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Abstract

The beneficial effects of the gut microbiota on growth in early life are well known. However, 

knowledge about the mechanisms underlying regulating intestinal development by the microbiota 

is limited. p40, a Lactobacillus rhamnosus GG-derived protein, transactivates epidermal growth 

factor receptor (EGFR) in intestinal epithelial cells for protecting the intestinal epithelium against 

injury and inflammation. Here, we developed p40-containing pectin/zein hydrogels for targeted 

delivery of p40 to the small intestine and the colon. Treatment with p40-containing hydrogels from 

postnatal day 2 to 21 significantly enhanced bodyweight gain prior to weaning and functional 

maturation of the intestine, including intestinal epithelial cell proliferation, differentiation, and 
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tight junction formation, and IgA production in early life in wild-type mice. These p40-induced 

effects were abolished in mice with specific deletion of EGFR in intestinal epithelial cells, 

suggesting that transactivation of EGFR in intestinal epithelial cells may mediate p40-regulated 

intestinal development. Furthermore, neonatal p40 treatment reduced the susceptibility to 

intestinal injury and colitis and promoted protective immune responses, including IgA production 

and differentiation of regulatory T cells, in adult mice. These findings reveal novel roles of 

neonatal supplementation of probiotic-derived factors in promoting EGFR-mediated maturation of 

intestinal functions and innate immunity, which likely promote long-term beneficial outcomes.
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Introduction

The symbiotic relationship between the gut microbiota and the host contributes to 

maturation of the intestinal functions1 and immunity2, resulting in enhanced growth and 

health in early life. Studies have shown that impaired development of the gut microbiota is 

related to undernutrition in children3, while several diseases in children are associated with 

alteration of the gut microbiome, such as inflammatory bowel disease (IBD), including 

ulcerative colitis and Crohn’s disease4, 5. Furthermore, exposure to microbes during early 

life has shown to have protective effects on IBD in adults6, which indicates that the 

influence of the gut micobiota on childhood can persist into later stages of life. Thus, 

interventions aimed at manipulating the gut microbiota in early life may have the potential to 

promote growth during development and exert long-term health outcomes.

Probiotics are defined as “live microorganisms that, when administered in adequate 

amounts, confer a health benefit on the host”7. Clinical studies have revealed the beneficial 

effects of probiotics on the outcomes of infants and young children with infectious 

diarrhea8, 9 and on prevention of antibiotic-associated diarrhea in children9. Increasing 

evidence from animal studies supports administering probiotics at the early stage for 

promoting growth and long-term health outcomes. Mono-colonization of infant germ-free 

mice with Lactobacillus plantarum promotes juvenile growth during chronic 

undernutrition10. Furthermore, neonatal colonization of conventionally raised mice with 

Lactobacillus rhamnosus GG (LGG) promotes growth, intestinal functional maturation, 

persistent IgA production, and decreased susceptibility to intestinal injury and colitis in adult 

mice11, suggesting that LGG colonization has an impact on intestinal development and long-

term health outcomes in adulthood.

Multiple mechanisms of probiotic action have been suggested, however, little is known 

about precise mode of probiotic action12, 13. Several factors derived from the gut microbiota, 

including probiotic bacteria, have been identified as functional effectors. p40 was originally 

isolated from LGG culture supernatant by our group14. Production of this secretory protein 

is strain-specific14. Functional analysis of p40 revealed that p40 preserves barrier function, 

suppresses cytokine-induced apoptosis, promotes mucin production in intestinal epithelial 
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cells, and enhances IgA production through up-regulation of the expression of a 

proliferation-inducing ligand (APRIL) in intestinal epithelial cells14–17, thereby, protecting 

the intestine from injury and inflammation in mice17. Further studies demonstrated that 

transactivation of the epidermal growth factor receptor (EGFR) in intestinal epithelial cells 

through activation of a disintegrin and metalloproteinase domain-containing protein-17 

(ADAM-17) for HB-EGF release serves as a signaling mechanism for regulating these 

protective cellular responses by p4018.

As a member of the ErbB family of type 1 receptor tyrosine kinases, activation of EGFR 

stimulates a variety of downstream signaling pathways, such as Akt and mitogen-activated 

protein kinase, leading to several cellular responses, including cell proliferation, 

differentiation, migration, and survival19, 20. EGFR signaling is required for postnatal 

growth because insufficient EGFR signaling causes death in the perinatal period, and 

surviving mice die from hemorrhagic enteritis in the postnatal period21. Studies have also 

shown that ErbB ligands, EGF22, 23 and HB-EGF24, are present in amniotic fluid and breast 

milk and are involved in stimulating intestinal epithelial cell growth. Growth and epithelial 

cell proliferation are enhanced by EGF-expressing Lactococcus lactis in mice at weaning25. 

While some EGFR mutations are considered to be tumor promoters, EGF has shown 

therapeutic potential in human ulcerative colitis26 and EGFR activation ameliorates chronic 

inflammation, thus limiting colitis-associated tumorigenesis27.

Here we show that neonatal p40 supplementation promotes functional maturation of the 

intestine and stimulates persistent IgA production from early life to adulthood, in an EGFR-

dependent manner. Adult mice with p40 supplementation in early life exhibit decreased 

susceptibility to intestinal injury and inflammation. Thus, these results broaden our 

understanding of the mechanisms underlying the effects of probiotics on intestinal 

development and immune responses in early life and long-term health outcomes.

Results

Development of a hydrogel system for delivering p40 to the small intestine and the colon 
in neonatal mice

p40 used in this study was purified from LGG culture supernatant, as previously reported14. 

The level of endotoxin in p40 isolates was < 0.03 EU/μg p40 protein. For protecting p40 

from the harsh conditions in the gastrointestinal tract, such as the presence of proteases and 

an acidic environment in the stomach, a pectin and zein delivery system was generated in 

our previous study for specifically delivering p40 to the colon17. This colon-specific delivery 

system requires the high concentration of pectin, such as 6% w/v17, with the release of p40 

depending on complete degradation of pectin by colonic microflora-produced pectinolytic 

enzymes in the colon. In this study, we decreased the concentration of pectin to 2% w/v to 

allow p40 release starting in the small intestine before pectin degradation in the colon. 

