in Egfrwa2, mice (Figure 7B).

We also found that p40 reduced DSS-induced intestinal epitheli-
al cell apoptosis (Supplemental Figure 4) and disruption of intesti-
nal integrity (Supplemental Figure 5) when p40 was administered 
as a treatment for colitis in WT, but not in Egfrwa2, mice. Thus, the 
cytoprotective effects of p40 during colitis appear to be mediated 
by EGFR, a previously reported therapeutic target for treatment 
of human colitis (28).

p40 ameliorates oxazolone-induced chronic colitis in WT, but not 
Egfrwa5, C57BL/6 mice. The haptenating agent oxazolone has 
been reported to induce Th2 cytokine–driven (IL-4 and IL-5) 
colitis in the distal colon in mice with increased IL-13 produc-

tion. The histological features in this model resemble ulcerative 
colitis, but not Crohn disease (29, 30). In addition, ulcerative 
colitis is suggested to be mediated by increased Th2 cytokine 
production, although IL-4 is not increased in this disease (31). 
Since it has been shown that oxazolone presensitization fol-
lowed by intrarectal administration elicits chronic inflamma-
tory responses in C57BL/6 mice (29, 30), we sought to deter-
mine the role of p40 in resolution of colitis in this model. WT 
and Egfrwa5 mice on the C57BL/6 background were gavaged 
with p40 beginning on the same day of intrarectal oxazolone 
administration, until mice were sacrificed. p40 treatment, com-
pared with no treatment, prevented body weight loss in WT but 
not Egfrwa5 mice (Figure 8A). In addition, oxazolone-induced 
histological changes, including the disruption of epithelial 
monolayer and inflammatory cell infiltration (score, 5.6 ± 2.84)  
were relieved by p40 treatment (score, 1.3 ± 1.70) in WT mice 
(Figure 8, B and C). We did not find significant changes in 
intestinal epithelial cell proliferation, FITC-dextran levels in 
the serum, or distribution of ZO-1 protein in the colon epithe-
lium in oxazolone-treated WT mice, compared with ethanol-
treated control mice. However, increased colon epithelial cell 
apoptosis by oxazolone in WT mice was inhibited by p40 (Fig-
ure 8D). p40 treatment did not show any effects on reducing 
oxazolone-induced colitis and epithelial apoptosis in Egfrwa5 
mice (Figure 8, A–D). The same results were found in Egfrwa2 
mice (data not shown). Thus, these data suggest that p40 acti-
vates EGFR to exert beneficial effects on Th2-driven colitis.

Figure 5
p40 treats DSS-induced colitis in mice. (A) Colitis was induced by 3% DSS treatment for 4 days, and then mice were administered p40 for the 
following 3 days before mice were sacrificed. Control mice received water alone. 3DR, 3-day recovery. (B) Paraffin-embedded colon sections 
were stained with H&E for light microscopic assessment of epithelial damage. Original magnification, ×10. (C) Colon injury scores are shown. 
(D) The length of colon was measured. *P < 0.05 compared with water groups in WT or Egfrwa2 mice; #P < 0.05 compared with WT mice treated 
either with DSS or with DSS and control beads. DSS-4D3DR, mice treated with DSS for 4 days and sacrificed 3 days after recovery with water; 
p40-3DR, mice administered p40 for the 3-day recovery period.
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EGFR expression in the intestinal epithelium is required for p40’s beneficial 
effects on colitis. It is important to determine the role of intestinal epi-
thelial cell EGFR in p40-mediated colitis prevention and treatment. 
To generate mice with EGFR specifically deleted in the intestinal 
epithelial cells, we crossed Egfrfl/fl mice with villin-Cre mice to gener-
ate transgenic mice with constitutive deletion of EGF receptor in the 
intestinal epithelial cells (Egfrfl/fl-Cre, Supplemental Figure 6). Their 
littermates, Egfrfl/fl mice, were used as control mice.

