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Abstract

:

Breast milk, due to its large number of nutrients and bioactive factors, contributes to optimal development and immune maturation in early life. In this study, we aimed to assess the influence of some growth factors present in breast milk, such as transforming growth factor-β2 (TGF-β2), epidermal growth factor (EGF), and fibroblast growth factor 21 (FGF21), on the immune response development. Newborn Wistar rats were supplemented daily with TGF-β2, EGF, or FGF21, throughout the suckling period. At day 14 and 21 of life, lymphocytes from mesenteric lymph nodes (MLNs) were isolated, immunophenotyped, and cultured to evaluate their ability to proliferate and release cytokines. The main results demonstrated that supplementation with TGF-β2, EGF, or FGF21 modified the lymphocyte composition in MLNs. At day 14, all supplementations were able to induce a lower percentage of natural killer (NK) cells with the immature phenotype (CD8+), and they reduced the CD8αα/CD8αβ ratio at day 21. Moreover, the cytokine pattern was modified by the three treatments, with a down regulation of interleukin (IL)-13 secretion. These results showed the contribution of these growth factors in the lymphocytes MLNs immune maturation during the neonatal period.
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1. Introduction


At time of birth, the intestine is immature, not only anatomically, but also metabolically and immunologically [1,2,3]. Intestinal development is a key process in early life because it includes important functions related to growth and survival. It is important to develop mechanisms to digest and absorb nutrients in an efficient way [4]. Moreover, the intestine begins hosting the gut microbiota and establishing appropriate host immune responses against pathogens [2]. The intestinal maturation process can be conditioned through synergy of several factors, such as genetics, microbial colonization, and nutrition [1,2,3].



Breast milk is the gold standard to feed the newborn because it includes a rich number of components, which are essential for optimal growth and development [5]. It also contains a high number of bioactive factors, which participate in the immune maturation process of infants [2,6]. Among these components, immunoglobulins (Igs), cytokines, and growth factors (GFs) have an important role [7,8,9]. In this sense, the effects of several GFs present in maternal milk that promote intestinal maturation have been described, although their impact on immune development is still unclear [9].



On the one hand, the transforming growth factor-β (TGF-β) family members have multifunctional actions involved in maintaining intestinal homeostasis, regulating inflammation, and allergy development [10,11,12]. TGF-βs act on different types of leukocytes, to control the initiation and resolution of immune responses through the recruitment, activation, and survival of cells [12,13]. TGF-β2 is the predominant isoform present in human and rat breast milk; it reaches the neonatal intestine where, at birth, endogenous production is low and increases towards weaning [3,10,12]. In infants, breast milk TGF-βs play an important role in developing immune response and promoting oral tolerance development [12].



On the other hand, one of the most abundant GFs in breast milk is the epidermal growth factor (EGF), the concentration of which is 500 times more than other GFs present in breast milk [14]. Its concentration is very high in colostrum and it decreases significantly during suckling, both in human and rodent milk, suggesting that EGF plays a role in the promotion of early neonatal intestinal growth [2,15]. In fact, EGF is a key intestinal regulator in protecting intestinal barrier integrity, essential for the absorption of nutrients and the exclusion of pathogens, in both humans and animals [14,16,17]. EGF is a polyfacetic molecule, which acts by regulating different processes, such as cell growth, survival, migration, apoptosis, proliferation, and differentiation. In early life, milk EGF seems to be one of the crucial components involved in the prevention of necrotizing enterocolitis (NEC) [1,14].



EGF and TGF-β together with the immunosuppressive interleukin (IL)-10, also present in breast milk, are involved in the functional development of the gastrointestinal mucosa, tolerance acquisition, and inflammation downregulation in damaged intestinal cells [6,7].



In recent years, new components present in breast milk have been discovered. This is the case of the fibroblast growth factor 21 (FGF21), which belongs to the hormone-like subgroup within the FGF superfamily, and has been found in rodent and human milk [16]. The FGF21 present in milk, seems to be involved in local actions in the neonatal intestine. It is a highly active pleiotropic factor, involved in multiple aspects of metabolism through a variety of mechanisms, where it regulates both the expression and activity of digestive enzymes, and the synthesis and release of several intestinal hormone factors [16,18]. All these effects make FGF21 a good candidate to be studied, due to its possible contribution to neonatal intestinal function.



Overall, because TGF-β2, EGF, and FGF21 are biologically active factors found in breast milk and are suggested to be involved in neonatal intestine maturation; our hypothesis is that they could also have an important role in the immune development process in early life. Therefore, the main objective of the current study was to ascertain whether the effect of a daily supplementation with these compounds could promote immune response development, during the suckling period in rats. The effects of the supplementations on mesenteric lymph nodes (MLNs), an inductor site of the gut associated lymphoid tissue (GALT), were studied specifically during and at the end of the suckling period, in terms of lymphocyte phenotypic composition and on the immune functionality, such as their lymphoproliferative and cytokine production abilities.




2. Materials and Methods


2.1. Animals


Pregnant Wistar rats (G15) were obtained from Janvier Labs (Le Genest-Saint-Isle, France), and were individually housed in cages under controlled conditions of temperature and humidity in a 12:12 h light:dark cycle with access to food and water ad libitum. The pregnant rats were monitored daily and allowed to deliver naturally. The day after birth was reported as day 1. The studies were performed in accordance with institutional guidelines, for the care and use of laboratory animals, and were approved by the Ethical Committee for Animal Experimentation (CEEA) at the University of Barcelona (UB) and Catalonia Government (CEEA-UB Ref. 220/15, UB/DAAM 8521).




2.2. Dietary Supplementation


The suckling pups were unified in litters of nine pups per mother and were randomized into four groups, formed by three litters each (n = 27 pups/group). This sample size was required for each group, as previous studies have demonstrated the remarkable role of variability among litters [19]. The Appraising Project Office’s program, from the Universidad Miguel Hernández de Elche (Alicante) was used for such estimation, to detect statistically significant differences among groups, assuming there was no dropout rate and a type I error of 0.05 (two-sided).



Besides the reference group (REF group), three supplemented groups based on nutritional intervention were created: the transforming growth factor-β2 (TGF-β2), epidermal growth factor (EGF), and the fibroblast growth factor 21 (FGF21). All animals were identified daily, weighed, and supplemented by oral gavage with a volume of 10 mL/kg/day during the suckling period, from day 1 to day 21 of age. The suckling pups were separated from their mothers 30 min before oral administration, to allow gastric emptying. All daily handling was done at the same period of the day, to avoid modifications in biological rhythms. All actions were performed as described in previous studies in the group, References [19,20].



TGF-β2, EGF, and FGF21 groups were supplemented with recombinant human TGF-β2, recombinant rat EGF, and recombinant human FGF21 (all from Peprotech®, Rocky Hill, NJ, USA). The products were reconstituted according to the manufacturer’s recommendations.



The dose of TGF-β2 was 35 µg/kg/day, which was based on the amount of TGF-β2 found in the last lactation rat milk (62 ng/mL), and the milk intake by pups within 4−14 days of age [3]. The dose of EGF was 100 µg/kg/day, which had been demonstrated to be effective as a treatment in a rat model of NEC [21]. Finally, the dose of FGF21 was 5 µg/kg/day, an amount that was established in relation to TGF-β2, which has been found in a 1:10 ratio FGF21:TGF-β2 [10,16]. The REF group received a matched volume of the vehicle used for the GFs administration (1% bovine serum albumin (BSA) in phosphate buffer saline (PBS)).