Hydrogels were coated with zein, which protects drugs from gastric acid by its hydrophobic 

nature. Zein is released by enzymes in the small intestine. We prepared pectin/zein 

hydrogels containing 0.5 and 1.0 μg of p40 per hydrogel. Albumin-containing hydrogels and 

pectin/zein only hydrogels (without p40 and albumin) were used as negative controls. 
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Hydrogels were prepared as thin sheets with the average size of 11 mm2 and could be melted 

into a semi-solid state after oral administration.

To assess p40 release in the gastrointestinal tract, 14-day old mice were administered orally 

hydrogels containing NHS-rhodamine-labeled p40 and euthanized at 2, 4, and 6 hours after 

treatment. Mice receiving hydrogels without p40 for 6 hours were used as control. Tissues 

from the stomach, small intestine, and colon were examined. NHS-rhodamine-p40 was 

recovered from the small intestinal mucosal lysates with the amount decreasing from 2 to 6 

hours after gavage (Figure 1a). In the colonic mucosal lysates, p40 was recovered at 6 hours 

after gavage, with no significant amount of NHS-rhodamine-p40 identified at 2 and 4 hours 

after gavage (Figure 1a). Paraffin-embedded tissue sections were prepared for evaluating the 

delivery of NHS-rhodamine-p40 under fluorescent microscope. NHS-rhodamine-p40 was 

found on the surface of the small intestine and the colon (Figure 1b). Limited amounts of 

p40 were found in the stomach (data not shown).

We next examined whether delivery of p40 by this system stimulated transactivation of 

EGFR in intestinal epithelial cells in mice. Small intestinal and colonic epithelial cells were 

isolated from mice by sorting using an E-cadherin antibody. Phosphorylated proteins were 

immunoprecipated from cellular proteins and were used for Western blot analysis of total 

EGFR. p40 treatment increased phosphorylation of EGFR, which represents EGFR 

activation status, in small intestinal and colonic epithelial cells (Figure 1c).

These results suggest that this hydrogel system is able to deliver p40 to the small intestine 

and the colon and preserve the activity of p40 for transactivation of EGFR. Thus, this system 

was applied for administration of p40 to mouse pups in the reminder of this study. p40 

treatment accelerates growth and promotes proliferation, differentiation, and tight junction 

formation in intestinal epithelial cells during development in wild-type mice

Supplementation of probiotics to infants is becoming increasingly common. LGG 

supplementation in formula enhances extensively hydrolyzed casein formula-induced 

acquisition of tolerance in children with cow's milk allergy28. Neonatal LGG colonization 

shows effects on enhancing intestinal functional maturation in mice11. However, information 

regarding the mechanisms underlying the beneficial effects of probiotics on growth in early 

life is limited. Therefore, we asked whether p40 supplementation from postnatal day 2 to 21 

promoted growth and maturation of the intestine in conventionally raised wild-type mice.

Bodyweight gain is a marker for growth at the early stages of life in most animal species. 

Compared to mice receiving control hydrogels, mice treated with p40 showed significantly 

increased bodyweight gain from postnatal day 8 to 20 (Figure 2a,b). No differences of 

bodyweight between no-p40 and p40-treated groups were found in mice older than 3-week 

old (Figure 2a,b). These results suggest that neonatal p40 supplementation does not affect 

bodyweight in adulthood.

Postnatal growth requires functional maturation of the gastrointestinal tract for nutritional 

supply. Since functional maturation of the intestine occurs at weaning in mice, we 

investigated the effects of neonatal supplementation of p40 on intestinal epithelial cell 

proliferation, differentiation, and tight junction formation in 2- and 3-week old mice.
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To assess proliferation capacity, we examined Ki67 gene expression levels by real-time PCR 

analysis and Ki67 expressing cells by immunostaining. p40 treatment significantly increased 

Ki67 gene expression in the small intestine and the colon of 2-week old mice (Figure 2c). 

However, p40 treatment had a diminished effect on increasing Ki67 gene expression in the 

small intestine and no effect in the colon of 3-week old mice (Figure 2c). Consistent with 

these findings, significant increases of Ki67 expressing cells in the small intestine and the 

colon of 2-week old mice treated with p40 were observed (Figure 2d,e). In addition, 

morphologic evaluation showed that p40-treated mice exhibited increased density of villi in 

the small intestine of 2-week old (Figure 2f,g). Cell proliferation in the small intestine and 

the colon in 7-week old mice with neonatal p40 treatment was similar to those with no p40 

treatment. The numbers of Ki67 positive cells were 16.7±6.8/villus in the ileum and 11.7 

±4.8/crypt in the colon in mice with no p40 treatment, and 17.7±2.8/villus and 10.9 ±5.8/

crypt in mice receiving neonatal p40 supplementation (p>0.05 for Ki67 positive cells in the 

ileum and the colon). These results suggest that the effect of neonatal p40 Supplementary on 

intestinal epithelial cell proliferation is limited to the early life stages.

During development, intestinal epithelial cells migrate out of the crypt as they terminally 

differentiate into absorptive and secretory cell types. We examined a digestive enzyme, 

sucrose-isomaltase expression in enterocytes in the small intestine and a secretary protein, 

MUC2 in Goblet cells in the colon by immunostaining and real time PCR analysis. As 

compared to mice without p40 treatment, significant membrane localization of sucrose-

isomaltase was found in the 3-week old mice with p40 treatment (Figure 3a). p40 treatment 

also significantly increased sucrose-isomaltase gene expression levels in the small intestine 

of 2- and 3-week old mice (Figure 3b). Furthermore, the numbers of MUC2-positive cells 

(Figure 3c,d) and Muc2 gene expression levels (Figure 3e) in the colon were significantly 

increased in 3-week old, but not 2-week old mice with p40 treatment. These data suggest 

that promotion of differentiation by p40 in mice occurs at the weaning time.