The effects of p40 on DSS-induced colitis were tested in these 
mice. In established DSS-induced colitis, injury and inflamma-
tion were significantly decreased by p40 treatment in Egfrfl/fl mice 
(Figure 9A). In Egfrfl/fl-Cre mice, p40 failed to reduce DSS-induced 
inflammation (Figure 9A). DSS-induced disrupted colonic barrier 
function, as determined by increased FITC-dextran in the serum, 
and colonic epithelial cell apoptosis were inhibited by administra-
tion of p40 in Egfrfl/fl, but not in Egfrfl/fl-Cre, mice (Figure 9, B and 
C). We also found that p40 did not prevent 7-day DSS-induced 
body weight loss, inflammation, and shortening of colon length 
in Egfrfl/fl-Cre mice (Supplemental Figure 7).

In addition to DSS-induced colitis, the effects of p40 on oxazo-
lone-induced colitis were determined. p40 did not prevent body 
weight loss, inflammation, and epithelial apoptosis induced by 
oxazolone in Egfrfl/fl-Cre mice, compared with Egfrfl/fl littermate 
controls (Figure 9, D–F). Thus, these data suggested that p40 
transactivation of EGF receptor in the intestinal epithelium plays 
a protective role in intestinal inflammatory disorders.

Discussion
In the present study, we demonstrate that the LGG-derived soluble 
protein p40 activates EGFR in vivo and in vitro in colon epithe-
lial cells. Activation of EGFR by p40 is required for inhibition of 
cytokine-induced apoptosis and disruption of barrier integrity in 
intestinal epithelial cells in vitro and ex vivo. Importantly, p40 pre-
vents and treats DSS-induced colon epithelial injury and inflam-
mation and ameliorates oxazolone-induced colitis, and it mediates 
reductions of intestinal epithelial apoptosis and disruption of bar-
rier function in these two mouse models, in an EGFR activation-
dependent manner. Therefore, our findings provide a rationale for 
conducting new hypothesis-driven studies to define the clinical 
efficacy of probiotic-derived proteins in preventive, adjunctive, or 
alternative treatments for intestinal inflammatory disorders.

Understanding p40’s structure-function relationship is critical to 
elucidate the biological effects of this protein. Sequence analysis of 
p40 predicts that the N-terminal portion forms a coiled-coil struc-
ture and the C-terminal portion forms a β-sheet structure. There-
fore, we expressed the N-terminal 1–180 aa and the C-terminal por-
tion (aa 181–412) of p40 as recombinant peptides (Supplemental 
Figure 8A). We found that the p40 N-terminal peptide is sufficient 
to stimulate EGFR and Akt activation in intestinal epithelial cells 
and prevent DSS-induced colitis. However, the C-terminal portion 
of p40 had no effect on EGFR and Akt activation and DSS-induced 
colitis (Supplemental Figure 8, B and C). These data suggest that 
the p40 functional domain(s) localize to the N-terminal 1–180 aa.

Figure 6
EGFR kinase activity is required for p40-medi-
ated inhibition of DSS-induced colon epithelial 
cell apoptosis. (A) Mice were treated with DSS 
for 7 days and were gavaged with pectin/zein 
beads only or beads containing p40 at 10 μg/
mouse/d, beginning on the same day of DSS 
treatment until the end of the experiment, as 
described in Figure 4. Paraffin-embedded 
tissue sections were analyzed using ISOL 
staining to detect apoptosis. Apoptotic nuclei 
labeled with peroxidase were visualized using 
DIC microcopy. Arrows indicate ISOL-labeled 
apoptotic nuclei (brown). Original magnifica-
tion, ×40. (B) The number of apoptotic nuclei 
per 100 crypts is shown. (C) Colon epithelial 
cells were isolated for Western blot analysis 
to detect active caspase-3, Bcl-2, and Bax 
expression. The lanes in C were run on the 
same gel but were noncontiguous, as indi-
cated by the white lines. (D) The relative den-
sities of protein bands on Western blots were 
determined by comparing densities of active 
caspase-3, Bcl-2, or Bax to that of the actin 
bands. The relative density of bands from 
the control (water-treated) group was set as 
100%, and the relative densities of bands from 
DSS-treated mice were compared with those 
in the water-treated group. n = 5–7 mice for 
each condition. *P < 0.01 compared with water 
groups in WT or Egfrwa2 mice; #P < 0.01 com-
pared with either WT mice treated with DSS or 
WT mice treated with DSS and control beads.
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A major finding of our report is that activation of EGFR in intes-
tinal epithelial cells mediates the protective action of the probiotic-
derived p40 protein (Figure 9 and Supplemental Figure 7). However, 
how p40 activates EGFR in intestinal epithelial cells remains to be 
determined. EGFR can be activated by direct ligand binding (such 
as EGF, heparin-binding EGF [HB-EGF], TGF-α, and amphiregu-
lin [AR]) to the extracellular domain of the EGF receptor to trigger 
activation of EGFR (32, 33). EGFR ligands are synthesized as trans-
membrane precursors that are cleaved to release biologically active 
soluble growth factors, which act in an autocrine and/or paracrine 
manner (34). Release of EGFR ligands is a highly regulated process 
and can be activated by a wide variety of pharmacological and physi-
ological stimuli, including ligand-mediated stimulation of receptor 
tyrosine kinases, G protein–coupled receptors, and cytokine recep-
tors (35–37). These extracellular signals activate intracellular media-
tors, including Src, leading to metalloproteinase-dependent ligand 
release (38, 39). Alternatively, activated Src, a non-receptor tyrosine 
kinase, is able to directly phosphorylate the EGF receptor (40). 
These two mechanisms of EGFR activation are not mutually exclu-
sive and may occur simultaneously. Our unpublished observations 
suggest that p40-induced activation of EGFR requires both Src and 
metalloproteinase activities to release ligands of EGFR in intestinal 
epithelial cells. Identification of the specific EGFR ligands released 
upon p40 treatment is an ongoing area of investigation.