2.3. Measurement of Growth and Development


Body weight was registered daily throughout the study. Two end points were established, at day 14 and at the end of the suckling period at day 21. At these times, prior to sacrifice, the pups were anesthetized with intramuscular ketamine (90 mg/kg; Imalgene®, Merial, Barcelona, Spain) and xylazine hydrochloride (10 mg/kg, Rompun®, Bayer, Barcelona, Spain); and body length (nose-anal) was measured. These data allowed the calculation of morphologic variables, such as the body mass index (BMI, g/cm2) and Lee index, for assessing obesity in rats ((g1/3/cm) × 1000).




2.4. Sample Collection and Processing


Once anesthetized, MLNs and small intestine (SI) were obtained through a ventral laparotomy. The SI was weighed, measured, and divided into three equal length portions. Gut washes (GWs) were obtained from the distal SI. Briefly, the intestine was flushed with cold PBS and cut into 5 mm pieces. The tissue was incubated with PBS (10 min, 37 °C, shaking), centrifuged (538 g, 10 min, 4 °C), and later, supernatant was collected and stored at −20 °C until Igs quantification.




2.5. Quantification of Intestinal IgA and IgM by ELISA


The IgA and IgM content were quantified in GWs from day 21 of study, by ELISA Quantitation Set (Bethyl Laboratories, Inc., Montgomery, MD, USA), as previously described in Reference [19]. GWs were diluted at 1:20 (IgA) and 1:10 (IgM). Data were expressed as µg/g of tissue.




2.6. Lymphocyte Isolation from Mesenteric Lymph Nodes


The MLNs were placed in complete culture medium, containing Roswell Park Memorial Institute (RPMI 1640, Sigma-Aldrich, St. Louis, MO, USA) 10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), 1% l-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin streptomicin (PenStrep; Sigma-Aldrich, St. Louis, MO, USA), and 0.05 mM 2-β-mercaptoethanol (Merck, Darmstadt, Germany). MLNs lymphocytes were obtained in sterile conditions by passing the tissue through a cell strainer (40 µm, BD Biosciences, San Diego, CA, USA). The cell suspensions were centrifuged (538 g, 10 min, 4 °C), and the pellet was resuspended with complete RPMI medium. The cell counts and viabilities were determined using an automated cell counter, after staining the cells with trypan blue (CountessTM, Invitrogen, Madrid, Spain), following usual laboratory procedures, as described in Reference [22]. The lymphocytes were immediately used to characterize their phenotype, and to determine their ability to proliferate and secrete cytokines.




2.7. Mesenteric Lymph Node Cells Stimulation and Proliferation Assay


MLNs cell activation was performed in sterile conditions, using 96-well tissue culture plates (TPP®, Trasadingen, Switzerland), which were pre-incubated with 200 μL/well of monoclonal antibodies (mAbs) anti-CD3 (10 µg/mL, BD Biosciences, San Diego, CA, USA) and anti-CD28 (2 µg/mL, BD Biosciences, San Diego, CA, USA) (2 h, 37 °C, 5% CO2). Then, MLNs lymphocyte suspensions (5 × 104 cells/mL) were added to each well. A total of eight wells were used for each sample: four pre-incubated with the mitogenic mAbs (stimulated cells, SC) and four without pre-incubation (non-stimulated cells, NSC). The plates were incubated for 48 h, at 37 °C and 5% CO2. Four hours before the end time of the incubation, 5-bromo-2’-deoxyuridine (BrdU, 20 μL/well, Merck, Darmstadt, Germany) was added to measure its incorporation as an indicator of DNA synthesis in a colorimetric immunoassay.



The plates were centrifuged (210 g, 5 min) and supernatants were collected and stored at −80 °C, until cytokine analysis. After fixation, the anti-BrdU mAbs and peroxidase conjugated anti-BrdU mAbs and 3,3’,5,5’-tetramethylbenzidine (TMB) were added, following the manufacturer’s recommendations of the BrdU Cell Proliferation Assay Kit (Merck, Darmstadt, Germany). The absorbance (Abs) was measured at 450 nm (Multiskan MS, Labsystems, Helsinki, Finland). Data were expressed as a proliferation rate as follows: Proliferation rate = (A/B), where, A = ((Abs-SC − Abs-NSC)/Abs-NSC) supplemented group, and B = ((Abs-SC − Abs-NSC)/Abs-NSC) reference group.




2.8. Quantification of Cytokine Secretion by Mesenteric Lymph Node Lymphocytes


Supernatants collected after the cell stimulation process described above, were used for the quantification of IL-2, IL-4, IL-10, IL-13, IL-17A, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α concentration using a ProcartaPlex® Multiplex Immunoassay, according to the manufacturer’s instructions (eBioscience, San Diego, CA, USA) and as previously described in Reference [19]. Each analyte’s concentration was detected using the MAGPIX instrument (Luminex Corp., Austin, TX, USA), in the facilities of the Scientific and Technological Centers of the University of Barcelona (CCiT-UB), and the results were analyzed using xPONENT® 4.2 software (Luminex Corp., Austin, TX, USA). The limits of detection were as follows: 2.10–8600 pg/mL for IL-2; 0.85–3500 pg/mL for IL-4; 14–55,700 pg/mL for IL-10; 3.17–13,000 pg/mL for IL-13; 2.61–2675 pg/mL for IL-17A; 4.35−17,800 pg/mL for IFN-γ; and 3.08−12,600 pg/mL for TNF-α.




2.9. Immunofluorescence Staining and Flow Cytometry Analysis


Lymphocytes from MLNs (5 × 104 cells) were immunophenotyped by multiple immunofluorescence staining technique. Mouse anti-rat mAbs conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin-chlorophyll-a protein (PerCP), allophycocyanin (APC) or APC-cyanine(Cy)7 were used, as in previous studies [19]. For cell subset differentiation, five different mAbs panels were used; Panel 1: TCRαβ/NKR-P1A/CD8α; Panel 2: CD8α/CD8β/TCRγδ; Panel 3: αE integrin/CD62L/CD8α/CD4; Panel 4: CD45RA/TLR4/CD8α/CD4/CD25; and Panel 5: CD25/CD4/Foxp3. With the first panel, NK cells (NKR-P1A+ TCRαβ−), natural killer T (NKT) cells (NKR-P1A+ TCRαβ+), and TCRαβ+ cells (TCRαβ+ NKR-P1A−) could be differentiated, which in combination with the TCRγδ+ cells (obtained from Panel 2) constituted the total of T cells. B cells (CD45RA+) were identified with Panel 4. The mAbs used in this study are detailed in the Supplementary Materials (Table S1).