Development of the barrier function serves as one of the important events to establish the 

integrity of the postnatal intestine for maintenance of homeostasis. p40 has been found to 

preserve barrier function against pro-inflammatory cytokines and hydrogen peroxide-

induced disruption of tight junctions in vivo and in vitro17, 29, 30. Maturation of the epithelial 

barrier in mice starts with weaning. Thus, we next studied whether p40 enhanced the tight 

junction formation at the early stage in mice. Claudin 3 (CLDN3) is a tight junctional 

protein and its expressional level is the highest in 3-week old mice31. We found that p40 

treatment stimulated the levels of Cldn3 mRNA expression in both 2- and 3- week old mice 

(Figure 4a). Furthermore, immunostaining of ZO-1 showed that p40 treatment led to 

increased ZO-1 membrane localization in the small intestinal epithelial cells (Figure 4b), 

which is an indication of tight junction formation. These data suggest that p40 promotes 

tight junction formation in neonatal mice.

Thus, compared to mice receiving hydrogels only and another control, treatment of mice 

with albumin-containing hydrogels at the same dosage of p40 treatment (Supplementary 

Figure 1), neonatal p40 treatment increased cell proliferation, differentiation and tight 

junction formation in 2- and 3-week old mice, suggesting that p40 has the potential to 

promote intestinal functional maturation.
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Neonatal p40 treatment augments IgA production in early life in wild-type mice

Development of the intestinal immune system depends on the colonization of the gut by 

microbiota2. Germ-free mice exhibit decreased number of IgA-secreting B cells in the 

intestine32, which can be counteracted by introduction of bacterial flora33. We have found 

that p40 up-regulated APRIL expression in intestinal epithelial cells, thereby increasing IgA 

class switching in B cells and IgA production in the intestine of adult mice16. Thus, we 

examined the effects of neonatal p40 treatment on both its IgA production in the early stages 

of life. The mRNA levels of April in the small intestine were significantly increased in both 

2- and 3-week old mice with p40 treatment (Figure 5a). The IgA level in feces was measured 

using ELISA. The fecal IgA levels in 2- and 3-week old mice with p40 treatment were 

significantly higher than those of age-matched non-treated mice (Figure 5b). Consistent to 

these data, immunostaining showed that p40 treatment increased the number of IgA 

expressing cells in lamina propria of the small intestine in 3-week old mice (Figure 5c,d), 

which suggests that stimulation of IgA production may require accumulative consequence of 

the p40-stimulated APRIL production.

Transactivation of EGFR in the intestinal epithelial cells mediates the effects of p40 on 
functional maturation of the intestine in early life

It is well known that activation of EGFR stimulates cell proliferation, differentiation, and 

survival19, 20. EGFR signaling promotes postnatal growth through regulation of intestinal 

functional maturation11. Since we have found that transactivation of EGFR in the intestinal 

epithelial cells by p40 mediates protection of intestinal epithelium in colitis17 and IgA 

production16, we next determined the requirement of EGFR in intestinal epithelial cells for 

p40-regulated intestinal development using transgenic mice with constitutive deletion of 

Egfr in the intestinal epithelial cells (Egfrfl/fl-Vil-Cre mice). Their littermates, Egfrfl/fl mice, 

were used as control. Based on the identified effects of p40 on proliferation in 2-week old wt 

pups and differentiation, tight junction formation, and IgA production in 3 week-old wt 

mice, we evaluated these parameters in 2-week and 3-week old Egfrfl/fl-Vil-Cre mice, as 

compared to those in age-matched Egfrfl/fl mice.

p40 promoted bodyweight gain in 2-week old Egfrfl/fl, but not Egfrfl/fl-Vil-Cre mice (Figure 

6a,b). The proliferative effects of p40 in 2-week-old pups, detected by Ki67 gene expression 

and the number of Ki67 positive cells, and the density of villi in the small intestine were 

observed in Egfrfl/fl pups, however, p40 failed to stimulate proliferation in Egfrfl/fl-Vil-Cre 

mice (Figure 6c, Supplementary Figure 2a–d). Furthermore, p40 treatment had no effects on 

cell differentiation detected by expression of sucrase-isomaltrase (Figure 6d,e), tight 

junction formation by ZO-1 staining (Figure 6f), fecal IgA levels (Figure 6g), and expression 

of April (Figure 6h) in Egfrfl/fl-Vil-Cre mice. These results indicate that transactivation of 

EGFR in intestinal epithelial cells mediates the effects of p40 on cell proliferation, 

differentiation, tight junction formation, and IgA production during development in early 

life.

Neonatal p40 treatment has long-term outcomes for prevention of colitis in adult mice

To understand long-term outcomes of administering probiotics in early life, we demonstrated 

a preventive effect of neonatal LGG colonization on colitis in adulthood11. Therefore, we 
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asked if neonatal p40 treatment was able to prevent intestinal inflammation in adult mice. 

Two mouse models of colitis were used in 6–7-week old mice. 2,4,6-trinitrobenzenesulfonic 

acid (TNBS)-induced colitis is mediated by IL-12 driven Th1 immune responses, including 

increased TNF and IFN-γ production34. The dextran sulfate sodium (DSS) mouse model of 

acute colitis is well-characterized by increased intestinal epithelial injury and production of 

inflammatory cytokines35.

TNBS induced histological changes, including disruption of the epithelial monolayer and 

inflammatory cell infiltration with an inflammation score of 2.8±0.61 in mice without 

neonatal p40 treatment. No inflammation was induced by TNBS in mice with neonatal p40 

supplementation (score: 0 in all mice in this group, p<0.05) (Figure 7a,b). TNBS up-

regulated levels of TNF and IFN-γ expression in the colonic mucosa in mice without p40 

treatment, which was blocked in mice with neonatal p40 supplementation (p<0.05, Figure 

7c).

DSS-treated mice exhibited injury and acute colitis with massive colon ulceration, crypt 

damage, and severe inflammation. These abnormalities were reduced in mice with neonatal 

p40 treatment (Figure 7d). In the no-p40 group, DSS treatment resulted in an injury/

inflammation score of 9.857±0.654, which was significantly decreased in the neonatal p40-

treated group (7.857±0.581, p<0.05, Figure 7e). DSS induces neutrophil infiltration in the 

colon leading to increasing colonic MPO activity, which is therefore an inflammatory 

marker for colitis. Neonatal p40 treatment reduced DSS-increased MPO activity in the colon 

(Figure 7f). Furthermore, DSS treatment significantly increased TNF, KC, and IL-6 mRNA 

levels in the no-p40 group, which were reduced in mice with neonatal p40 treatment (Figure 

7g).

