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ABSTRACT  1 

Breastfeeding has been associated with long lasting health benefits. Nutrients and bioactive 2 

components of human breast milk promote cell growth, immune development, and shield the 3 

infant gut from insults and microbial threats. The molecular and cellular events involved in these 4 

processes are ill defined. We have established human pediatric enteroids and interrogated 5 

maternal milk’s impact on epithelial cell maturation and function in comparison with commercial 6 

infant formula. Colostrum applied apically to pediatric enteroid monolayers reduced ion 7 

permeability, stimulated epithelial cell differentiation, and enhanced tight junction function by 8 

upregulating occludin expression. Breast milk heightened the production of antimicrobial peptide 9 

α-defensin 5 by goblet and Paneth cells, and modulated cytokine production, which abolished 10 

apical release of pro-inflammatory GM-CSF. These attributes were not found in commercial 11 

infant formula. Epithelial cells exposed to breast milk elevated apical and intracellular pIgR 12 

expression and enabled maternal IgA translocation. Proteomic data revealed a breast milk-13 

induced molecular pattern associated with tissue remodeling and homeostasis. Using a novel ex 14 

vivo pediatric enteroid model, we have identified cellular and molecular pathways involved in 15 

human milk-mediated improvement of human intestinal physiology and immunity. 16 

  17 
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INTRODUCTION  18 

The human gastrointestinal epithelium is a selective physical and chemical barrier that 19 

separates the luminal content from the serosal compartment and inner host tissues (1). It 20 

enables transport of electrolytes and nutrients, and provides a first line of defense against 21 

pathogens by engaging innate and adaptive mucosal immune components (2). The intestinal 22 

epithelium and associated mucosal immune environment progressively develop and mature 23 

from early fetal stages through childhood by means of genetic and external signals (3, 4). 24 

Human milk, rich in essential macronutrients, bioactive molecules (i.e., growth factors, 25 

antimicrobial peptides, complex oligosaccharides), and immune components including 26 

immunoglobulins, cytokines, and immune cells, supports tissue development and protects 27 

infants against infectious agents (5). Human milk is also a source of and helps establish a 28 

healthy microbiota in infants (6). Improvement of chronic and acute diseases (e.g., necrotizing 29 

enterocolitis, inflammatory bowel diseases, and intestinal and pulmonary infections) has been 30 

attributed to breastfeeding (7-10). Because of its countless benefits, breastfeeding has been 31 

recommended at least during the first 6 months of life (11). Current knowledge of the health-32 

promoting benefits of human breast milk remains empiric or primarily descriptive, having been 33 

derived from observational or epidemiologic studies. The cellular and molecular mechanisms 34 

underlying the effects of maternal milk in the pediatric gut and physiologic pathways involved 35 

remain ill characterized. One of the reasons for this gap in knowledge is the lack of reliable 36 

models that could recapitulate the effect of human milk on the development and maintenance 37 

of a healthy pediatric human gut and its origin in modulating systemic effects. Studies using 38 

intestinal cancer cell lines including HT-29, T84, and Caco-2 cells or short-lived primary 39 

epithelial cells obtained from animals fail to reproduce the normal physiological responses of 40 

infant intestinal epithelium (12-15). Additionally, these immortalized cultures consist mainly of 41 

enterocytes and lack intestinal segment- and age-specificity needed for study of the complex 42 

multicellular and diverse composition of the human intestinal epithelium. 43 
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In this study, we described the establishment of an ex vivo pediatric human enteroid model 44 

derived from intestinal Lgr5+ stem cells and a mechanistic interrogation of the effects of 45 

human breast milk in the intestinal epithelium. Human intestinal enteroids (HIEs) recapitulate 46 

the crypt-villus cell axis and the segment-specific physiology (duodenum, jejunum, ileum) of 47 

the adult human small intestine (16, 17). Technical advantages of HIEs include their capacity 48 

for long-term growth (years), which preserves donor genotype, and forming polarized 49 

monolayers with easy access to apical and basolateral epithelial cell surfaces, which avoids 50 

the cumbersome manipulation of 3D structures (18). Herein, we present a side-by-side 51 

comparison of the molecular and cellular events affected by human milk vs. commercial infant 52 

formula in human pediatric enteroids. Outcome analyses included pediatric intestinal tissue 53 

morphology and maturation, ion and epithelial barrier permeability, antimicrobial and immune 54 

functions, and epithelial cell secretome. 55 

 56 

RESULTS 57 

Pediatric and adult enteroid monolayers exhibit distinct cell morphology and maturation 58 

features. To mechanistically interrogate the physiological effects of human breast milk in the 59 

pediatric gut, differentiated enteroid monolayers were established from duodenal biopsies of 60 

healthy 2- and 5-year-old children who underwent diagnostic endoscopy at The Johns Hopkins 61 

Hospital, using methods previously described (19, 20); these monolayers are hereafter referred 62 

to as 2PD and 5PD, respectively. The cell morphology, permeability and barrier integrity of the 63 

pediatric monolayers were compared with those derived from adult duodenal tissue. 64 

Differentiated (villus-like) enterocytes of pediatric origin were significantly shorter than their adult 65 

counterparts as revealed by confocal microscopy images (Figure 1A) and epithelial cell height 66 

measurement (Figure 1B). Analysis of the epithelial barrier function by transepithelial electrical 67 

resistance (TER) revealed increased paracellular ion permeability in the pediatric- as compared 68 

to the adult-derived monolayers (Figure 1C).  69 
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Human breast milk improves pediatric epithelial barrier function. We next examined the 70 

effect of human breast milk (colostrum) on pediatric intestinal barrier function. Breast milk was 71 

applied to the apical side of differentiated pediatric enteroid monolayers, and TER values were 72 

monitored daily for 48h. Monolayers exposed to human breast milk exhibited higher TER values 73 

as compared to non-treated controls (Figures 2A and B). A dose-response effect was observed, 74 

with the 20% (v/v) treatment resulting in higher TER values as compared to 2% (v/v) (Figure 75 