Briefly, cells were incubated with a mixture of 10 μL of saturating concentrations of each mouse anti-rat mAbs in PBS pH 7.2, containing 2% FBS and 0.1% sodium azide (Merck, Darmstadt, Germany), at 4 °C in darkness for 20 min. For T reg evaluation, an intracellular staining was performed. For that, cells previously labeled with anti-CD4-PE and anti-CD25-FITC mAbs, were fixed/permeabilized using a specific buffer kit (eBioscience, San Diego, CA, USA). Then, intracellular staining with anti-Foxp3-APC mAb was carried out, under the same conditions as extracellular staining. After washing, all stained cells were fixed with 0.5% paraformaldehyde (Panreac, Barcelona, Spain) and stored at 4 °C in darkness, until analysis by flow cytometry. For each sample, a positive control staining using each isotype matched mAbs and a negative control without staining were included. Analyses were performed in a Gallios™ Cytometer (Beckman Coulter, Miami, FL, USA) in the CCiT-UB. Data were assessed by FlowJo® version 10 software (Tree Star Inc., Ashland, Covington, KY, USA). Results were expressed as percentages of positive cells in the lymphocyte population, selected according to their forward- and side-scatter characteristics (FSC/SSC) using previous studies protocols [19], or in a selected population. The gating strategy was specific for each panel used, but overall, markers (e.g., CD8α in Panel 1, αE integrin, and CD62L in Panel 3) were evaluated in specific gate subsets (e.g., NK, NKT, or T cells in Panel 1, and CD8 or CD4 cells in Panel 3).




2.10. Statistical Analysis


Statistical analyses were performed using the IBM Social Sciences Software Program (SPSS, version 22.0, Chicago, IL, USA). Levene’s and Shapiro−Wilk tests were applied to assess variance equality and normal distribution, respectively. When the results demonstrated equality of variance and normal distribution, a one-way analysis of variance (ANOVA) test was performed. Nonparametric tests were carried out when normal distribution and equality of variance did not exist. Specifically, Kruskal–Wallis and Mann–Whitney U tests were used to assess significance for independent samples. Significant differences were established at p < 0.05. Data in the text, tables, and figures are expressed as the mean ± standard error of the mean (S.E.M).





3. Results


3.1. Animal Growth


Body growth was assessed in the three groups receiving supplementation (TGF-β2, EGF, and FGF21), and compared with those receiving the vehicle (REF). Body weight increased during suckling period in the REF group (p < 0.05) and the supplementations did not affect this growth pattern (Supplementary Materials, Figure S1). With respect to morphometric variables and SI growth, there were no differences among the studied groups at any age considered (Table 1).



All groups increased BMI, SI relative weight, and SI relative length with age (p < 0.05, day 21 vs. day 14). Regarding the Lee index, only the animals from the REF group and those supplemented with TGF-β2, showed significant differences associated with age (p < 0.05), but the supplementation with EGF and FGF21 did not display such a significant age difference.




3.2. IgA and IgM Concentration in Gut Wash


Intestinal secretory IgA and IgM were determined at day 21 of life. At that age, the pups’ intestinal levels were not entirely influenced by maternal breast milk, as happens earlier in life when breast milk (very rich in IgA) is the only source of food. Nevertheless, none of the interventions (TGF-β2, EGF, and FGF21 supplemented groups) showed significant differences regarding IgA or IgM, compared to the REF group (Supplementary Materials, Figure S2).




3.3. Mesenteric Lymph Node Lymphocytes Composition


The proportion of the main lymphocyte subsets in MLN was established during (day 14) and at the end of (day 21) suckling period. On both days, most of the MLN cells (~75%) were T cells, the majority of them being TCRαβ+ cells and only ~3% TCRγδ+ cells; B cells counted for about 15–18%, NK and NKT cells represented subpopulations with less than 3% of total lymphocytes, and Treg cells were ~4% (Table 2).



Although at 14 days there were no differences among the supplemented groups, some differences could be seen at 21 days (Table 2). At the end of the suckling period, only the EGF supplementation showed a significant decrease in the percentage of TCRγδ+ cells, compared to the REF group (p < 0.05). Moreover, the REF and groups supplemented with TGF-β2 and EGF decreased the NK cell proportion, in comparison to the same group at 14 days (p < 0.05). The animals from the REF and FGF21 groups increased the percentage of NKT cells with age, and only those from the EGF group were able to decrease the proportion of TCRγδ+ and B cell percentages at day 21 (p < 0.05 vs. day 14).



The percentage of CD8+ cells and the CD8αα/CD8αβ ratio from MLNs lymphocytes, were determined as indicators of immune maturation (Figure 1). The proportion of CD8+ cells did not show significant differences, either associated with age (day 14 vs. day 21) or to any of the supplementations, compared to the REF group (Figure 1a). However, regarding the results from CD8αα/CD8αβ ratio, the EGF supplementation induced a significant increase at 14 days (p < 0.05 vs. REF, Figure 1b). At day 21, in all supplemented groups, the CD8αα/CD8αβ ratio had decreased when they were compared to their respective group at day 14, but no differences among the interventions and the REF groups were found (Figure 1b).



Further analysis of CD8+ and CD8− subsets revealed some changes associated with the supplementations (Figure 2).



Regarding the TCRαβ+ subsets (CD8+ and CD8−, respectively, Figure 2a,b), no changes due to supplementation were found either at 14 or at 21 days, with respect to the REF group. Only, the supplementation with FGF21 decreased the proportion of TCRαβ+ CD8− (~8%), when values from day 21 were compared to day 14 (Figure 2a, p < 0.05). The TCRγδ+ CD8− cell percentage (Figure 2c), increased due to supplementation with EGF and FGF21 at 14 days, with only the latter achieving statistical significance, but these changes were not observed at the end of the suckling period (day 21). However, both interventions showed a 50% decrease in the TCRγδ+ CD8− cell proportion associated with age (p < 0.05, day 21 vs. day 14). Moreover, the TCRγδ+ CD8+ cell proportion in the EGF group (Figure 2d), was lower than the REF group at day 21 (p < 0.05). In relation to the NKT population (CD8- and CD8+ subsets), only the NKT CD8− subset showed changes associated with age for all groups (Figure 2e), but not due to the supplementations.



However, NKT CD8+ cell proportions were not affected (Figure 2f). Results from the NK cell population showed that in supplemented groups, there was a decrease in NK CD8- cell proportions related to age (Figure 2g, p < 0.05, day 21 vs. day 14), and that only supplementation with TGF-β2 induced a significant decrease compared with the REF group at 21 days (Figure 2g, p < 0.05 vs. REF). The phenotype of the intestinal NK cells based on CD8 expression, could be considered as immature (NK CD8+) or more mature (NK CD8−). The three supplementations were able to decrease the proportion of NK cells expressing CD8 at 14 days (Figure 2h), which reached similar values to those from reference 21-day-old rats. Thus, only the REF group decreased its percentage of NK CD8+ cells at 21 days, with respect to day 14 (Figure 2h).



The lymphocytes’ commitment to the mucosal compartment were studied by means of the proportion of cells expressing two adhesion molecules of importance in the intestinal homing; thus, the total percentage of cells bearing the selectin CD62L and the αE integrin were determined (Figure 3).



Figure 3a,b show the molecular pattern of αE/CD62L on day 14 and 21. The CD62L molecule was expressed on both days in high proportion of cells (~60%). Although the percentage of CD62L+ cells increased significantly with age in all studied groups (Figure 3a–c, p < 0.05), none of the supplemented groups induced significant differences, when they were compared to the REF group at the same age. The αE+ cells were present in a proportion lower than 5% at both studied times (Figure 3b–d) and were not modified by any GFs administration (Figure 3d).