These data suggest that neonatal p40 treatment plays roles in prevention of intestinal 

inflammation in adulthood.

Neonatal p40 treatment has persistent effects on promoting protective immune responses 
in adult mice

We next studied whether neonatal p40 treatment had persistent effects on modulating 

protective immune responses in adulthood. We found that the fecal IgA levels were higher in 

adult mice receiving neonatal p40 treatment, as compared to those in the no-p40 group 

(Figure 8a,b). Neither TNBS nor DSS affected the level of fecal IgA in the no-p40 group 

(Figure 8a,b). The fecal IgA levels were maintained higher in both TNBS- and DSS-treated 

mice receiving neonatal p40 supplementation (Figure 8a,b). Further, in mice receiving 

neonatal p40 supplementation, the IgA level in TNBS-treated mice was higher than that in 

the ethanol-treated group (Figure 8a). Since intestinal IgA plays roles in maintenance of 

homeostasis,36 the persistent increase of IgA production by neonatal p40 supplementation 

might contribute to enhancing the defense capacity against inflammation in adult mice.

The mucus layer of the gastrointestinal tract serves as the first line of intestinal defense 

against injury and infection37. Although neonatal p40 treatment increased MUC2 production 

before weaning (Figure 3c–e), it did not affect the numbers of MUC2 positive cells (Figure 

8c,d, Supplementary Figure 3a) and Muc2 gene expression in the colon (Figure 8e, 
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Supplementary Figure 3b) in adult mice. There were no changes in Muc2 gene expression 

and the numbers of MUC2 positive cells in the colon of mice with TNBS treatment 

(Supplementary Figure 3a,b). DSS treatment reduced Muc2 gene expression and the 

numbers of MUC2 positive cells in the colon in no-p40 treated groups, which was prevented 

in mice with neonatal p40 treatment (Figure 8c–e). Preserving mucin production in DSS-

treated mice with neonatal p40 treatment may be associated with less injury and colitis in 

these mice. In return, maintaining the mucin level might contribute to protecting intestinal 

epithelium again injury and inflammation in DSS-treated mice with neonatal p40 

supplementation.

The gut microbiota contribute to induction and maintenance of intestinal regulatory T cells 

(Tregs) expressing the transcription factor forkhead box P3 (Foxp3), which play roles in the 

maintenance of the mucosal barrier homeostasis38. Therefore, we evaluated the long-term 

effects of neonatal p40 treatment on differentiation of Tregs in the intestine and the 

mechanism underlying this effect. Flow cytometry analysis was performed to examine 

populations of CD4+Foxp3+CD25+ cells in the lamina propria of the small intestine and 

colon and in Peyer’s Patches. Neonatal p40 treatment did not affect the population of the 

CD4+ cells in the lamina propria of the small intestine and the colon and in Peyer’s patches 

in adult mice (Supplementary Figure 4). Neonatal p40 treatment significantly increased the 

percentages of CD4+Foxp3+CD25+ cells in the lamina propria of the small intestine and the 

colon (Figure 9a, b). Furthermore, TNBS treatment decreased the percentage of 

CD4+Foxp3+CD25+ cells in the lamina propria of the small intestine and the colon in no-

p40 groups, which were up-regulated in mice with neonatal p40 treatment (Figure 9b). 

However, there was no significant effect of neonatal p40 treatment on induction of Tregs 

differentiation in Peyer’s Patches (Figure 9a,b). TNBS treatment did not alter the percentage 

of CD4+Foxp3+CD25+ cells in Peyer’s patches (Figure 9b). Thus, these data suggest that 

neonatal p40 treatment enhances induction of Tregs in the lamina propria of the small 

intestine and the colon, which may contribute to prevention of TNBS-induced colitis in adult 

mice.

Discussion

Supplementation of probiotics in early life as a strategy for benefiting growth and preventing 

diseases has attracted increasing clinical and research interest. For examples, probiotics have 

shown preventive and/or treatment effects on infectious diarrhea in infants and young 

children8, 9 and antibiotic-associated diarrhea in children9. Therefore, understanding of the 

potential roles and mechanisms underlying the influence of probiotics on the gastrointestinal 

tract at the early developmental stage, which is characterized by immature function and 

immunity, is important. Results from this study support the important developmental effects 

of p40 on the intestinal tract, including significantly promotion of epithelial cell proliferation 

and differentiation in 2- and 3-week old mice, respectively, and contribution to epithelial cell 

tight junction formation and IgA production starting at 2-week old. Interestingly, neonatal 

p40 treatment had long-term positive outcomes on IgA production and prevention of colitis, 

but did not affect bodyweight in adulthood. Furthermore, we have also examined the effect 

of p40 on intestinal stem cells during development. Our data showed that there was no 

difference of the number of cells expressing Lgr5 in the ileum and the colon in p40-treated 
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2-week old mice, as compared to that in the control group, which suggest that p40 may not 

affect stem cell proliferation (Supplementary Figure 5). These results provide useful insight 

into the roles of probiotic-derived factors in maturation of intestinal functions and immunity. 

Furthermore, since concerns regarding the utility of viable probiotics have been raised, 

including the challenges of ensuring the bioavailability and efficacy of probiotic bacteria in 
vivo as well as biosafety issues, such as bacterium-associated infections39 and sepsis40 in 

very young and immunocompromised patients, applying probiotic-derived factors may serve 

as a safe and efficacious surrogate to the use of probiotics.

Findings from this study indicate the involvement of EGFR signaling in p40-regulated 

proliferation, differentiation, and tight junction formation in intestinal epithelial cells during 

development and persistent IgA production. p40 has been shown to stimulate HB-EGF 

release for transactivation of EGFR in intestinal epithelial cells18. Previous results strongly 

support the involvement of transactivation of EGFR by p40 for preserving intestinal 

epithelial cell barrier function upon injury14, 17, 29 and up-regulation of April expression in 

intestinal epithelial cells for IgA production in adult mice16. Results from this study broaden 

our knowledge of the effects of p40-activated EGFR on intestinal epithelial cells into the 

developmental stage by demonstrating promotion of tight junction formation and IgA 

production. Regarding growth and epithelial cell proliferation, it is well known that EGFR 

ligands from maternal and endogenous sources play roles in postnatal growth and intestinal 

epithelial cell proliferation41. This evidence is consistent with our finding that p40 

stimulates epithelial cell proliferation through EGFR transactivation. However, it has been 

reported that knockdown of triple ligands, EGF, amphiregulin, and TGFα, causes growth 

retardation and defects in intestinal development, but not production of digestive enzyme41. 