2A). This observation was consistent in multiple experiments using both lines; the 20% (v/v) 76 

solution was therefore selected for subsequent experiments. We next compared ion 77 

permeability of pediatric monolayers treated with human milk vs. commercial infant formula 78 

(also resuspended at 20% w/v). Human breast milk significantly and reliably increased TER 79 

levels in both 2PD and 5PD monolayers as compared to non-treated controls and remained 80 

elevated or further improved with prolonged exposure (Figures 2A and B). By contrast, ion 81 

permeability was modestly affected by infant formula; TER values increased only in the 5PD 82 

monolayer at 48h of treatment (Figure 2B, right panel). In addition to transepithelial ion 83 

permeability by TER, paracellular molecular permeability was examined by exposing breast 84 

milk- and infant formula-treated pediatric monolayers to FITC-labelled 4kDa dextran for up to 85 

2h. No differences were observed in the amount of dextran recovered from the basolateral side 86 

regardless of treatment (data not shown) confirming integrity of the epithelial barrier.  87 

 88 

Human breast milk increases the expression of the tight junction (TJ) protein occludin. 89 

Maternal milk enhancement of TER values prompted us to investigate its effect on expression of 90 

TJ proteins, which seal the paracellular space of the intestinal epithelia and regulate passage of 91 

ions and small molecules. Occludin, a transmembrane protein of the TJ complex was selected 92 

for this analysis as crucial marker of epithelial differentiation and barrier function (21). 93 

Immunofluorescent imaging revealed occludin on the cell perimeter of all monolayers, 94 

regardless of treatment (Figure 3A). Strikingly, pediatric monolayers exposed to human milk 95 
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exhibited a distinctive pattern of apical and condensed cytoplasmic vesicular expression of 96 

occludin (Figure 3A) that markedly contrasted with the perimeter-only expression of monolayers 97 

treated with infant formula. Quantitative analysis of the fluorescence intensity by confocal 98 

imaging revealed superior occludin expression in both pediatric monolayers treated with human 99 

breast milk as compared with monolayers treated with infant formula or untreated controls 100 

(Figure 3B). Of the two enteroid lines, the 2PD was the higher and more consistent responder 101 

(Figure 3B). Infant formula increased occludin expression modestly and occasionally, not 102 

reaching significance above the non-treated controls (Figure 3B). The granular occludin 103 

expression pattern induced by breast milk was observed not only in absorptive enterocytes, 104 

visible by their prominent apical brush border, but also in cells lacking brush border, which are 105 

typically secretory epithelial cell lineages such as Paneth cells, goblet cells, and 106 

enteroendocrine cells (our HIE monolayers were not induced to express M cells). To identify the 107 

specific cell types producing occludin, breast milk-treated monolayers were co-stained to detect 108 

the presence of occludin as well as lysozyme, a marker for Paneth cells, trefoil factor 3 (TFF3), 109 

a marker for goblet cells, and chromogranin A, a marker for enteroendocrine cells. Occludin 110 

granular pattern co-localized with both lysozyme and TFF3, but not with chromogranin A marker 111 

(Figure 3C). These results indicate that breast milk elevates occludin expression not only at the 112 

TJ but also in the cytoplasm and apical membrane of absorptive enterocytes as well as in 113 

Paneth cells and goblet cells. 114 

 115 

Human milk increases epithelial cell expression of innate immune mediators. The 116 

influence of breast milk on Paneth cell protein expression led us to examine its capacity to 117 

enhance Paneth cell function, and in particular the production of antimicrobial peptides such as 118 

α-defensin 5 (DEFA5), which helps maintain intestinal tolerance and homeostasis (22, 23). 119 

DEFA5 fluorescence intensity was greatly increased in breast milk-treated pediatric monolayers 120 

as compared to those treated with infant formula or non-treated controls (Figures 4A and B). 121 
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Infant formula had no effect on DEFA5 expression. As expected, DEFA5 co-localized with 122 

lysozyme+ Paneth cells (Figure 4B). Surprisingly, a subpopulation of DEFA5-expressing cells 123 

that lacked the lysozyme marker was observed in human milk-treated monolayers (Figure 4B). 124 

Dual DEFA5+ and TFF3+ fluorescent staining revealed co-localization of these two markers, 125 

uncovering a breast milk-induced human goblet cell population with capacity to produce DEFA5 126 

(Figure 4C).  127 

We next examined the capacity of breast milk to modulate the production and secretion of 128 

cytokines and chemokines typically produced by intestinal epithelial cells. IL-10, IFN-γ, TNF-α, 129 

IL-6, IL-8, MCP-1, and GM-CSF were measured in the apical and basolateral milieu of treated 130 

and non-treated monolayers. IL-10 and IFN-γ in all conditions were below limit of detection (<0.7 131 

pg). TNF-α and IL-6 were present at very low levels (<1 pg) and below the limit of detection in 132 

the non-treated controls, in both apical and basolateral compartments (data not shown). MCP-1, 133 

GM-CSF, and IL-8 were detected in apical media and for the most part, levels increased over 134 

time (Figures 4D-F). Treatment of pediatric monolayers with infant formula for 72h resulted in a 135 

marked increase of MCP-1 released apically as compared with non-treated monolayers. In 136 

contrast, a trend of reduced MCP-1 production was observed upon treatment with human milk 137 