The percentages of integrin αE+ cells and selectin CD62L+ cells in CD8+, CD4+, and B cells were further studied (Table 3). None of the supplemented groups showed significant differences, compared to the REF group at the same age. All studied groups increased CD62L+ CD8+ and CD62L+ CD4+ percentages with age (p < 0.05, day 21 vs. day 14). The REF group increased (~15%) αE+ B cells subset proportion, with respect to the same group at 14 days, whereas all supplemented groups decreased (~20%) this subset with age (p < 0.05). In addition, the supplementation with EGF and FGF21, decreased the percentage of αE expression in CD4+ cells with age. Although there was a tendency to increase with age, the proportion of CD62L+ in B cells in all groups, it was only significant in the TGF-β2 group (p < 0.05).



At the end of the suckling period, activated CD4 cells (Foxp3− CD25+ CD4+ cells) and Treg cells (Foxp3+ CD25+ CD4+ cells) were also studied, and no changes were found due to diets (day 21), with all groups together having a mean percentage of 1.22 ± 0.12 and 3.81 ± 0.11, respectively.




3.4. Proliferation and Cytokine Production by Mesenteric Lymph Nodes Cells


To determine the functional capacity of MLN lymphocytes, we studied their proliferative response and their ability to secrete cytokines on days 14 and 21. With regard to the proliferation of MLNs cells on days 14 and 21, GFs supplementations were not able to significantly modify such lymphocyte function induced by anti-CD3 and anti-CD28 mAbs (Supplementary Materials, Figure S3). However, cytokine production was influenced by GFs supplementation (Table 4).



The pattern of cytokines released from MLNs cells at day 14, showed a high secretion of IFN-γ, followed by IL-10. In the conditions tested, the secretion of IL-2, IL-4, IL-13, IL-17A, and TNF-α was lower than 90 pg/mL. IL-10/TNF-α (anti‑inflammatory/pro-inflammatory cytokines) and IFN-γ/IL-4 (Th1/Th2) ratios were also calculated. No changes in the cytokine pattern at day 14 were detected by GFs supplementation. However, at day 21, some changes appeared due to supplementations and due to age. IL-2 production was 5–10 times higher due to age in the REF, TGF-β2, and EGF groups (p < 0.05 day 21 vs. day 14). IL-4 levels were ~50% lower in the EGF group at day 21, than those at day 14 (p < 0.05). The groups that received EGF and FGF21 for 21 days, decreased the IL-10 content ~1.5 times with respect to their values at day 14 (p < 0.05). IL-13 secretion was lower at day 21 with respect to day 14, in the EGF and FGF21 groups (p < 0.05), and the three GFs groups showed lower values than those present in the REF group (p < 0.05). The lower levels of IFN-γ production at day 21 compared to day 14 were only significant in the REF group, which accounted for a 50% reduction (p < 0.05). Moreover, TNF-α release decreased (~30%) with age in the REF, TGF-β2, and FGF21 groups, whereas supplementation with EGF increased TNF-α production (p < 0.05 vs. REF group).



The IL‑10/TNF-α ratio decreased according to age in the EGF and FGF21 groups, and in the EGF group, values were significantly lower than the REF group (p < 0.05).





4. Discussion


At birth, the immune system is immature, as evidenced by a poor antibody production and low proliferative response of immune cells. In addition, there are mucosal immune impairments, such as low intestinal IgA content, reduced number of B lymphocytes in the intestinal mucosa, and few intestinal T cells [23]. Immune development is driven, among other factors, by components of breast milk. It is known that growth factors, such as TGF-β2 and EGF, regulate the immune response in early life and confer protective effects against gut mucosal inflammation by enhancing oral tolerance [1,2,7]. FGF21, which is also present in maternal milk, is a less-studied component and could be involved in such effects as well [16]. The current study aimed to evaluate whether supplementation with TGF-β2, EGF, or FGF21 had a role in immune maturation in early life. A rat pup model was used to evaluate the effect of a daily supplementation with TGF-β2, EGF, or FGF21 during suckling on the GALT, particularly in the MLNs, which is an inductor site of intestinal immune response. We assessed the immune maturation by functions, such as lymphoproliferation, cytokine production ability, and establishing lymphocyte MLNs composition.



Regarding growth, the body weight of pups was not modified due to supplementation with any of the GFs studied. These results were in line with other investigations, in which rats receiving either TGF-β2 [10] or EGF [24,25] during the first two weeks of life did not change their body weight. Likewise, although a study showed that the body weight of FGF21-knockout mice compared to wild-type 3-month-old mice was not different [26], its physiological role as a weight regulating factor was discussed [18]. Overall, it seems that the tested GFs, under the conditions we used, did not have a key role in the growth of neonates.



Intestinal length and weight are useful tools for evaluating the primary impact of a nutrient on the maturation of the rat small intestine [27]. The GFs supplementation in the current study did not affect these variables. However, it has been reported that suckling rats receiving intraperitoneal administration of EGF (100 μg/kg) for only two days, increased stomach and intestinal weights [24]; and that rat pups receiving oral administration of EGF through formula at concentrations exceeding the reported concentrations of EGF in rodent milk, enhanced intestinal growth (weight and length) [15]. Thus, in agreement with our results, only high doses of these compounds seem to be able to modify intestinal growth.



Although no impact on the body and intestinal growth due to any of these GFs was observed, some effects of TGF-β2, EGF, or FGF21 on immune variables have been shown to be specific; and therefore, the influence of each GF tested on MLN lymphocyte maturation will be discussed separately.



Transforming growth factor-β (TGF-β) has a wide range of biological activities and among them, it has an important role in cell proliferation and differentiation. TGF-β acts as a cytokine having predominantly suppressive effects on the growth of T and B lymphocytes. In this study, the supplementation of suckling rats with TGF-β2 did not have a significant influence on unspecific MLNs proliferative cell response. This result contrasted with a report showing that suckling rats receiving a whey-enriched TGF-β formula, down-regulated the MLNs lymphocyte proliferative response to specific antigen after being sensitized [28]. On the other hand, we observed that MLNs cells after TGF-β2 supplementation did not modify the changes in IL-2 and TNF-α secretion associated with age, but attenuated IL-13 production at day 21 with respect to reference animals. The attenuation on IL-13 production, a Th2 cytokine linked to allergic processes [29,30,31], agrees with results showing that Brown Norway rat pups receiving a formula with TGF-β2 between 4 and 18 days of life shifted the immune response from a Th2 type towards a Th1 profile [13]. Likewise, it is known that low levels of IL-13 in colostrum and mature milk are associated with less eczema in early life [32]. Thus, our results suggested that early TGF-β2 intake could play an important role in the prevention of Th2 mediated alterations, such as allergy.



In the current study, the TGF-β2 supplementation was already able to modulate MLN lymphocyte composition in suckling rats. It decreases the proportion of the immature phenotype of the intestinal NK cells (NK CD8+) on day 14 at levels observed later (day 21); which indicated a positive action on the intestinal immune maturation. This developmental pattern, decreasing CD8 expression in the NK cell surface with age, has previously described in rat neonatal intraepithelial lymphocytes (IEL) and MLN cells [19,27]. In line with this, we found that, although no changes in total CD8+ cells were observed due to TGF-β2 supplementation, a lower CD8αα/CD8αβ ratio at day 21, compared to day 14 appeared. This ratio has been described to be reduced according to age in healthy MLNs cells from suckling rats [19], thus our results may suggested a promotion of the intestinal immune system maturation. This contrasts with results in BALB/c mice pups, showing higher CD8+ T cell proportions when their lactating mothers were treated with mAbs, against TGF-β twice a week from delivery until weaning [33]. On the other hand, we did not find changes in the MLNs Treg (CD4+ CD25+ Foxp3+) cell proportion. However, some authors have suggested that oral tolerance induced by breastfeeding could depend on TGF-β signaling from breast milk, which would be able to up-regulate Foxp3+ cells [33].