Although we found that p40 failed to up-regulate digestive enzyme production in mice with 

deletion of EGFR in epithelial cells, it is possible that other signaling pathways regulated by 

p40 mediate the effects of p40 on differentiation. These pathways may have interactions 

with EGFR signaling for their regulatory effects on differentiation. It should be noted that 

overexpression of EGFR ligands has been shown to reduce muscle, fat, and bone 

proportions42. This notion should be taken into account for using any approaches related to 

up-regulation of EGFR ligands, including p40, to promote growth in early life.

Increasing evidence supports the long-term health outcomes from the acquisition of the gut 

microbiota in early life. Studies have revealed the presence of a window of opportunity in 

early life for colonization of microbiota which shape the host immune functions in 

adulthood43. In addition, altering the intestinal microbiota during development results in a 

disturbed colonic microbiome and metabolic consequences in adult mice44. Two long-term 

effects of neonatal p40 treatment in adult mice were identified in this study, enhanced IgA 

production and decreased susceptibility to colitis. It is well known that IgA in the intestinal 

lumen plays an important role in maintaining mucosal homoeostasis and protecting the host 

against pathogenic infections36. The roles of IgA in early life was further demonstrated that 

early exposure to maternal secretory IgA prevented DSS-induced colonic damage in adult 

mice, which was associated with up-regulation of expression of gens involved in cell 

metabolism and repair intestinal epithelial cells45. Thus, this evidence supports the roles of 

increased IgA production by neonatal p40 treatment in prevention of colitis in adults.
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One interesting finding from this study is that neonatal p40 treatment has more potent effects 

on prevention of TNBS-induced colitis, as compared to that on DSS-induce intestinal injury 

and colitis. In addition, neonatal p40 treatment completely blocked TNBS-induced TNF and 

IFN-γ production in adult mice. However, DSS-induced proinflammatory cytokine 

production was decreased, but not completely inhibited in mice with neonatal p40 treatment. 

This evidence may be related to the further increase of IgA production in TNBS-, but not in 

DSS-colitis in mice with neonatal p40 treatment. Furthermore, the long-term effect of 

neonatal p40 treatment on increasing Tregs differentiation may contribute to shaping the 

functions of the protective immune responses against TNBS-induced colitis in adulthood.

TGFβ is a known cytokine to trigger differentiation of Tregs46. We found the effects of p40 

on TGFβ production by young adult mouse colonic (YAMC) epithelial and mouse small 

intestinal epithelial (MSIE) cell lines. The p40 treatment stimulated release of TGFβ in cell 

culture medium and up-regulated TGFβ gene expression in YAMC and MSIE cells in a 

time-dependent manner (Supplementary Figure 6a,b). Furthermore, the effects of p40-

conditioned medium from YAMC and MSIE cells on differentiation of CD4+ T cells isolated 

from the mouse spleen were tested in the presence and absence of a TGFβ neutralizing 

antibody. CD4+ T cells were also treated with p40 to examine whether p40 had direct effects 

on differentiation of T cells. Compared to the conditioned-medium from control cells, p40-

conditioned medium significantly increased the percentage of CD4+Foxp3+ cells, which was 

blocked by the TGFβ neutralizing antibody. Direct p40 treatment did not affect the 

percentage of CD4+Foxp3+ cells in CD4+T cell culture (Supplementary Figure 6c,d). Thus, 

TGFβ production by intestinal epithelial cells might mediate differentiation of Tregs.

There data also provide information to explain our finding that neonatal p40 

supplementation led to induction of Tregs in the lamina propria of the small intestine and the 

colon, but not in Peyer’s patches. Increased TGFβ level might occur in the lamina propria, 

but not in Peyer’s patches, for promoting differentiation of Tregs in mice with p40 treatment. 

This explanation is further supported by the result that expression levels of TGFβ gene were 

increased in the small intestinal and colonic mucosa of mice with neonatal p40 treatment 

(Supplementary Figure 7). Therefore, p40 up-regulated TGFβ production in intestinal 

epithelial cells may contribute to promoting differentiation of Tregs.

Although probiotics are recommended for use for several diseases, such as infectious 

diarrhea and antibiotic-associated diarrhea in children47, 48, it should be noted that the 

effectiveness of probiotics on diseases at different ages might vary49, 50. Thus, due to the 

characteristics of each developmental stage, more studies are needed to determine the 

clinical efficacy of p40 and probiotic-derived factors, especially for age-dependent effects, 

and duration of treatment.

In summary, by using neonatal treatment of p40 in mice as a model to study the mechanisms 

of probiotic action in intestinal development, this study defines a mechanism for regulating 

maturation of intestinal functions and innate immunity by p40 through EGFR signaling in 

intestinal epithelial cells. Furthermore, identification of neonatal p40 supplementation-

induced long-term effects on promoting protective immune responses and preventing against 
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intestinal inflammation in adulthood broadens the potential applications of probiotic-derived 

factors for health outcomes.

Methods

p40 isolation and preparation of p40-containing hydrogels

LGG (American Type Culture Collection 53103) was cultured in Lactobacillus MRS broth. 

As previously described14, p40 was purified from LGG culture supernatant using 

UNOsphere S ion ex-change media (Bio-Rad Laboratories, Hercules, CA) and eluted using 

Tris buffer (30 mmol/L, pH 7.3) containing sequential concentrations of NaCl (100 to 800 

mM). Proteins in the eluted fractions were examined by separating in SDS-PAGE and 

staining using Colloidal Blue Staining Kit and for Western blot analysis using an anti-p40 

antibody14. p40 was eluted in the fraction containing 300–500 mM of NaCl. The p40-

containing fractions were concentrated using two centrifugal filter devices with molecular 

weight cutoff of 30 and 50 kDa (EMD Millipore Corporation, Billrica, MA). p40 

concentration was determined using a BCA protein assay kit (Pierce Thermo Scientific). 

Purified p40 was saved at −80°C.