(Figure 4D). GM-CSF was produced by untreated monolayers and by those treated with infant 138 

formula. In fact, infant formula produced a slight − yet not statistically significant − upregulation 139 

of GM-CSF at the 24h time point (Figure 4E). Conversely, apical GM-CSF secretion was 140 

abolished when monolayers were treated with human milk, at both time points tested (Figure 141 

4E). Apical release of IL-8 remained unaffected by treatment (Figure 4F). Basolateral secretion 142 

of MCP-1, GM-CSF, and IL-8 was not influenced by treatment either (data not shown). A 143 

principal component analysis (PCA) was conducted combing 24h outcomes described above to 144 

visualize, in aggregate, the impact of breast milk and infant formula on epithelial cell physiology 145 

(the 24h time point was selected because it allowed for a complete dataset for all treatments). 146 
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Monolayers untreated or exposed to infant formula clustered together and were largely distant 147 

from those exposed to breast milk by principal component 1 (Figure 4G). Breast milk treatment 148 

was associated with biomarkers of enhanced barrier function (DEFA5, occludin, and TER), 149 

whereas infant formula was linked to synthesis of pro-inflammatory cytokines (IL-8, MCP-1, and 150 

GM-CSF) (Figure 4G).   151 

 152 

Human milk sIgA translocates across pediatric enteroid monolayers. Breast milk contains 153 

a variety of immune mediators, including antibodies that shield immunologically naïve infants 154 

from health threats. Maternal immunoglobulins, in particular sIgA, support infant immune 155 

development and regulation, enacting long lasting benefits. Early colostrum has high levels of 156 

maternal sIgA and IgG, and hence our system enabled us to investigate their interaction with 157 

pediatric intestinal epithelial cells. Both 2PD and 5PD monolayers expressed secretory 158 

component (SC) of the polymeric immunoglobulin receptor (pIgR), which mediates IgA 159 

translocation across the intestinal epithelium as well as the neonatal Fc receptor (FcRn), 160 

responsible for transepithelial IgG transpot as shown by immunoblotting (Figures 5A and B). 161 

Confocal microscopy images revealed a diffuse cytoplasmic SC-pIgR expression in the non-162 

treated controls, whereas epithelial cells exposed to breast milk exhibited not only intracellular 163 

but also basolateral and dense apical SC-pIgR expression (Figure 5A). Enhanced SC-pIgR 164 

expression in pediatric monolayers treated with breast milk was confirmed by immunoblotting 165 

(Figure 5C). Soluble SC-pIgR was detected in milk alone but not in infant formula (Figure 5C). 166 

We next compared apical to basolateral sIgA and IgG translocation in monolayers treated with 167 

breast milk vs. non-treated controls. Both sIgA and IgG were detected on basolateral side of 168 

milk-exposed epithelial cells; sIgA levels were significantly higher than those of the non-treated 169 

controls (Figure 5D).   170 

 171 
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Breast milk-induced protein upregulation and basolateral secretion by pediatric epithelial 172 

cells. The intestinal epithelium communicates with underlying tissues via secretion of nutrients, 173 

growth factors, cytokines, and regulatory peptides. Gut-derived molecules secreted to the 174 

basolateral compartment have the potential to disseminate systemically and act on remote 175 

tissues, exacting distant modulatory functions. To identify breast milk-induced molecules of 176 

intestinal origin that may have a wider (and possibly systemic) impact in vivo, we examined 177 

proteins secreted into the basolateral compartment of milk-exposed monolayers. Over 6000 178 

proteins were identified by a proteomic analysis. To select the differentially expressed proteins 179 

from a total of 392 secreted proteins (with high false discovery rate), we applied the cutoffs: 180 

adjusted p-value ≤0.05 and log2 fold change at ±0.68. A total of 61 proteins had increased 181 

abundance in the breast milk-treated enteroids, whereas 21 were increased in the non-treated 182 

control (Figure 6A).  183 

Proteins derived from human milk were found in the basolateral compartment of breast milk-184 

treated monolayers, indicating apical to basolateral transepithelial translocation.  185 

In addition, we observed increased levels of proteins related to mucosal protection and repair 186 

(e.g., TFF1-3, lysozyme C, amyloid-like protein), epithelial cell markers (e.g., EpCAM), growth 187 

factors (e.g., insulin-like growth factor-binding protein [IGFBP], fibroblast growth factor binding 188 

protein [FGFBP]), extracellular matrix remodeling proteins (e.g., metalloproteinase inhibitor 189 

proteins, basement membrane-specific heparan sulfate proteoglycan core protein) and cofactor 190 

carrier protein (e.g., transcobalamin 2) in the human breast milk-treated monolayers (Figure 191 

6A). In contrast, the non-treated monolayers exhibited increased expression of the 192 

apolipoprotein family, and annexin V (Figure 6A). The interactions among proteins with 193 

increased abundance in the breast milk-treated enteroids were examined using the STRING 194 

v11.0 database. The analysis revealed a significant protein-protein interaction (p-value<1.0-16) 195 

among 57 of them (228 edges), whereas 4 proteins showed no interactions within the network 196 

(Figure 6B). These results indicate that most of the proteins secreted by milk-exposed enteroids 197 
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do not act as independent entities but can deploy biological activity by either transient or stable 198 

association. A functional enrichment analysis was then performed utilizing the PANTHER and 199 

AMIGO2 classification database system to highlight the gene ontology (GO) terms annotated for 200 

cellular component, molecular function, and biological processes enriched within these protein 201 

sets (Figure 6C). The majority of the proteins were associated with the extracellular 202 

compartment (24.3%; GO:0044421, GO:0005576) as well as within the cell (12.1%; 203 