A number of disorders of the gastrointestinal tract, including IBD, 
are characterized by elevated cytokine production and increased 
apoptosis, which disrupt the integrity of the protective epithe-
lial monolayer. Therefore, strategies that promote maintenance of 
intestinal epithelial integrity may serve as effective approaches for 

treatment of IBD and other cytokine-mediated intestinal disorders. 
Previous studies have revealed the importance of growth factors 
such as EGF in maintaining intestinal health and serving as poten-
tial therapeutic approaches to induce restitution of the damaged 
epithelium. Blocking the expression of three EGFR ligands (EGF, 
TGF-α, and AR) induces spontaneous duodenal ulcers and perfo-
ration (41), while loss of EGFR activity increases susceptibility to 
colitis (42). Further support for a role of EGFR signaling in colitis 
is shown by the observation that overexpression of TGF-α protects 
mice from DSS-induced colitis (43). Importantly, administration of 
EGF through enemas induced remission in patients with ulcerative 
colitis (28). Our studies further suggest the protective role of activa-
tion of EGFR in the intestinal epithelium in colitis by the finding 
that p40 fails to ameliorate DSS- and oxazolone-induced colitis 
in Egfrfl/fl-Cre mice with EGFR specifically deleted in the intestinal 
epithelium (Figure 9 and Supplemental Figure 7). Interestingly, 
a recently reported study found that MyD88 signaling–mediated 
EGR ligand production in nonhematopoietic cells protected mice 
against DSS-induced colitis (44). Our findings, together with these 
previous reports, suggest that activation of EGFR may play a signif-
icant role in the action of probiotic bacteria in promoting intestinal 
epithelial homeostasis and barrier integrity.

However, it should be noted that aberrant EGFR activation due 
to overexpression and/or mutation of EGFR and autocrine growth 
factor loops have been related to hyperproliferative diseases such as 
cancer. Thus, one concern regarding probiotic therapy in IBD is an 
increased risk of cancer. The potential effects of p40-induced EGFR 
activation on tumorigenesis, especially when p40 is administered 
for long time periods, are under investigation in our laboratory.