Regarding the intestinal humoral immune response, it is known that IgA is poorly produced by the neonate mucosal immune system [1,28], and that TGF-β1 and TGF-β2 from mammalian milk are able to stimulate the synthesis of mucosal IgA [28,33]. Thus, TGF-β acting in synergy with IL-10, can promote IgA production and oral tolerance induction [28]. However, our results did not show significant changes in the intestinal IgA and IgM content of the suckling rats. This lack of effect could be due to the fact that breast milk contains IgA and IgM, which are transferred to the pups, and then these milk antibodies in the intestine would mask the pups’ own levels. For this reason, intestinal IgA and IgM assessment cannot be a good marker of nutritional supplementation at this level.



Epidermal growth factor (EGF) is a peptide that modulates a variety of biological responses, such as cell proliferation and differentiation [14]. It is known that it has a clear effect on epithelium, where it accelerates maturation and stimulates cell proliferation [34,35,36]. However, in the current study, we have not detected any effect of the EGF supplementation on the proliferative response of MLNs cells in the suckling pups. There is evidence that EGF prevents and reduces the incidence and severity of NEC by modulating important transcription factors for cytokine regulation [37], and it is known that the balance of pro-inflammatory and anti-inflammatory cytokines may play a key role in the development of NEC [17]. This effect may be attributable to a down-regulation of pro-inflammatory IL-18 and to an increase of anti-inflammatory IL-10 at the site of injury [17,37]. Here we found that, 21-day EGF supplementation increased TNF-α and decreased IL-13 production by MLNs cells. The changes in these two cytokines, contained in maternal milk [32,38], could be associated with positive effects. Indeed, decreased IL-13 can be useful in the prevention of allergy, as stated for TGF-β2 [29,30,31]. Moreover, EGF supplementation kept the levels of TNF-α on day 21 at the same level as that on day 14, which could play in favor of its own effects because it is known that EGF receptor (EGF-R) is up-regulated by TNF-α [39]. Regarding MLNs cell composition, EGF supplementation shares some maturate effects with TGF-β2, such as the induction of lower levels of NK CD8+ cells and CD8αα/CD8αβ ratio.



Finally, focusing on fibroblast growth factor 21 (FGF21), recent studies showed that its function is not limited to the regulation of metabolism, but that it is also involved in the protection of multiple physiological processes, such as oxidation, inflammation, atherosclerosis, and aging processes [40]. A recent study demonstrated that, in the spleen of mice with collagen-induced arthritis (CIA), FGF21 reduces the expression of inflammatory cytokines, such as IL-17, TNF-α, IL-1β, IL-6, IL-8, and MMP3, whereas IL-10 levels were increased, compared to PBS treated CIA mice [41]. In line with this, we have not found any significant difference with respect to non-supplemented animals on MLNs inflammatory cytokines, but the FGF21 supplementation decreased IL-13 at 21 days, as we also found with the other GFs, suggesting, therefore, its role in preventing allergic events.



It is known that FGF21 is present in breast milk and does not contribute to systemic levels in mouse neonates, but appears to act locally on the mouse neonatal intestine [16]; and it is unknown whether this factor plays an important role in the maturation of the immune system. We found that suckling rats receiving FGF21 promoted maturation of the early life intestinal immune system by accelerating the decrease in the proportion of NK CD8+ cells and the decrease in the CD8αα/CD8αβ cell ratio in MLNs, as well as TGF-β2 and EGF. This is the first time that the immunomodulatory effect of FGF21 has been demonstrated in early life.




5. Conclusions


In conclusion, our study demonstrated that supplementation with TGF-β2, EGF, or FGF21 during the suckling period had an immunoregulatory effect. Although some specific effects appeared, the three growth factors were able to modulate similar aspects of MLN cells, such as promoting lymphocyte maturation, as observed by increasing NK cells with a more mature phenotype (CD8−) and reducing IL-13 production, which could be useful in avoiding allergic processes. Further studies should be carried out to establish the effect of the supplementation of TGF-β2, EGF, or FGF21 on the response of suckling pups in other parts of the intestinal immune system, such as in the intestinal epithelium or even at the systemic level.








Supplementary Materials


The following are available online at http://www.mdpi.com/2072-6643/10/9/1171/s1, Figure S1: Growth curve of all studied groups during the suckling period (from 1 to 21 days of life), Figure S2: IgA and IgM concentration in gut wash from 21-day-old animals after the different nutritional interventions, Figure S3: Proliferation of mesenteric lymph nodes lymphocytes at 14 and 21 days of life, Table S1: List of monoclonal antibodies (mAbs) used for immunophenotyping the mesenteric lymph nodes (MLN) cells.





Author Contributions


M.J.R.-L., M.C., F.J.P.-C., and À.F. conceived and designed the experiments; P.T.-C. and M.A.-G. performed the experiments; P.T.-C., F.J.P.-C., and À.F. analyzed the data and wrote the manuscript. F.J.P.-C. and À.F. have primary responsibility for the final content. All the authors reviewed and approved the final version of the manuscript.




Funding


This study was supported by a grant from the Spanish Ministry of Economy, Industry and Competitiveness (AGL2013-48459-P). Paulina Torres-Castro holds a fellowship from the National Secretary of Higher Education, Science, Technology and Innovation of Ecuador (SENESCYT-DMPF-2015-1666-CO).




Acknowledgments


The authors thank Lidia Marín-Morote for their help with the laboratory work. The authors also thank J. Comas and his laboratory technicians from the Scientific and Technological Centres of the University of Barcelona (CCiT-UB) for their assistance in the cytometry service.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Turfkruyer, M.; Verhasselt, V. Breast milk and its impact on maturation of the neonatal immune system. Curr. Opin. Infect. Dis. 2015, 28, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



García, C.; Duan, R.D.; Brévaut-Malaty, V.; Gire, C.; Millet, V.; Simeoni, U.; Bernard, M.; Armand, M. Bioactive compounds in human milk and intestinal health and maturity in preterm newborn: An overview. Cell. Mol. Biol. 2013, 59, 108–131. [Google Scholar] [CrossRef] [PubMed]

	



Penttila, I.A.; van Spriel, A.B.; Zhang, M.F.; Xian, C.J.; Steeb, C.B.; Cummins, A.G.; Zola, H.; Read, L.C. Transforming growth factor-β levels in maternal milk and expression in postnatal rat duodenum and ileum. Pediatr. Res. 1998, 44, 524–531. [Google Scholar] [CrossRef] [PubMed]

	



Buddington, R.K.; Sangild, P.T. Companion animals symposium: Development of the mammalian gastrointestinal tract, the resident microbiota, and the role of diet in early life. J. Anim. Sci. 2011, 89, 1506–1519. [Google Scholar] [CrossRef] [PubMed]

	



Jacobi, S.K.; Odle, J. Nutritional factors influencing intestinal health of the neonate. Adv. Nutr. 2012, 3, 687–696. [Google Scholar] [CrossRef] [PubMed]

	



Castellote, C.; Casillas, R.; Ramírez-Santana, C.; Pérez-Cano, F.J.; Castell, M.; Moretones, M.G.; López-Sabater, M.C.; Franch, À. Premature delivery influences the immunological composition of colostrum and transitional and mature human milk. J. Nutr. 2011, 141, 1181–1187. [Google Scholar] [CrossRef] [PubMed]