The level of endotoxin in p40 isolates was detected using Pierce™ LAL Chromogenic 

Endotoxin Quantitation Kit (Pierce Thermo Scientific). The sensitivity tested by this kit is 

0.1 EU endotoxin /mL. The amount of endotoxin in p40 isolates was < 0.03 EU/μg p40 

protein.

The pectin/zein hydrogels were prepared at room temperature according to the previously 

published method17. p40 was dissolved in pectin solution (2.0% w/v) in water. Zein solution 

(1.0% w/v) was prepared in 75% ethanol solution containing 0.5% (w/v) of CaCl2. Then, the 

p40-containing pectin solution was dropped into the zein solution through a 27G needle 

connected to a syringe. After hydrogels (4 μl/drop) became solid in the zein solution and 

formed round sheets, hydrogels were washed with water, air-dried, and stored at 4°C. Two 

concentrations of p40-containing hydrogels were prepared, 0.5 and 1.0 μg of p40/hydrogel. 

As negative controls, pectin/zein hydrogels without p40 were prepared.

p40 treatment for mice

All animal experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committee at Vanderbilt University Medical Center. This study used 

wild-type C57BL/6, Egfrfl/fl-Vil-Cre mice on C57BL/6 background with a constitutive 

deletion of EGFR in intestinal epithelial cells17, and their littermates, Egfrfl/fl mice, as 

controls. Based on statistical analysis for comparing growth rate, gene expression levels of 

Ki67, sucrose-isomaitase, April, and fecal IgA level in two-week old Egfrfl/fl and Egfrfl/fl-Vil 

Cre mice without p40 treatment, no differences of these parameters in these two mouse 

models were identified (Figure 6). These results suggest that Egfrfl/fl-Vil-Cre mice do not 

have any defect in the intestinal cell proliferation and differentiation, and IgA production 

under normal condition.

For each experiment, two female mice from the same litter and one male mouse were housed 

in the same cage until one to three days before delivery. Pups in one litter were treated with 
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p40-containing hydrogels at 0.5 μg/day (postnatal days 2–6), 1 μg/day (postnatal days 7–13), 

and 1.5 μg/day (postnatal days 14–21). As control, pups from the other litter were treated 

with hydrogels without p40. Pups received hydrogels through oral administration. 

Experiments were repeated for at least 3 times.

Bodyweight was recorded. Percentage of change compared to the bodyweight at birth and 

the percentage of increase (p40 bodyweight - average of no-p40 bodyweight) / average of 

no-p40 bodyweight, at the matched postnatal day) were used to evaluate the growth rate. 

Intestinal tissues from 2-, 3-, and older than 6–8 week old mice were isolated for preparation 

of paraffin-embedded tissue sections for immunohistochemistry and hematoxylin and eosin 

(H&E) staining. H&E stained sections were scanned using a Leica SCN400 slide scanner 

and the number of villi in 2-week old were counted in at least 1 cm of the ileum. The 

average length of villi in the ileum of 2-week old mice with and without p40 treatment was 

84.34±18.25μm and 85.23±17.15μm in this experiment, respectively. Only finger-like 

projections that extend into the lumen of the small intestine with the length longer than 22 

μm were counted.

Detection of p40 release from hydrogels in the intestinal tract in mice

p40 was labeled with NHS-rhodamine (Pierce Biotechnology, Rockford, IL), according to 

manufacturer’s instructions. 14-day old mice were gavaged with hydrogels containing NHS-

rhodamine-p40 at 10 μg/mouse and euthanized 2, 4, 6 hours after gavage. Mice received 

hydrogels without p40 for 6 hours were used as control. Paraffin-embedded tissue sections 

were prepared for observing NHS-rhodamine-p40 using fluorescent microscope. Small 

intestinal and colonic mucosal tissues were isolated, solubilized in tissue lysate buffer 

(Sigma-Aldrich), and homogenized. After centrifugation, the supernatants of mucosal 

lysates were collected for examining fluorescent intensity using a plate reader. The NHS-

rhodamine-p40 concentration in mucosal lysates was determined by comparing to the NHS-

rhodamine-p40 concentration curve. Protein concentrations in mucosal lysates were 

determined using a BCA protein assay kit. p40 delivered to the tissues was presented as: μg 

p40 / mg tissue lysates.

To detect phosphorylation of EGFR, small intestinal and colonic epithelial cells were 

isolated as previously described16, 17. After incubation of intestinal tissues with 

dithiothreitol and EDTA for releasing villi and crypts, epithelial cells were sorted using a 

biotin-labeled E-cadherin antibody and streptavidin magnetic beads. Cellular proteins were 

used for immunoprecipition of tyrosine phosphorylated proteins using phospho-tyrosine 

mouse monoclonal antibody (P-Tyr-100)-conjugated to sepharose beads (Cell Signaling 

Technology), according to the manufacturer’s instruction. Western blot analysis of 

precipitated proteins was performed using a rabbit polyclonal anti-EGFR antibody (EMD 

Millipore Corporation).

Induction and analysis of intestinal injury and colitis

Two mouse models of colitis were induced in six- to seven-week old mice. Colonic tissue 

was collected for isolation of RNA, myeloperoxidase assay, preparing paraffin-embedded 

tissue sections. H&E stained sections were used for light microscopic examination to assess 
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colon injury and inflammation. Samples from the entire colon were examined by a 

pathologist blinded to treatment conditions.

In the DSS-induced injury and acute colitis model, mice were administered 3% DSS 

(molecular weight 36–50 kDa, MP Biomedicals) in their drinking water for 4 days. Mice 

were euthanized at the end of DSS treatment for evaluation of intestinal injury and acute 

colitis. Mice were fed with drinking water as controls for DSS treatment. A modified 

combined scoring system including degree of inflammation (scale of 0–3) and crypt damage 

(0–4), percentage of area involved by inflammation (0–4) and crypt damage (0–4), and depth 

of inflammation (0–3) was applied for assessing DSS-induced intestinal injury and colitis by 

DSS.

In TNBS-induced acute colitis model, mice were treated with 100 μl of 70 mM TNBS in 

50% ethanol intrarectally. Control mice received 100 μl of 50% ethanol intrarectally. Mice 

were euthanized 4 days after TNBS treatment. The scoring system used to assess TNBS-

induced colitis was modified from a previous scoring system51, 52; lamina propria 

mononuclear cell and polymorphonuclear cell infiltration, enterocyte loss, crypt 

inflammation, and epithelial hyperplasia were scored from 0 to 3, yielding an additive score 

between 0 (no colitis) and 15 (maximal colitis).