Figure 7
EGFR kinase activity is required for p40 to prevent DSS-induced disruption of intestinal barrier function. (A) Mice were treated with DSS for 7 
days with or without p40-containing pectin/zein bead cotreatment, as described in Figure 5. Intestinal permeability was determined by rectal 
administration of FITC-dextran on the sixth day of DSS treatment. FITC-dextran level in sera is shown. (B) Paraffin-embedded colon tissues 
were used to determine ZO-1 distribution by immunohistochemistry using an anti–ZO-1 antibody and FITC-labeled secondary antibody and 
visualized using fluorescence microcopy (green staining). Nuclei were stained with DAPI (blue staining). *P < 0.01 compared with water 
groups in WT or Egfrwa2 mice; #P < 0.01 compared with either WT mice treated with DSS or WT mice treated with DSS and control beads. 
Original magnification, ×20; ×60 (insets).
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In addition to regulation of intestinal epithelial homeostasis, pro-
biotics have been reported to modulate immune responses in sev-
eral diseases, including colitis (7, 11, 45). Our additional data show 
that p40 treatment reduces production of TNF, IL-6, keratinocyte 
chemoattractant (KC), and IFN-γ, but not IL-1β, IL-10, and IL-17 
in DSS-treated mice (Supplemental Figures 9 and 10). Importantly, 
p40 treatment resulted in decreased influx of macrophages and poly-
morphonuclear cells (PMNs), but not lymphocytes, into the colonic 
mucosa during DSS colitis (Supplemental Figure 9). However, p40 
treatment did not affect IL-13 (Supplemental Figure 11) production 
in oxazolone-treated mice. Interestingly, we found that p40 treat-
ment is associated with decreasing IFN-γ and TNF production in the 
2,6,4-trinitrobenzenesulfonic acid (TNBS) model (data not shown).

Since macrophage-produced TNF, IL-6, and KC are involved in 
innate immunity (46), TNF and IFN-γ mediated Th1 responses,  
IL-13 is a cytokine-mediated Th2 response (47), it is possible that 
p40 plays a role in regulation of innate immunity and Th1 immune 
response. This hypothesis is supported by our other finding that 
p40 decreases TNF production in macrophages isolated from the 
colon of DSS-treated mice (Supplemental Figure 9B).

We are focusing on determining the mechanisms by which p40 
regulates innate immunity. It has been reported that LGG-con-
ditioned cell culture media decreases TNF production in macro-
phages, indicating that soluble molecules derived from LGG exert 
this immunoregulatory role (20). Therefore, we hypothesize that 
p40 may have direct effects on macrophages and/or lymphocytes 
to regulate immune responses during inflammation. This hypoth-
esis is being tested in our laboratory.

Analysis of the known genomic sequences of Lactobacillus strains  
(L. plantarum, L. acidophilus NCFM, L. johnsonii NCC 533, and L. sakei) 
has revealed a large number of predicted secreted and cell-surface 
proteins that can potentially have regulatory effects on intestinal cells 
(48–50). However, the potential in vivo effects of such proteins on host 
health and disease prevention and/or treatment have not yet been 
investigated. Although the LGG genome is unpublished, some LGG-
produced soluble factors have been studied. LGG has been reported to 
secrete low-molecular-weight factors (<10 kDa) to stimulate cytopro-
tective heat shock protein production by intestinal epithelial cells (19).  
Studies of immune functions show that factors in LGG culture super-
natant inhibit lipopolysaccharide- or Helicobacter pylori–stimulated 

Figure 8
EGFR kinase activity mediates p40 amelioration of oxazolone-induced colitis in mice. (A) Mice were presensitized with oxazolone. Then oxazo-
lone (Oxa) was administered rectally in the presence or absence of gavage with p40-containing beads at 10 μg/mouse/d, beginning on the day 
of rectal oxazolone administration until the end of the experiment. Mice were sacrificed 5 days after intrarectal challenge with oxazolone. Control 
mice received ethanol only. Body weight changes after intrarectal challenge with ethanol or oxazolone are shown. *P < 0.05 compared with WT 
mice on the same day of oxazolone treatment. (B) Paraffin-embedded colon sections were stained with H&E for light microscopic assessment 
of epithelial damage. Original magnification, ×10. (C) Colon injury scores are shown. (D) Paraffin-embedded tissue sections were analyzed 
using ISOL staining to detect apoptosis, as described in Figure 5. The number of apoptotic nuclei per 100 crypts is shown. In C and D, *P < 0.01 
compared with ethanol groups in WT or Egfrwa5 mice; #P < 0.05 compared with oxazolone group in WT mice.
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cytokine production in macrophages (20) and decrease enterotoxi-
genic E. coli–induced chemokine and cytokine expression in intesti-
nal Caco-2 cells (51). In addition to p40, we have purified and cloned 
another protein, p75, from LGG culture supernatant (16). Although 
both p40 and p75 are able to prevent cytokine-induced apoptosis, 
p40 appears more potent than p75 (our unpublished observations). 
It is likely that additional factors secreted by LGG and other probi-
otic bacteria may have cytoprotective or immunological effects in the 
gastrointestinal tract or other tissues, and thus this field represents an 
important area for further investigation.