GO:0044464, GO:0005623) as constitutive protein with cytoplasmic or plasma membrane 204 

localization. The main molecular function identified was binding (51.4%; GO:0005488) followed 205 

by enzyme activity (28.6%; GO:0003824). In addition, these protein sets participate in multiple 206 

biological processes, including cell physiology, response to stimulus, metabolic functions, cell 207 

growth and maintenance, and immunity (Figure 6C). 208 

 209 

DISCUSSION 210 

Human breast milk is a rich source of nutrients and bioactive components that promote infant 211 

growth and immune development. In this work, using an ex vivo pediatric intestinal stem cell-212 

derived human enteroid model, we have identified distinct protein synthesized and cellular 213 

functions modulated by human breast milk. HIEs represent a cutting-edge technology that 214 

recapitulates the structural and functional features of the human gastrointestinal tissue. They 215 

have been used to interrogate gut physiology, host responses to microbes, drug activity, and 216 

cell-to-cell communication (24-29). A side-by-side comparison of pediatric- vs. adult-derived 217 

duodenal HIE monolayers revealed age-associated differences with the former exhibiting 218 

shorter columnar epithelial cells and reduced TER, consistent with a less mature epithelial cell 219 

phenotype. Reduced enterocyte height has been reported in duodenal biopsies of infants, as 220 

compared to adult subjects (30). Together, these results suggest that intestinal epithelial cell 221 

development continues through childhood. They also demonstrate that age-specific cell 222 

morphology is preserved in the HIEs.  223 
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Several unique molecular events associated with human milk improvement of pediatric intestinal 224 

health were observed. The first was the ability of breast milk (colostrum) to enhance epithelial 225 

barrier function by reducing ion permeability and upregulating expression of the TJ complex 226 

regulator occludin. The breast milk-treated monolayers exhibited an unusual pattern of 227 

upregulated occludin protein expression. Occludin was detected not only at the (expected) 228 

intercellular junctions but also on the apical plasma membranes of absorptive enterocytes as 229 

well as Paneth and goblet cells. Condensed occludin-containing vesicles were spread 230 

intracellularly. Apical occludin localization has been reported recently in mouse organoids, 231 

primarily in intestinal stem cells and Paneth cells, and less abundantly in enterocytes and goblet 232 

cells, and its presence associated with reduced paracellular permeability (31). A regulatory 233 

mechanism that involves recruitment of occludin contained in cytoplasmic vesicles or in the 234 

apical plasma membrane (via differential phosphorylation) for TJ formation has been proposed 235 

(32); under this model, the extra junctional localization may represent protein reservoirs that 236 

enable prompt TJ formation required by dynamic metabolic and physiological processes. To the 237 

best of our knowledge, this is the first demonstration of apical and cytoplasmic multi-lamellar 238 

occludin expression by human pediatric intestinal cells upregulated in response to breast milk.  239 

A second key observation was the capacity of human milk to substantially increase production 240 

of human DEFA5, a peptide that contributes to innate host defense against enteropathogens 241 

and promotes intestinal homeostasis by limiting inflammation and microbial translocation (22, 242 

33, 34). DEFA5 was produced not only by Paneth cells (the typical producers of antimicrobial 243 

molecules) but also by mucus-producing goblet cells. Production of DEFA5 by intestinal villous 244 

TFF3+ (goblet cells) but not lysozyme+ cells has been documented in human ileal biopsies (35). 245 

Goblet and Paneth cells derive from a common secretory cell progenitor under the regulation of 246 

ETS transcription factor Spdef (36). Lgr5+ stem cells and Paneth cells are abundant in crypt-like, 247 

non-differentiated HIEs. The lifespan of Paneth cells in enteroids is approximately 30 days, 248 

regardless of differentiation, as was previously shown in adult differentiated 3D enteroids (16). 249 
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By contrast, the expression of DEFA5 in TFF3+ goblet cells, which mark the differentiated small 250 

intestinal epithelium, is a new finding and may reflect a differentiating cell lineage stage 251 

prompted by breast milk-derived growth factors. The heightening production of TJ proteins and 252 

antimicrobial products induced by breast milk (but not infant formula) is consistent with the 253 

reported improved epithelial barrier of infants fed with breast milk over those fed by formula as 254 

determined by reduced ratio of lactulose-to-mannitol in urine (37). 255 

A third important observation was the immune modulation associated with human milk treatment 256 

of pediatric epithelial cells. While infant formula increased the production of pro-inflammatory 257 

cytokines MCP-1 and GM-CSF, breast milk reduced MCP-1 levels and totally suppressed apical 258 

release of GM-CSF. Gut inflammatory diseases such as intestinal bowel disease and celiac 259 

disease coincide with elevated MCP-1 and GM-CSF in duodenal biopsies (38).  260 

IL-8, an epithelial cell-derived neutrophil chemoattractant was produced by the pediatric 261 

intestinal epithelium. Although not overtly affected by treatment, IL-8 was associated with 262 

exposure to infant formula as shown by PCA analysis of early time-point outcomes. These 263 

results are consistent with the anti-inflammatory properties of human milk, which, in the pediatric 264 

gut are deployed by reducing or abolishing steady state levels of signals that may activate or 265 

recruit phagocytic cells and enhance pro-inflammatory cytokines (i.e., GM-CSF and MCP-1) 266 

(39).  267 

Different from adult HIEs, the pediatric HIEs did not produce substantial levels of TGF-β1, IFN-γ, 268 