	



Field, C.J. The immunological components of human milk and their effect on immune development in infants. J. Nutr. 2005, 135, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Andreas, N.J.; Kampmann, B.; Mehring Le-Doare, K. Human breast milk: A review on its composition and bioactivity. Early Hum. Dev. 2015, 91, 629–635. [Google Scholar] [CrossRef] [PubMed]

	



Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. N. Am. 2013, 60, 49–74. [Google Scholar] [CrossRef] [PubMed]

	



Penttila, I.A.; Flesch, I.E.; McCue, A.L.; Powell, B.C.; Zhou, F.H.; Read, L.C.; Zola, H. Maternal milk regulation of cell infiltration and interleukin 18 in the intestine of suckling rat pups. Gut 2003, 52, 1579–1586. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sanjabi, S.; Oh, S.A.; Li, M.O. Regulation of the immune response by TGF-β: From conception to autoimmunity and infection. Cold Spring Harb. Perspect. Biol. 2017, 9, a022236. [Google Scholar] [CrossRef] [PubMed]

	



Penttila, I.A. Milk-derived transforming growth factor-beta and the infant immune response. J. Pediatr. 2010, 156, S21–S25. [Google Scholar] [CrossRef] [PubMed]

	



Penttila, I. Effects of transforming growth factor-beta and formula feeding on systemic immune responses to dietary β-lactoglobulin in allergy-prone rats. Pediatr. Res. 2006, 59, 650–655. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Liu, H.; Yang, S.; Li, Z.; Zhong, J.; Fang, R. Epidermal growth factor and intestinal barrier function. Mediat. Inflamm. 2016, 2016, 1927348. [Google Scholar] [CrossRef] [PubMed]

	



Berseth, C.L. Enhancement of intestinal growth in neonatal rats by epidermal growth factor in milk. Am. J. Physiol. 1987, 253, G662–G665. [Google Scholar] [CrossRef] [PubMed]

	



Gavaldà-Navarro, A.; Hondares, E.; Giralt, M.; Mampel, T.; Iglesias, R.; Villarroya, F. Fibroblast growth factor 21 in breast milk controls neonatal intestine function. Sci. Rep. 2015, 5, 13717. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Coursodon, C.F.; Dvorak, B. Epidermal growth factor and necrotizing enterocolitis. Curr. Opin. Pediatr. 2012, 24, 160–164. [Google Scholar] [CrossRef] [PubMed]

	



Kharitonenkov, A.; DiMarchi, R. Fibroblast growth factor 21 night watch: Advances and uncertainties in the field. J. Intern. Med. 2017, 281, 233–246. [Google Scholar] [CrossRef] [PubMed]

	



Grases-Pintó, B.; Abril-Gil, M.; Rodríguez-Lagunas, M.J.; Castell, M.; Pérez-Cano, F.J.; Franch, À. Leptin and adiponectin supplementation modifies mesenteric lymph node lymphocyte composition and functionality in suckling rats. Br. J. Nutr. 2018, 119, 486–495. [Google Scholar] [CrossRef] [PubMed]

	



Rigo-Adrover, M.D.M.; Van Limpt, K.; Knipping, K.; Garssen, J.; Knol, J.; Costabile, A.; Franch, À.; Castell, M.; Pérez-Cano, F.J. Preventive effect of a synbiotic combination of galacto- and fructooligosaccharides mixture with Bifidobacterium breve M-16V in a model of multiple rotavirus infections. Front. Immunol. 2018, 9, 1318. [Google Scholar] [CrossRef] [PubMed]

	



Maynard, A.A.; Dvorak, K.; Khailova, L.; Dobrenen, H.; Arganbright, K.M.; Halpern, M.D.; Kurundkar, A.R.; Maheshwari, A.; Dvorak, B. Epidermal growth factor reduces autophagy in intestinal epithelium and in the rat model of necrotizing enterocolitis. Am. J. Physiol. Liver Physiol. 2010, 299, G614–G622. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Camps-Bossacoma, M.; Pérez-Cano, F.J.; Franch, À.; Untersmayr, E.; Castell, M. Effect of a cocoa diet on the small intestine and gut-associated lymphoid tissue composition in an oral sensitization model in rats. J. Nutr. Biochem. 2017, 42, 182–193. [Google Scholar] [CrossRef] [PubMed]

	



Basha, S.; Surendran, N.; Pichichero, M. Immune responses in neonates. Expert Rev. Clin. Immunol. 2014, 10, 1171–1184. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hormi, K.; Lehy, T. Transforming growth factor-alpha in vivo stimulates epithelial cell proliferation in digestive tissues of suckling rats. Gut 1996, 39, 532–538. [Google Scholar] [CrossRef] [PubMed]

	



Pollack, P.F.; Goda, T.; Colony, P.C.; Edmond, J.; Thornburg, W.; Korc, M.; Koldovský, O. Effects of enterally fed epidermal growth factor on the small and large intestine of the suckling rat. Regul. Pept. 1987, 17, 121–132. [Google Scholar] [CrossRef]

	



Camporez, J.P.; Asrih, M.; Zhang, D.; Kahn, M.; Samuel, V.T.; Jurczak, M.J.; Jornayvaz, F.R. Hepatic insulin resistance and increased hepatic glucose production in mice lacking FGF21. J. Endocrinol. 2015, 226, 207–217. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Cano, F.J.; Franch, À.; Castellote, C.; Castell, M. The suckling rat as a model for immunonutrition studies in early life. Clin. Dev. Immunol. 2012, 2012, 537310. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.F. The Role of Milk Transforming Growth Factor-β (TGF-β) in the Development of the Infant Gut and Gut Mucosal Immune System. Ph.D. Thesis, University of Adelaide, Adelaide, Australia, 2000. [Google Scholar]

	



Wills-Karp, M.; Luyimbazi, J.; Xu, X.; Schofield, B.; Neben, T.Y.; Karp, C.L.; Donaldson, D.D. Interleukin-13: Central mediator of allergic asthma. Science 1998, 282, 2258–2261. [Google Scholar] [CrossRef] [PubMed]

	



Kubo, T.; Morita, H.; Sugita, K.; Akdis, C.A. Introduction to mechanisms of allergic diseases. In Middleton’s Allergy Essentials; Holgate, S., Sheikh, A., Eds.; Elsevier: New York, NY, USA, 2017; pp. 1–27. ISBN 978-0-323-37579-5. [Google Scholar]

	



Bao, K.; Reinhardt, R.L. The differential expression of IL-4 and IL-13 and its impact on type-2 immunity. Cytokine 2015, 75, 25–37. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Munblit, D.; Treneva, M.; Peroni, D.G.; Colicino, S.; Chow, L.Y.; Dissanayeke, S.; Pampura, A.; Boner, A.L.; Geddes, D.T.; Boyle, R.J.; et al. Immune components in human milk are associated with early infant immunological health outcomes: A prospective three-country analysis. Nutrients 2017, 9, 532. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, K.; Koyanagi, A.; Kamachi, F.; Harauma, A.; Chiba, A.; Hisata, K.; Moriguchi, T.; Shimizu, T.; Miyake, S. Breast-feeding regulates immune system development via transforming growth factor-β in mice pups. Pediatr. Int. 2018, 60, 224–231. [Google Scholar] [CrossRef] [PubMed]