This is the first report to our knowledge showing delivery of probi-
otic-derived soluble proteins to the colon to protect mice from coli-
tis. This effect is mediated through activation of EGFR and supports 
development of probiotic-derived proteins as novel reagents for pre-
venting and/or treating ulcerative intestinal inflammatory disorders.

Methods
Methods for generation of p40 recombinant protein, FITC labeling of 
p40, cellular lysate preparation, Western blot analysis, immunohisto-
chemistry, cell culture, and colon inflammation assessment are supplied 
in Supplemental Methods.

Cell culture and transfection. YAMC and Egfr–/– MCE cells were isolated 
from the colonic epithelium of H-2Kb-tsA58 mice (Immortomouse) (52) 
and Egfr-null heterozygous mice crossed with the Immortomouse (21), 
respectively. Egfr–/– MCE cells were stably transfected with pcDNA3.1/
Zeo vector control, pcDNA3.1/Zeo/wtEGFR, or pcDNA3.1/Zeo/kiEGFR  
(K721R), which blocks ATP binding, as described previously (53). Stable 
pools of cells expressing EGFR were maintained in medium containing 
200 μg/ml zeocin.

The HT-29 human colonic epithelial carcinoma cells were transiently 
transfected with either nontargeting siRNA or mouse EGFR SMARTpool 

Figure 9
Intestinal epithelial expression of 
EGFR is required for p40’s effects 
on colitis. Mice were treated with 3% 
DSS treatment for 4 days, and then 
mice were administered p40 for the 
following 3 days before mice were sac-
rificed to test p40’s treatment effect, 
as described in Figure 5. To test the 
effects of p40 on oxazolone-induced 
colitis, mice were administered oxazo-
lone and p40, as described in Figure 8.  
(A and E) Colon injury scores. (D) 
Body weight changes after intrarec-
tal challenge of ethanol or oxazolone. 
(C and F) Apoptosis was detected as 
described in Figure 6. The number 
of apoptotic nuclei per 100 crypts is 
shown. (B) Intestinal permeability was 
determined as described in Figure 7. 
FITC-dextran level in sera is shown.  
*P < 0.01 compared with water or eth-
anol group in Egfrfl/fl mice; #P < 0.05 
compared with DSS or oxazolone 
group in WT mice; †P < 0.05 compared 
with WT mice on the same day of oxa-
zolone treatment.
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(Dharmacon) siRNA at 70% confluence for 24 hours using Lipofectamine 
2000 according to the manufacturer’s instructions (Invitrogen).

Preparation of pectin/zein hydrogel beads. The pectin/zein beads were pre-
pared according to previously published methods (23). p40 recombinant 
protein with or without FITC labeling was dissolved in pectin solution (6% 
w/v) in water. Zein solution (1% w/v) was prepared in 85% ethanol solution 
containing 0.5% (w/v) CaCl2. Then, the pectin solution at room tempera-
ture was dropped into the zein solution through a 23G needle connected 
to a syringe. After drops (50 μl/drop) became solid in zein solution, the 
beads were washed with water, air dried at room temperature, and stored 
at 4°C. Beads with an average size of 2 mm contained 5 μg p40/bead. As 
negative controls, pectin/zein beads without p40 were prepared.

Mice and treatment. All animal experiments were performed according to 
protocols approved by the Institutional Animal Care and Use Commit-
tee of Vanderbilt University. Egfrfl/fl mice on a C57BL/6 background were 
crossed with villin-Cre mice on a C57BL/6 background to generate con-
stitutive intestinal epithelium–specific Egfr-knockout (Egfrfl/fl-Cre) mice. 
Their littermate Egfrfl/fl mice were used as controls. C57BL/6 WT as well as 
Egfrwa5 (EGFR dominant negative) (22) and Egfrwa2 (EGFR kinase–defective) 
(54) mice on a C57BL/6 background were also used for this study.

Eight- to 12-week old mice were gavaged with pectin/zein beads con-
taining p40 or FITC-labeled p40 or pectin/zein control beads for 4 hours 
before sacrifice to detect the presence of p40 in the intestinal tract and 
EGFR activation in colon epithelial cells.