IL-6, and TNF-α (19); these findings suggest that beyond the immune modulation of maternal 269 

milk, the pediatric intestinal epithelium is intrinsically programmed to silence signals that trigger 270 

inflammatory processes.  271 

Human milk’s composition is complex and dynamic, and encompasses a vast diversity of 272 

soluble components that act as prebiotics, antiadhesives, antimicrobials, as well as molecules 273 

that affect cellular physiology, shield the host from inflammatory and pathogenic insults (40), 274 
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and promote healthy gut development. Bioactive components with attributed anti-inflammatory 275 

and homeostatic function in human milk include IL-10, TGF-β, antioxidants, and enzymes such 276 

as lysozyme, glutathione peroxidase, and catalase (41). Additionally, human milk provides a 277 

variety of growth factors and tissue development/remodeling agents (42); proteomic analyses of 278 

human breast milk have been reported elsewhere (43, 44). We showed herein that many of 279 

these milk-derived components gain access to the subcellular space (see below). The exact 280 

molecules that trigger the effects described above and operatives, whether they work alone or in 281 

a synergistic/complementary manner, remain to be elucidated. 282 

Maternal milk-derived sIgA provides an additional protective immune layer that excludes, 283 

neutralizes, and prevents microbial attachment to host cells (45). Mucosal dimeric IgA binds to 284 

pIgR on the basolateral surface of the epithelial cell membrane, is transported intracellularly and 285 

released at the apical surface, carrying a small portion of the pIgR-binding domain (46), the SC. 286 

Similar mechanism allows for IgM epithelial transport, whereas IgG employs the FcRn to 287 

bidirectionally cross epithelial tissues (47). Maternal antibodies provide antigen-specific 288 

defenses, support homeostasis, and promote infant immune development. In animal models, 289 

breast milk sIgA conferred long lasting benefits that included maintenance of a healthy 290 

microbiota and regulation of epithelial cell gene expression (48). A fourth relevant finding was 291 

the visualization of pIgR in the apical and basolateral membrane of breast milk-treated 292 

enterocytes. Breast milk itself contained an abundance of soluble SC-pIgR, but none was 293 

detected in commercial infant formula. The soluble SC-pIgR in maternal milk likely originates 294 

from maternal cellular debris. Free SC in human milk can bind enteric pathogens and toxins, 295 

and thus boosts non-specific host defenses (49) in the infant gut. We detected apical-to-basal 296 

sIgA transport in the maternal milk-exposed pediatric monolayers. This process supports 297 

intracellular pathogen neutralization and delivery of luminal antigens to lamina propria dendritic 298 

cells to induce tolerance or subepithelial phagocytic cells to imprint antigen specific immunity 299 
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(50). FcRn detection in the pediatric tissue confirms expression of this receptor beyond infancy. 300 

Others have reported FcRn being expressed in human intestinal epithelial cells (51, 52). 301 

We were unable to detect translocation of maternal IgG, despite this process being documented 302 

in animal models and cell lines (53). The variable localization of FcRn and pH requirements may 303 

restrict apical-to-basolateral transport while basolateral-to-apical appears to be more prevalent 304 

(54). Studies of FcRn distribution, IgG interaction and IgG immune complex translocation in 305 

pediatric HIEs are ongoing.  306 

Beyond promoting a healthy gut, multiple and far reaching benefits have been attributed to 307 

human milk, including prevention of respiratory diseases, immune fitness, cognitive capacity, 308 

and overall physiological well-being (55) that endure into adolescence. Breast milk products 309 

released to the basal side of the epithelium could, conceivably, distribute systemically and 310 

thereby mediate long distant effects. Our proteomic analysis of breast milk-treated monolayers 311 

revealed a variety of molecules, some unique to breast milk, such as α-lactalbumin, β-casein, 312 

and prolactin, which had evidently translocated across the monolayers, and others that were 313 

produced by the milk-exposed pediatric intestinal cells. For the latter, a complex network of 314 

interacting biomolecules was revealed, with diverse functions including those affecting growth 315 

factors, immune and antimicrobial activity, tissue structure, and homeostasis, which confirms 316 

the broad and pleotropic nature of the processes affected by breast milk. The epithelial 317 

translocation of milk-derived proteins might have been facilitated by endocytosis of intact 318 

(undigested) molecules in our model. These proteins have health benefits by themselves. Milk 319 

α-lactalbumin, for example, shields soluble CD14 (sCD14) from proteolytic degradation (56), 320 

and sCD14 can bind lipopolysaccharide (LPS) and prevent inflammation and injury caused by 321 

soluble LPS or LPS-bearing organisms. β-casein is an immune modulator that regulates cell 322 

recruitment, ameliorates inflammation, and stimulates mucus production (57). Prolactin is a 323 

pleiotropic hormone that stimulates production of maternal milk. Expected benefits for the infant, 324 
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based on animal studies, include reduction of anxiety and stress and neurogenesis (58). In 325 

addition, osteopontin prevents inflammation and epithelial damage in mouse DSS-colitis model 326 