	



Dvorak, B.; Halpern, M.D.; Holubec, H.; Williams, C.S.; McWilliam, D.L.; Dominguez, J.A.; Stepankova, R.; Payne, C.M.; McCuskey, R.S. Epidermal growth factor reduces the development of necrotizing enterocolitis in a neonatal rat model. Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 282, G156–G164. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, L.T.; Walker, W.A. Epidermal growth factor and the developing human gut. Gastroenterology 1988, 94, 845–847. [Google Scholar] [CrossRef]

	



Wong, W.M.; Wright, N.A. Epidermal growth factor, epidermal growth factor receptors, intestinal growth, and adaptation. JPEN J. Parenter. Enteral Nutr. 1999, 23, S83–S88. [Google Scholar] [CrossRef] [PubMed]

	



Halpern, M.D.; Dominguez, J.A.; Dvorakova, K.; Holubec, H.; Williams, C.S.; Meza, Y.G.; Ruth, M.C.; Dvorak, B. Ileal cytokine dysregulation in experimental necrotizing enterocolitis is reduced by epidermal growth factor. J. Pediatr. Gastroenterol. Nutr. 2003, 36, 126–133. [Google Scholar] [CrossRef] [PubMed]

	



Hanson, L.Å.; Korotkova, M. The role of breastfeeding in prevention of neonatal infection. Semin. Neonatol. 2002, 7, 275–281. [Google Scholar] [CrossRef] [PubMed]

	



Takeyama, K.; Dabbagh, K.; Lee, H.M.; Agustí, C.; Lausier, J.A.; Ueki, I.F.; Grattan, K.M.; Nadel, J.A. Epidermal growth factor system regulates mucin production in airways. Proc. Natl. Acad. Sci. USA 1999, 96, 3081–3086. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yan, J.; Wang, J.; Huang, H.; Huang, Y.; Mi, T.; Zhang, C.; Zhang, L. Fibroblast growth factor 21 delayed endothelial replicative senescence and protected cells from H2O2-induced premature senescence through SIRT1. Am. J. Transl. Res. 2017, 9, 4492–4501. [Google Scholar] [PubMed]

	



Li, S.M.; Yu, Y.H.; Li, L.; Wang, W.F.; Li, D.S. Treatment of CIA mice with FGF21 down-regulates TH17-IL-17 axis. Inflammation 2016, 39, 309–319. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 10 01171 g001 550] 





Figure 1. Proportion of CD8+ cells and ratio CD8αα/CD8αβ in mesenteric lymph nodes at 14 and 21 days of life. (a) % CD8+ cells; (b) The ratio CD8αα/CD8αβ was calculated as the quotient of the percentages of CD8αα cells and CD8αβ cells in CD8+ cells (%). Results are expressed as mean ± standard error of the mean (S.E.M) (n = 9). Statistical differences: * p < 0.05 vs. reference group (REF group) at same age; Ψ p < 0.05 vs. same group at day 14. TGF-β2: transforming growth factor-β2. EGF: epidermal growth factor. FGF21: fibroblast growth factor 21. 
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Figure 2. Percentages of CD8+ and CD8− lymphocyte subsets in mesenteric lymph nodes at 14 and 21 days of life. (a) TCRαβ+ CD8−; (b) TCRαβ+ CD8+; (c) TCRγδ+ CD8−; (d) TCRγδ+ CD8+; (e) NKT CD8−; (f) NKT CD8+; (g) NK CD8-; and (h) NK CD8+. Results are expressed as mean ± S.E.M (n = 9). Statistical difference: * p < 0.05 vs. REF group at same age; Ψ p < 0.05 vs. same group at day 14. 






Figure 2. Percentages of CD8+ and CD8− lymphocyte subsets in mesenteric lymph nodes at 14 and 21 days of life. (a) TCRαβ+ CD8−; (b) TCRαβ+ CD8+; (c) TCRγδ+ CD8−; (d) TCRγδ+ CD8+; (e) NKT CD8−; (f) NKT CD8+; (g) NK CD8-; and (h) NK CD8+. Results are expressed as mean ± S.E.M (n = 9). Statistical difference: * p < 0.05 vs. REF group at same age; Ψ p < 0.05 vs. same group at day 14.
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Figure 3. Surface expression of αE integrin and CD62L selectin, in mesenteric lymph nodes at 14 and 21 days of life. (a) CD62L/αE integrin surface expression at 14 days, (b) CD62L/αE integrin surface expression at 21 days, (c) CD62L+ cells (%) and (d) αE+ cells (%). Results are expressed as mean ± S.E.M (n = 9). Statistical difference: Ψ p > 0.05 vs. same group at day 14. 
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Table 1. Morphometric variables and small intestinal growth.
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BMI

	
Lee Index

	
SI Relative Weight

	
SI Relative Length




	
(g/cm2)

	
((∛g/cm) × 1000)

	
(%)

	
(%)






	
Day 14

	
REF

	
0.365 ± 0.009

	
332.9 ± 3.473

	
3.51 ± 0.05

	
118.29 ± 5.49




	
TGF-β2

	
0.373 ± 0.010

	
336.9 ± 3.844

	
3.59 ± 0.14

	
114.34 ± 4.28




	
EGF

	
0.340 ± 0.007

	
327.0 ± 2.845

	
3.48 ± 0.06

	
122.64 ± 2.91




	
FGF21

	
0.371 ± 0.009

	
337.4 ± 4.044

	
3.18 ± 0.06

	
105.59 ± 5.31




	
Day 21

	
REF

	
0.404 ± 0.010 Ψ

	
319.5 ± 2.551 Ψ

	
4.15 ± 0.24 Ψ

	
89.57 ± 3.12 Ψ




	
TGF-β2

	
0.404 ± 0.009 Ψ

	
320.8 ± 3.225 Ψ

	
4.25 ± 0.09 Ψ

	
85.65 ± 2.20 Ψ




	
EGF

	
0.404 ± 0.007 Ψ

	
322.9 ± 2.574

	
4.38 ± 0.07 Ψ

	
88.34 ± 2.20 Ψ




	
FGF21

	
0.420 ± 0.011 Ψ

	
329.0 ± 4.053

	
4.78 ± 0.17 Ψ

	
89.97 ± 4.01 Ψ








BMI: body mass index. SI: small intestine. TGF-β2: transforming growth factor-β2. EGF: epidermal growth factor. FGF21: fibroblast growth factor 21. Results are expressed as mean ± standard error of the mean (S.E.M) (n = 9). Ψ p < 0.05 vs. day 14 at same group.
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Table 2. Main lymphocyte subsets in mesenteric lymph nodes.
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Reference

	
TGF-β2

	
EGF

	
FGF21






	
Day 14

	
T cells (%)

	
75.90 ± 1.80

	
77.90 ± 1.39

	
74.36 ± 1.88

	
79.60 ± 1.50




	
T TCRαβ+ (%)

	
72.90 ± 1.98

	
75.24 ± 1.29

	
71.22 ± 1.94

	
75.90 ± 1.20




	
T TCRγδ+ (%)

	
3.00 ± 0.20

	
2.66 ± 0.20

	
3.14 ± 0.23

	
3.70 ± 0.40




	
NK (%)

	
1.63 ± 0.30

	
1.22 ± 0.08

	
1.35 ± 0.12

	
1.42 ± 0.17




	
NKT (%)