ELISA analysis

For detecting fecal IgA levels, feces were solubilized in PBS, and homogenized. Fecal 

supernatants were incubated in 96-well plates that were coated with an anti-mouse IgA 

antibody (Sigma-Aldrich). Nonspecific protein binding was blocked by incubating plates 

with 1% of bovine serum albumin in PBS. Plates were then incubated with a FITC-

conjugated anti-mouse IgA antibody (Sigma-Aldrich). Fluorescent intensity was measured 

using a fluorescent plate reader. Purified mouse IgA (Sigma-Aldrich) was used for 

generating a standard concentration curve. The results were presented as μg IgA/g feces. 

Since the amount of feces from each 2- and 3-weeek old mouse was small, we combined 

feces from 2–3 mice in the same treatment group as one sample. Samples from adult mice 

were used as feces from one mouse/sample.

Flow cytometry analysis

Cultured Cd4+T cells, lymphocytes isolated from lamina propria of the small intestine and 

the colon, and Peyper’s patches were labeled with PE-Cy5.5-anti-CD4 (BioLegend, San 

Diego, CA) and PE-anti-CD25 antibodies (BioLegend) by incubation for 1 hour at room 

temperature. Then, cells were fixed and permeabilized using Mouse Foxp3 Buffer Set (BD 

Biosences, San Jose, CA), followed by Foxp3 staining using Alexa Fluor 488 anti-Foxp3 

antibody (BD Pharmingen, San Diego, CA), according to the manufacturer’s instruction. 

Cells were analyzed using multi-color flow cytometry to determine the percentage of 

positive cells using a BD LSRII system (BD Biosciences).

Statistical analysis

Statistical significance was determined by one-way ANOVA analysis for multiple 

comparisons and t-test for comparing data from two samples using Prism 6.0 (GraphPad 

Shen et al. Page 13

Mucosal Immunol. Author manuscript; available in PMC 2018 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Software, Inc. San Diego, CA). A p value < 0.05 was defined as statistically significant. All 

data are presented as mean ± S.E.M.

Detailed methods for YAMC and MSIE cell culture and preparation of conditioned medium, 

isolation, culture, and treatment of CD4+ T cells, ELISA analysis of TGFβ, isolation of 

lymphocytes from mouse lamina propria and Peyer's patches, myeloperoxidase assay, Real-

time PCR assay, and immunohistochemistry are provided in the Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Delivery of p40 to the small intestine and the colon using pectin/zein hydrogels
14-day old mice were gavaged with hydrogels containing NHS-rhodamine-p40 at 10 μg/

mouse and hydrogels without p40 (no-p40) as control. Mice were euthanized at indicated 

times after gavage. Soluble proteins from small intestinal and colonic mucosal tissues were 

prepared for examining fluorescent intensity (a). The NHS-rhodamine-p40 concentration in 

mucosal lysates was determined by comparing to the NHS-rhodamine-labeled concentration 

curve and presented as: μg p40 / mg tissue lysates. Paraffin-embedded tissue sections were 

prepared for observing NHS-rhodamine-p40 using fluorescent microscope (b). Tyrosine 

phosphorylated proteins in tissue lysates were immunoprecipited for Western blot analysis 

of total EGFR. Total tissue lysates were used for Western blot analysis with anti-β-actin 

antibody to confirm the equal amount of proteins used for immunoprecipitation. In a, * and 

# p<0.05 compared to the small intestine (*) and the colon (#) of the no-p40 group. n=3–5 

mice for each group.
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Figure 2. p40 treatment increases growth and epithelial cell proliferation before weaning in wild-
type mice
Mice were treated with p40-containing hydrogels at 0.5, 1, and 1.5 μg/day at postnatal days 

2–6, 7–13, and 14–21, respectively. As control, pups were treated with hydrogels without 

p40 (no-p40). (a) Bodyweight was recorded. The fold change of bodyweight was calculated 

by comparing the bodyweight at the indicated postnatal day to the bodyweight at birth of the 

same pup. (b) The percentage of increase = (p40 bodyweight - average of no-p40 

bodyweight) / average of no-p40 bodyweight, at the matched postnatal day. (c) Real-time 

PCR analysis was performed to detect Ki67 gene expression in the small intestine and the 

colon. The average of mRNA expression levels in 2- and 3-week old mice in the no-p40 

group were set as 100%, and the mRNA expression level of each mouse was compared to 

the average at the same age. (d,e) Ileal and colonic tissues from 2-week old mice were 

immunostained using an anti-Ki67 antibody and a horseradish peroxidase-conjugated 

secondary antibody. Slides were developed using DAB and counterstained with 

hematoxylin. The numbers of positively stained cells are shown. (f–g) Ileal tissues from 2-

old mice were prepared for H&E staining and the number of villi per mm is shown. In a–b, 

no-p40 group: n=15, p40 group: n=17. In c–g: n = 5–7 in each group.
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Figure 3. p40 promotes intestinal cell differentiation before weaning in wild-type mice
Mice were treated with p40 as described in Figure 2. Fixed tissue sections and RNA were 

prepared from the small intestine and the colon of 2- and 3-week old mice. (a) The small 

intestinal tissue sections were immunostained using an anti-Sucrase-isomaltase antibody and 

a Cy3-labeled secondary antibody (red staining). Nuclei were stained with DAPI (blue 

staining). (b and e) Real-time PCR analysis was performed to detect gene expression levels 

of Sucrase-isomaltase in the small intestine and Muc2 in the colon. The average of mRNA 

expression levels in 2- and 3-week old mice in the no-p40 group were set as 100%, and the 

mRNA expression level of each mouse in p40-treated group was compared to the average of 

the same age group. (c,d) The colon tissue sections were immunostained using an anti-Muc2 

antibody and a horseradish peroxidase-conjugated secondary antibody (brown staining) and 

were developed using DAB. Sections were counterstained with hematoxylin. The numbers 

of MUC2 positively stained cells are shown. n=5–7 mice in each group. Images in A and C 

represent 3–5 mice in each group.
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Figure 4. p40 enhances tight junction formation in the small intestine of wild-type mice before 
weaning
Mice were treated with p40 as described in Figure 2. Fixed tissue sections and RNA were 

prepared from the small intestine of 2- and 3-week old mice. (a) Real-time PCR analysis 

was performed to detect CLND-3 expression. The average of mRNA expression levels in 2- 

and 3-week old mice in the no-p40 group were set as 100%, and the mRNA expression level 

of each mouse in p40-treated group was compared to the average of the same age group. 