(59).  327 

A variety of breast milk-upregulated tissue-derived proteins were identified, including the TFF 328 

family, which maintains and restores gut mucosal homeostasis and regulates complement 329 

activation via decay-accelerating factor, DAF (60); the amyloid-like protein, which participates in 330 

intestinal metabolic processes and modulates expression of MHC class I molecules (61, 62); 331 

and, insulin growth factor binding protein, fibroblast growth factor, basement membrane-specific 332 

heparan sulfate protein, and metalloproteinase inhibitor – all of which contribute to epithelial cell 333 

growth, tissue remodeling, and barrier integrity (63-65). Other secreted proteins included 334 

transcobalamin 2, which facilitates the transport of vitamin B12 within the organs (66) and 335 

epithelial cell adhesion molecule (EpCAM), which localizes in the basal cell membrane and 336 

facilitates cell-to-cell interaction and proliferation (67). Complement proteins (C3 and C4) were 337 

also present in the basal media from breast milk-treated enteroids; C4 participates in 338 

complement activation via the classical and lectin pathway, whereas C3 is a converging 339 

substrate for all activating pathways; C3 cleavage into C3a and C3b, along with C5 cleavage, 340 

trigger the rest of the complement cascade. C3, C4, and other complement components are 341 

present in human breast milk (43, 44). Likewise, human intestinal epithelial cells produce 342 

complement proteins (68, 69). The origin of the complement proteins we identified is unclear. 343 

We surmise they derive from breast milk because synthesis of complement proteins by the 344 

intestinal epithelial cells reportedly requires pro-inflammatory signals (downregulated by breast 345 

milk in our system) (70). Nonetheless, the fact that maternal complement molecules would 346 

trespass the pediatric epithelium is intriguing. Regardless of their source, complement can boost 347 

infant mucosal protective mechanisms (71). 348 
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Bovine colostrum has been shown to influence the proteome of HT-29 cells as well as epithelial 349 

cell glycosylation (72). We show, for the first time, that human milk influences the synthesis of 350 

multiple mediators of metabolic and physiologic functions that act locally or systemically. 351 

In summary, using a novel ex vivo pediatric HIE, several mechanisms associated with breast 352 

milk were identified that improve intestinal health: 1) cell differentiation and strengthening of the 353 

pediatric intestinal barrier by reduction of permeability and upregulation of TJ occludin with a 354 

unique expression pattern; 2) boosting of innate immunity by enhancing production of 355 

antimicrobial DEFA5 by Paneth and goblet cells; 3) immune modulation and passive 356 

immunization by increased production of pIgR and translocation of luminal sIgA; 4) reduction of 357 

pro-inflammatory cytokines; 5) translocation of breast milk proteins with anti-inflammatory and 358 

anti-microbial properties; and 6) expression of proteins responsible for tissue remodeling and 359 

mucosal homeostasis.  360 

 361 

Methods 362 

Study approval. Protocols for recruitment of human participants, obtaining informed consent, 363 

collecting and de-identifying biopsy samples were approved by the Johns Hopkins University 364 

School of Medicine (JHU SOM) Institutional Review Board (IRB) NA 00038329. Procedures for 365 

recruitment of mothers around delivery, obtaining informed consent and collection and de-366 

identification of breast milk were approved under University of Maryland School of Medicine IRB 367 

HP-00065842. 368 

 369 

Generation of enteroid monolayers. Duodenal biopsies were obtained from 5 healthy 370 

individuals, two pediatrics (ages 2, 5) and three adults (ages 25, 27, and 81 years) through 371 

endoscopy or surgical procedure. Enteroids were generated from Lgr5+ intestinal crypts 372 

embedded in Matrigel (Corning, USA) in 24-well plates, as previously described (73). Enteroids 373 

were expanded in growth factor-enriched media containing Wnt3A, Rspo-1, and Noggin (18, 374 
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19). Multiple enteroid cultures were harvested with Culturex Organoid Harvesting Solution 375 

(Trevigen, USA), fragmented and re-suspended in expansion media and seeded (100 μl) on the 376 

inner surface of 0.4 μm Transwell inserts (Corning, USA), pre-coated with human collagen IV 377 

(Sigma-Aldrich, USA), and 600 μl of expansion media was added to the receiver plate well. 378 

Media was replenished every other day (20). Enteroid monolayer confluency was monitored by 379 

measuring TER, as previously described (20). Upon reaching confluency, monolayers were 380 

differentiated in media (DFM) free of Wnt3A and Rspo-1 for 5 days (20). All cultures were 381 

maintained at 37°C and 5% CO2. 382 

 383 

Breast milk preparation and monolayer treatment. Human colostrum was obtained from 384 

women 0-3 days post-delivery. Commercial infant formula powder (Similac® Advance® Abbot 385 

Nutrition) was resuspended in sterile distilled water following manufacturer’s instructions. Both 386 

human breast milk and infant formula suspensions were centrifuged twice (10 min each) at 387 

3,000g. The soluble fractions were extracted, aliquoted, and stored at -80°C until use. Enteroid 388 

monolayers were treated apically with 100 μl of human milk or infant formula diluted 2 or 20% in 389 

DFM. Non-treated controls were treated with 100 μl of DFM. TER was monitored daily while 390 

conducting experiments to ensure monolayer integrity.  391 

 392 

Dextran permeability assay. FITC-labelled 4 kDa dextran (Millipore Sigma, St. Louis, MO; 393 

0.01% w/v in DFM) was added to the apical side of enteroid monolayers pre-treated with 20% of 394 

human milk or infant formula. Regular DFM (600 μl) was added to the basolateral side. 395 

Basolateral media (100 µl) was sampled at 30 min, 1 and 2h, and FITC-dextran content was 396 

measured by fluorescence intensity using an EnVision Multilabel Plate Reader (PerkinElmer, 397 

Waltham, MA). Sampled volume was replenished with fresh DFM. 398 

 399 
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Immunofluorescence staining and confocal imaging. Enteroid monolayers were fixed for 40 400 

min in 4% paraformaldehyde (Electron Microscopy Sciences, USA), washed with PBS for 10 401 

min, permeabilized and blocked for 1h with PBS containing 15% fetal bovine serum, 2% BSA, 402 

and 0.1% saponin, all at room temperature (RT). After washing with PBS, monolayers were 403 

incubated overnight at 4°C with primary antibodies (diluted 1:100 in PBS). The following primary 404 

antibodies (Ab) were used: occludin (mouse monoclonal [mAb], clone OC-3F10, Thermo Fisher 405 