To analyze the role of p40 in preventing DSS-induced acute colitis, we 
administered 3% DSS (molecular weight, 36–50 kDa) to mice in drinking 
water for 4 or 7 days. Mice were gavaged with beads with or without p40, 
beginning on the same day of DSS treatment, until they were sacrificed for 
detection of p40’s preventive effects on colitis. To evaluate p40’s treatment 
effect on DSS-induced colitis, after colitis was induced by 3% DSS treat-
ment for 4 days, we administered p40 to for the following 3 days before 
sacrificing the mice. Mice were fed with drinking water as control. Colon 
tissue was used for isolation of colon epithelial cells and for preparation of 
paraffin-embedded tissue sections.

To evaluate the role of p40 in oxazolone-induced colitis, we presensi-
tized mice by applying 200 μl of 3% (w/v) oxazolone in 100% ethanol onto 
a 2 × 2–cm area of shaved skin. After 5 days of presensitization, mice were 
treated with 150 μl of 1.5% (w/v) oxazolone in 50% ethanol intrarectally. 
Ethanol only was used as control. Mice were sacrificed after 5 days of oxa-
zolone rechallenge. Mice were gavaged with p40 (10 μg/mouse/d), begin-
ning on the same day of intrarectal oxazolone treatment, until sacrifice.

Intestinal permeability assay. FITC-conjugated dextran dissolved in 
water (4,000 MW) was administered rectally to mice at 2 mg/10 g body 
weight. Whole blood was collected using heparinized microhematocrit 
capillary tubes via eye bleed 2 hours after FITC-dextran administration. 
Fluorescence intensity in sera was analyzed using a plate reader. The  
concentration of FITC-dextran in sera was determined by comparison to 
the FITC-dextran standard curve.

Isolation of colon epithelial cells from mice. MCE cells were isolated using a 
modified protocol (55). The colon was opened and incubated with 0.5 mM 
dithiothreitol and 3 mM EDTA at room temperature for 1.5 hours without 
shaking. After gently removing the solution, PBS was added to the colon. 
Crypts released from the colon by shaking the tubes were washed with PBS 
by centrifuging and then were solubilized in cell lysis buffer.

Mouse colon organ culture. Colon explants obtained from 6- to 8-week-
old WT C57BL/6 and Egfrwa5 (EGFR dominant negative) (22) mice on a 
C57BL/6 background were used for organ culture, as described previously 
(16). Briefly, the colon explants were cultured on Netwell inserts in DMEM 
containing 0.5% FBS at 37°C with 5% CO2 for 2 hours before treatment. At 
the end of the experiment, colon tissue was lysed in homogenization buffer 
(56) or fixed in 4% paraformaldehyde at 4°C overnight before preparation 
of paraffin-embedded tissue sections.

Apoptosis assays. Apoptosis was detected in colon tissue sections by using 
the ApopTag ISOL Kit (Millipore) and T4 DNA ligase according to the 
manufacturer’s guidelines, or by using anti–active caspase-3 antibody 
staining and reagents provided in the Vectastain ABC kit (Vector Laborato-
ries), as previously reported (16, 53). We determined the absolute number 
of positive-stained apoptotic cells in at least 300 colonic crypts.

Apoptosis in cell lines was detected by two methods. Annexin V–FITC 
staining was performed according to the manufacturer’s instructions 
(Calbiochem/EMD Biosciences), as described previously (16). Attached 
cells were dissociated using Accutase (Innovative Cell Technologies) and 
double stained with annexin V–FITC and propidium iodide for flow 
cytometry analysis. Active caspases in living cultured cells were labeled 
with cell-permeable sulforhodamine-conjugated valyl-alanyl-aspar-
tic acid fluoromethyl ketone supplied in the Sulforhodamine Multi- 
Caspase Activity Kit (Biomol International), following the manufactur-
er’s instructions. Cells were then fixed, mounted, and observed using 
fluorescence microscopy.

Statistics. Statistical significance for multiple comparisons in each study 
was determined by 1-way ANOVA followed by Newman-Keuls analysis 
using Prism 5.0 (GraphPad Software). A P value less than 0.05 was consid-
ered significant. All data presented are representative of at least 5 repeat 
experiments and are presented as mean ± SEM.
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