	
1.15 ± 0.14

	
1.18 ± 0.20

	
0.94 ± 0.05

	
0.98 ± 0.06




	
B cells (%)

	
17.65 ± 1.65

	
16.19 ± 1.40

	
19.62 ± 1.23

	
15.86 ± 1.07




	
Day 21

	
T cells (%)

	
74.60 ± 1.36

	
75.86 ± 1.10

	
75.29 ± 1.20

	
76.41 ± 0.69




	
T TCRαβ+ (%)

	
71.57 ± 1.44

	
73.28 ± 1.14

	
72.93 ± 1.26

	
73.10 ± 0.77




	
T TCRγδ+ (%)

	
3.07 ± 0.15

	
2.58 ± 0.15

	
2.36 ± 0.13 *,Ψ

	
3.31 ± 0.13




	
NK (%)

	
0.95 ± 0.07 Ψ

	
0.79 ± 0.06 Ψ

	
0.77 ± 0.08 Ψ

	
1.05 ± 0.07




	
NKT (%)

	
1.57 ± 0.07 Ψ

	
1.55 ± 0.11

	
1.39 ± 0.21

	
1.63 ± 0.18 Ψ




	
B cells (%)

	
14.67 ± 0.71

	
14.30 ± 0.64

	
12.95 ± 1.19 Ψ

	
13.23 ± 0.62








Results are expressed as mean ± S.E.M (n = 9). * p < 0.05 vs. reference (REF) group at same age; Ψ p < 0.05 vs. day 14 at same group.
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Table 3. Surface expression of the αE integrin and the CD62L selectin in CD4+, CD8+, and B cells in mesenteric lymph nodes.
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14 Days




	

	
Reference

	
TGF-β2

	
EGF

	
FGF21




	
%αE

	
CD8+

	
2.75 ± 0.72

	
2.92 ± 0.49

	
2.94 ± 0.52

	
2.88 ± 0.44




	
CD4+

	
2.81 ± 0.39

	
3.07 ± 0.45

	
4.46 ± 0.34

	
3.80 ± 0.26




	
B cells

	
15.98 ± 1.61

	
18.33 ± 1.39

	
18.92 ± 2.50

	
20.32 ± 3.12




	
%CD62L

	
CD8+

	
65.27 ± 1.56

	
62.38 ± 3.47

	
59.25 ± 2.52

	
59.21 ± 3.55




	
CD4+

	
59.55 ± 1.76

	
55.41 ± 2.36

	
53.61 ± 1.37

	
53.65 ± 2.40




	
B cells

	
48.43 ± 2.77

	
46.6 ± 2.05

	
38.77 ± 2.08

	
37.29 ± 4.78




	

	
21 Days




	

	
Reference

	
TGF-β2

	
EGF

	
FGF21




	
%αE

	
CD8+

	
3.84 ± 0.48

	
2.98 ± 1.04

	
3.70 ± 0.48

	
3.97 ± 0.66




	
CD4+

	
2.83 ± 0.75

	
2.61 ± 0.52

	
1.94 ± 0.18 Ψ

	
2.52 ± 0.30 Ψ




	
B cells

	
18.43 ± 1.83 Ψ

	
13.03 ± 1.55 Ψ

	
14.95 ± 1.69 Ψ

	
15.75 ± 1.16 Ψ




	
%CD62L

	
CD8+

	
71.49 ± 1.38 Ψ

	
72.10 ± 1.93 Ψ

	
70.78 ± 2.19 Ψ

	
72.88 ± 2.37 Ψ




	
CD4+

	
66.02 ± 1.74 Ψ

	
68.24 ± 1.64 Ψ

	
66.66 ± 0.42 Ψ

	
66.80 ± 1.22 Ψ




	
B cells

	
56.79 ± 2.25

	
60.92 ± 2.17 Ψ

	
60.82 ± 3.92

	
57.61 ± 2.37








Results are expressed as mean ± S.E.M (n = 9). Ψ p < 0.05 vs. day 14 at same group.
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Table 4. Cytokine production by mesenteric lymph node cells after in vitro stimulation.
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14 Days




	
(pg/mL)

	
Reference

	
TGF-β2

	
EGF

	
FGF21




	
IL-2

	
42.71 ± 5.96

	
39.24 ± 5.66

	
50.45 ± 6.66

	
56.72 ± 11.04




	
IL-4

	
89.82 ± 13.00

	
57.14 ± 7.81

	
82.65 ± 12.47

	
74.97 ± 12.18




	
IL-10

	
879.82 ± 239.40

	
688.01 ± 145.14

	
1450.87 ± 296.29

	
1326.99 ± 217.06




	
IL-13

	
25.38 ± 5.64

	
17.53 ± 3.03

	
31.91 ± 4.28

	
26.18 ± 4.03




	
IL-17A

	
71.98 ± 26.92

	
70.22 ± 20.16

	
60.12 ± 13.61

	
50.82 ± 9.53




	
IFN-γ

	
10323.26 ± 2391.46

	
8302.75 ± 1964.09

	
9329.17 ± 1662.87

	
7882.51 ± 2810.34




	
TNF-α

	
8.76 ± 0.98

	
9.48 ± 0.68

	
9.19 ± 1.16

	
7.40 ± 0.25




	
IL-10/TNF-α

	
115.00 ± 33.11

	
79.71 ± 21.80

	
170.87 ± 43.10

	
178.05 ± 29.25




	
IFN-γ/IL-4

	
110.35 ± 20.65

	
195.32 ± 61.39

	
124.85 ± 37.55

	
103.80 ± 26.93




	

	
21 Days




	
(pg/mL)

	
Reference

	
TGF-β2

	
EGF

	
FGF21




	
IL-2

	
390.57 ± 141.49 Ψ

	
383.80 ± 89.21 Ψ

	
244.79 ± 80.37 Ψ

	
270.16 ± 114.54




	
IL-4

	
70.52 ± 10.51

	
52.21 ± 7.69

	
48.52 ± 1.91 Ψ

	
66.60 ± 8.80




	
IL-10

	
705.45 ± 63.95

	
514.70 ± 55.30

	
508.26 ± 61.43 Ψ

	
542.36 ± 78.82 Ψ




	
IL-13

	
19.51 ± 2.44

	
12.92 ± 0.74 *

	
9.91 ± 1.24 *,Ψ

	
9.83 ± 1.65 *,Ψ




	
IL-17A

	
59.97 ± 7.14

	
46.91 ± 4.03

	
52.30 ± 10.7022

	
41.24 ± 11.77




	
IFN-γ

	
4231.26 ± 365.41 Ψ

	
4488.50 ± 416.14

	
6900.74 ± 1129.78

	
4595.11 ± 1058.87




	
TNF-α

	
6.63 ± 0.11 Ψ

	
6.55 ± 0.20 Ψ

	
10.02 ± 0.40 *

	
5.91 ± 0.38 Ψ




	
IL-10/TNF-α

	
106.47 ± 9.73

	
80.13 ± 9.55

	
50.48 ± 5.72 *,Ψ

	
95.64 ± 17.03 Ψ




	
IFN-γ/IL-4

	
64.25 ± 9.61

	
111.99 ± 25.23

	
147.25 ± 27.9166

	
81.50 ± 25.37








Results are expressed as mean ± S.E.M (n = 9). * p < 0.05 vs. REF group at same age; Ψ p < 0.05 vs. day 14 at same group.
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