Scientific), TFF3 (rabbit polyclonal [pAb], Millipore Sigma), lysozyme EC 3.2.1.17 (rabbit pAb, 406 

Dako), DEFA5 (mouse mAb, clone 8C8, Millipore Sigma), and SC-166 (mouse mAb provided by 407 

Dr. A. Hubbard, Johns Hopkins University School of Medicine). Stained monolayers were 408 

washed with PBS (3 times, 10 min each) and incubated with secondary antibodies (diluted 409 

1:100 in PBS) for 1h at RT.  Secondary antibodies included goat anti-mouse Alexa Fluor-488 or 410 

-568, and goat anti-rabbit Alexa Fluor-488 or -568 (all Thermo Fisher Scientific). F-actin was 411 

detected by phalloidin Alexa Fluor-633, -647, or -568 (1:100; Thermo Fisher Scientific). Hoechst 412 

for nuclear/DNA labeling (Thermo Fisher Scientific) was used diluted 1:1000 in PBS. After 413 

incubation, cells were washed as described above, and mounted in FluorSave reagent (Millipore 414 

Sigma). Confocal images were taken using an LSM-510 META laser scanning confocal 415 

microscope (Zeiss, Germany) and ZEN 2012 imaging software (Zeiss) or BZ-X700 fluorescence 416 

microscope (Keyence, Japan) available through the Fluorescence Imaging Core of the Hopkins 417 

Basic Research Digestive Disease Development Center. For qualitative analysis, image settings 418 

were adjusted to optimize the signal. For quantitative analysis, the same settings were used 419 

across the samples, and protein-of-interest average intensity fluorescence was analyzed using 420 

MetaMorph software (Molecular Devices, CA).  421 

 422 

Protein extraction, immunoblotting, and proteomic analysis. Enteroid monolayers were 423 

lysed in cold lysis buffer (60 mM HEPES pH 7.4, 150 mM KCl, 5 mM Na3EDTA, 5 mM EGTA, 1 424 

mM Na3VO4, 50 mM NaF, 2% SDS) supplemented with 1:100 of protease inhibitor cocktail 425 
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(P8340, Millipore Sigma). Lysis buffer was applied to the apical surface, and cells were scraped 426 

and sonicated on ice (3 times at 10 sec pulses each time using 30% energy input). The lysates 427 

were centrifuged 10 min at 14000 rpm at 4°C, and the supernatant containing soluble and 428 

membrane proteins was collected. Total protein concentration was determined using a DC 429 

protein assay (Bio-Rad, CA). Proteins were separated on Novex Wedgewell 4-20% gradient 430 

Tris-glycine gels (Life Technologies, CA) and transferred to nitrocellulose membranes. The 431 

following primary antibodies were used for immunoblotting: polyclonal rabbit anti-pIgR (Abcam), 432 

monoclonal mouse anti-SC-166, and polyclonal rabbit anti-FcRn (Novus Biologicals) – all at a 433 

1:250 dilution, and mouse monoclonal anti-GAPDH (clone 6C5, Abcam) at 1:1000 dilution. 434 

Secondary antibodies included goat anti-mouse Alexa Fluor-488 or -568 and goat anti-rabbit 435 

Alexa Fluor-488 or -568 (Thermo Fisher Scientific). Western blots were processed using the 436 

iBind Flex device (Life Technologies, Carlsbad, CA) and then imaged on an Odyssey CLx 437 

imager (LI-COR, Lincoln, NE). Proteomic analysis was conducted on basolateral media from 438 

pediatric monolayers treated with human milk (n=3) and non-treated control (n=2) through the 439 

Mass Spectrometry and Proteomics Facility, Johns Hopkins University School of Medicine. 440 

 441 

Cytokines/chemokines. Cytokines and chemokines were quantified using commercial 442 

electrochemiluminescence microarray kits (Meso Scale Diagnostic, Rockville, MD) following the 443 

manufacturer’s instructions. MCP-1, GM-CSF, and IL-8 levels were reported as the amount 444 

contained in the total volume of culture supernatant collected from the apical and basolateral 445 

side of the monolayers. 446 

 447 

Statistics. Statistical significances were calculated using the Student’s t-test to compare two 448 

groups, or one-way-ANOVA with Šidák’s or Tukey’s post-test as appropriate among more than 449 

two groups. PCA was performed by selecting PC with eigenvalues greater than 1.0 (Kaiser 450 
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rule). Plots and statistical tests were performed using Prism software v9 (GraphPad, San Diego, 451 

CA). Differences were considered statistically significant at p-value ≤ 0.05.  452 
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 627 

Figure legends 628 

Figure 1. Pediatric and adult enteroid monolayers exhibit distinct maturation features. (A) 629 

Confocal microscopy images (XZ projections) depicting the difference in epithelial cell height 630 

between pediatric and adult enteroid monolayers. Actin, magenta; DNA, blue. Scale bar=20 μm. 631 

(B) Epithelial cell heights quantified by immunofluorescent confocal microscopy analysis (≥8 632 

different view fields). (C) TER values of enteroid monolayers. Images are representative of three 633 
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independent experiments (A).  Data shown in (B) and (C) represent the mean ± SEM from three 634 

(B) or two (C) independent experiments that included n=8-12 enteroid monolayers/group per 635 

experiment. Each symbol represents an independent monolayer. (A-C) All measurements 636 

included 2 pediatric- and 3 adult-derived monolayers. (B, C) p-values were calculated by 637 