n-5–7 in each group. (b) Tissue sections were immunostained using an-anti-ZO-1 antibody 

(red staining) and a Cy3-labeled secondary antibody (red staining). Nuclei were stained with 

DAPI (blue staining). Images represent 5 mice in each group.
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Figure 5. p40 increases production of IgA in 3-week old wild-type mice
Mice were treated with p40 as described in Figure 2. (a) RNA isolated from small intestinal 

tissues was used for Real-time PCR analysis of April expression. The average of mRNA 

expression levels in 2- and 3-week old mice in the no-p40 group were set as 100%, and the 

mRNA expression level of each mouse in p40-treated group was compared to the average of 

the same age group. N=5–7 mice in each group. (b) Feces were collected at the indicated 

ages. Fecal sIgA levels were determined using ELISA assay. n=3–5 in no-p40 group, N=7 in 

p40 group. (c,d) Tissue sections were prepared for immunostaining of IgA. Nuclei were 

stained with DAPI (blue staining). Green arrows indicate IgA positively stained cells in the 

lamina propria. The number of IgA positive cells per villus is shown. n=5–9 in each group. 

Images represent 5 mice in each group.
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Figure 6. EGFR expression in intestinal epithelial cells mediates developmental effects of p40 in 
pups
Egfrfl/fl and Egfrfl/fl-Vil-Cre pups were treated with p40 as described in Figure 2. (A) The 

fold change of bodyweight (a) and the percentage of bodyweight increase (b) at postnatal 

day 14 were calculated as described in Figure 2. (c) Real-time PCR analysis was performed 

to detect Ki67 gene expression in the small intestine and the colon of 2-week old mice. (d–e) 

The ileum tissues from 3-week old mice were prepared for sucrose-isomaltase 

immunostaining and Real-time PCR analysis to detect gene expression. (f) The colonic 

tissues from 3-week old mice were prepared for ZO-1 immunostaining. (g) Feces from 2-

week old mice were collected for ELISA to detect fecal IgA levels. (h) Real-time PCR 

analysis was performed to detect APRIL gene expression in the small intestine of 2-week 

old mice. In c and h: the average of mRNA expression levels in the no-p40 group were set as 

100%, and the mRNA expression level of each mouse was compared to the average. In a–c, 

e, and f–h, n= 5–9 in each group. In d and f, no-p40: n=3–5, p40: n=5–7 in each group.
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Figure 7. Neonatal p40 treatment prevents colitis in adult mice
Mice were treated with p40 from postnatal day 2 to day 21, as described in Figure 2. Colitis 

was induced in 7 week old mice by TNBS in ethanol intrarectally (a–c) and by 3% DSS in 

drinking water for 4 days (d–f). Mice receiving ethanol and water were used as controls for 

TNBS and DSS treatment, respectively. Mice were euthanized four days after TNBS 

treatment and at the fourth day of DSS treatment. (a,b and d,e) Colon sections were stained 

with H&E for light microscopic assessment of inflammation. The inflammation/injury 

scores are shown. (c and g) mRNA was isolated from the colonic tissues for real-time PCR 

analysis of indicated cytokine mRNA expression levels. The average of cytokine mRNA 

expression levels in the control mice of the no-p40 group was set as 100%, and the mRNA 

expression level of each mouse was compared to this average. (f) MPO activity in the 

colonic tissue lysates was detected. *p<0.05 compared to the control mice in the no-p40 

group. # p<0.05 compared to the p40 group with TNBS or DSS treatment. n=5 in control 

groups, n=7 in TNBS- and DSS-treated groups.

Shen et al. Page 24

Mucosal Immunol. Author manuscript; available in PMC 2018 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Neonatal p40 treatment augments innate immunity in adult mice
Mice were treated with p40 from postnatal day 2 to day 21, as described in Figure 2. Colitis 

was induced in 6–7 week old mice by TNBS and DSS, as described in Figure 7. (a,b) The 

fecal IgA levels were examined using ELISA. *p<0.01 compared to the no-p40 group with 

and without colitis. # p<0.05 compared to the p40 group without TNBS treatment. (c,d) The 

colonic tissue sections were immunostained with MUC2 and counterstained with 

hematoxylin. The numbers of MUC2 positively stained cells are shown. (e) mRNA was 

isolated from the colonic tissues for real-time PCR analysis of Muc2 mRNA expression 

levels. The average of mRNA expression levels in the control mice in the no-p40 group was 

set as 100%, and the mRNA expression level of each mouse was compared to this average. 

n=5–7 in each group. In d,e, * p<0.05 compared to control mice in the no-p40 group. # 

p<0.05 compared to the p40 group with DSS treatment.
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Figure 9. Neonatal p40 treatment promotes induction of intestinal Treg in adult mice
Wt mice were treated with p40 from postnatal day 2 to day 21, as described in Figure 2. 

Colitis was induced by TNBS in 7-week old mice, as described in Figure 7. Lymphocytes 

were isolated from lamina propria (LP) of the small intestine (SI) and the colon and Peyer’s 

patches (PP). CD4, Foxp3, and CD25 expressing cells were assessed using flow cytometry 

analysis. Lymphocytes were gated for CD4 and then expression of Foxp3 and CD25 in 

CD4+ cells were analyzed. (a) Representative CD4 histogram and contour plot of Foxp3 and 

CD25 are shown. Numbers in Q2 of contour plots represent percentages of 

CD4+Foxp3+CD25+ in total LP and PP cells. (b) The percentages of CD4+Foxp3+CD25+ 

cells in total LP and PP cells are shown. In no-p40 SI-LP and colon-LP groups without 

TNBS, cells from 2 mice/sample. In other groups, cells from 1 mouse/sample.
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