Student’s t test.   638 

 639 

Figure 2. Human milk decreases ion permeability of the pediatric intestinal epithelium. 640 

(A) TER values of 2PD monolayers apically treated with 2% or 20% (v/v) of human milk (HM). 641 

(B) TER measurement of 2PD and 5PD monolayers apically treated with 20% (v/v) of HM or 642 

20% (w/v) of commercial infant formula. Mean ± SEM. are shown. Data are representative of 643 

three independent experiments with n=3-6 enteroid monolayers/group per experiment. p-values 644 

were calculated by one-way-ANOVA with Šidák’s post-hoc analysis. Unless indicated, p-values 645 

correspond to treated vs. non-treated controls.  646 

 647 

Figure 3. Human milk modulates occludin expression. (A) Confocal microscopy images (XY 648 

and YZ projections) of 2PD enteroid monolayers untreated (NT) or apically treated for 24h with 649 

HM (20%; v/v) or IF (20%; w/v). Occludin, green; actin, magenta. Scale bar=10 μm. (B) Relative 650 

fluorescence intensity of occludin quantified by confocal microscopy analysis of 2PD (left) and 651 

5PD (right) monolayers treated with HM (20%; v/v) or IF (20%; w/v) for 24h and 72h. Mean ± 652 

SEM are shown. Data are pooled from three independents with n=4-6 enteroid 653 

monolayers/group per experiment. Each symbol indicates an independent monolayer. p-values 654 

were calculated by one-way-ANOVA with Šidák’s post-hoc analysis. (C) Confocal microscopy 655 

images (XY projections) of 5PD enteroid monolayers treated with HM for 48h. Occludin, green; 656 

lysozyme (Lyz; XY projection), red; trefoil factor 3 (TFF3; XY projection), red; chromogranin A 657 

(ChgA; XY and XZ projections), red; actin, magenta; DNA, blue. Paneth and goblet cells, scale 658 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 25, 2021. ; https://doi.org/10.1101/2021.02.17.431653doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.17.431653


 26

bar=5 μm; enteroendocrine cells, scale bar=10 μm. (A and C) Data are representative of three 659 

independent experiments with n=3 enteroid monolayers/group per experiment. 660 

 661 

Figure 4. Human milk modulates epithelial innate immune mediators. (A) Relative 662 

fluorescence intensity of human DEFA5 quantified by confocal microscopy analysis of 2PD and 663 

5PD monolayers NT or treated with HM (20%; v/v) or IF (20%; w/v) for 48h.  (B) Representative 664 

confocal microscopy images (XY projections) of 5PD monolayer showing localization 665 

(arrowheads) of DEFA5 in Lyz- cells in HM-treated monolayer. DEFA5, green; Lyz, red; actin, 666 

magenta; DNA, blue. Scale bar=10 μm. (C) Representative confocal microscopy images (XY 667 

projections) of 5PD monolayer depicting co-localization (arrowheads) of TFF3 (red) and DEFA5 668 

(green); DNA, blue. Scale bar=50 μm. (D-F) Total amount of MCP-1, GM-CSF, and IL-8 in the 669 

apical media of 2PD monolayer treated as described in (A) for 24h and 72h. (G) PCA plot from 670 

HM-, and IF-treated, and NT enteroid monolayers for 24h. PC, principal component. Variables 671 

analyzed: TER, occludin, DEFA5, MCP-1, GM-CSF, IL-8. (A, D-F). Mean ± SEM are shown. 672 

Data are representative of three independent experiments with n=6-12 enteroid 673 

monolayers/group per experiment. Each symbol indicates an independent monolayer. p-values 674 

were calculated by one-way-ANOVA with Tukey’s post-test for multiple comparisons. 675 

 676 

Figure 5. Breast milk enhances expression of pIgR and sIgA translocation across the 677 

epithelial monolayers. (A) Confocal microscopy images showing SC (left, XZ projections, 678 

scale bar=10 μm; right, XY projection, scale bar=5 μm) in 5PD enteroid monolayer NT or treated 679 

with 20% (v/v) of HM for 72h. SC, green; actin, red; DNA, blue. (B) Composite immunoblotting 680 

(IB) showing SC and FcRn expression in non-treated 2PD and 5PD monolayers. (C) IB showing 681 

pIgR expression in HM and IF, and 2PD monolayers NT or treated with 20% (v/v) HM. MW, 682 

molecular weight. (D) Total IgA and IgG in the basolateral media of pediatric monolayers treated 683 
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for 48h with 20% (v/v) HM. Data represent mean ± SEM of three combined experiments, each 684 

including 2 monolayers/group per experiment. Each symbol indicates an independent 685 

monolayer. p-value was calculated by Student’s t test. 686 

 687 

Figure 6. Human milk modifies epithelial cell protein expression and basolateral 688 

secretion. (A) Volcano plot of differential protein abundance (high false discovery rate) in the 689 

basolateral culture supernatant of 2PD monolayers NT (n=2) or treated with 20% HM (v/v) (n=3) 690 

for 24h. Red dots indicate HM unique proteins; blue dots indicate epithelial cell-derived proteins; 691 

green dots indicate proteins derived from both HM and epithelial cells. (B) Protein-protein 692 

interaction analysis of 61 upregulated proteins produced by HM-treated monolayers selected 693 

based on the cut off shown in (A). Medium confidence interaction score = 0.400. A thicker line 694 

between nodes indicates stronger protein-protein interaction. (C) Enrichment analysis of GO 695 

terms annotated for cellular component, molecular function, and biological process of the 61 696 

upregulated proteins as described in (A). 697 
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