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Summary

Secretory immunoglobulin A (SIgA) antibodies play an important role in

protecting the mucosal surfaces against pathogens and maintaining

homeostasis with the commensal microbiota. Because a substantial portion

of the gut microbiota is coated with SIgA, we hypothesized that microbiota–

SIgA complexes are important for the maintenance of gut homeostasis. Here

we investigated the relationship between microbiota–SIgA complexes and

inflammatory epithelial cell responses. We used a multi-cellular three-

dimensional (3D) organotypical model of the human intestinal mucosa

composed of an intestinal epithelial cell line and primary human

lymphocytes/monocytes, endothelial cells and fibroblasts. We also used

human SIgA from human colostrum, and a prominent bacterial member of

the first colonizers, Escherichia coli, as a surrogate commensal. We found

that free and microbiota-complexed SIgA triggered different epithelial

responses. While free SIgA up-regulated mucus production, expression of

polymeric immunoglobulin receptor (pIgR) and secretion of interleukin-8

and tumoir necrosis factor-a, microbiota-complexed SIgA mitigated these

responses. These results suggest that free and complexed SIgA have different

functions as immunoregulatory agents in the gut and that an imbalance

between the two may affect gut homeostasis.
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Introduction

The intestinal microbiota has a key role in influencing the

normal development of the mucosal immune system [1]

and is instrumental in the metabolism of food and drugs

[2,3]. Microbiota is also in constant contact with secretory

immunoglobulin A (SIgA), the predominant immunoglob-

ulin in mucosal compartments [4]. Indeed, the production

of SIgA depends upon microbiota colonization of the gas-

trointestinal tract. It has been demonstrated that germ-free

mice exhibit a marked reduction of SIgA in the gut [5–7].

In addition, a substantial proportion (24–74%) of the

microbiota is coated with SIgA [8–10]. Of note, the enzy-

matic resistance of SIgA to protease-containing secretions

such as those present in the gut is enhanced when the anti-

body is complexed with antigen [11]. Moreover, binding of

SIgA to microbiota promotes a controlled sampling of

microbial-derived antigens by microfold cells (M cells)

within the epithelial layer [10,12].

SIgA has also been shown to help reduce pathogen-

mediated proinflammatory responses by the gut epithelium

[13]. For example, using a rabbit model of ligated ileal

loops, investigators have shown that SIgA neutralization of

Shigella flexneri can down-regulate inflammatory responses

[14]. However, little is known regarding how free and

microbiota-complexed SIgA regulate these epithelial cell

responses. Herein, we used a multi-cellular three-dimen-

sional (3D) model of the human intestinal mucosa to eval-

uate the early events triggered in epithelial cells following

interactions with free and microbiota-complexed SIgA.

This 3D model is comprised of human intestinal epithelial

cells, lymphocytes/monocytes, endothelial cells and fibro-

blasts [15,16]. In this 3D model, the epithelial cell line

behaves as a multi-potent progenitor cell that gives rise to

functional and highly differentiated cells from multiple lin-

eages (i.e. absorptive enterocyte, goblet and M cells) [15].

Epithelial cells in our 3D model grow as a confluent mono-

layer surrounding the extracellular matrix (ECM), with

their luminal surface facing outwards [15,16]. We also used

a single prominent bacterial member of the first colonizers,

Escherichia coli, as a surrogate commensal and human SIgA
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from human colostrum. It is well known that colostrum

contains SIgA specific to microbiota (including E. coli)

which have once passed through the mother’s gut (namely

the ‘enteric–mammary link’) [17].

Here we report that the majority of E. coli present in the

supernatants from the 3D model were coated with SIgA

and that this interaction was instrumental in changing the

epithelial cell immune responses when compared to those

elicited by free SIgA. While free SIgA up-regulated mucus

production, expression of polymeric immunoglobulin

receptor (pIgR) and secretion of interleukin (IL)28 and

tumour necrosis factor (TNF)-a, microbiota-complexed

SIgA mitigated these responses. These results suggest that

free and complexed SIgA might have different immunore-

gulatory properties in the gut and that an imbalance

between the two may affect gut homeostasis.

Methods

3D model cells and culture media

The 3D model system was comprised of intestinal epithelial

cell line HCT-8 cells [CCL-244; American Type Culture

Collection (ATCC), Manassas, VA, USA] and primary

human lymphocytes/monocytes, endothelial cells (HUVEC

cells, CRL-1459; ATCC) and fibroblasts (CCD-18Co cells,

CRL-1459; ATCC) cultured under microgravity conditions.

Cell cultivation and the set-up of the 3D model were per-

formed as described previously [15,16]. Briefly, fibroblasts

and endothelial cells were embedded in a collagen-I matrix

(Invitrogen, Carlsbad, CA, USA), enriched with additional

gut basement membrane proteins [18] and added to rotat-

ing wall vessels (RWV) (Synthecon, Houston, TX, USA).

The collagen mixture was composed of Dulbecco’s modi-

fied Eagle’s medium (DMEM) (Invitrogen), supplemented

with 50 mg/ml gentamicin, 2 mM L-glutamine and 10%

heat-inactivated fetal bovine serum plus 3 mg/ml bovine

collagen-I (Invitrogen), 10 lg/ml laminin (Sigma, St Louis,

MO, USA), 40 lg/ml collagen IV (Sigma), 10 lg/ml fibro-

nectin (BD Pharmingen, San Jose, CA, USA), 2 lg/ml hep-

arin sulphate proteoglycan (Sigma) and 15 mM NaOH (to

reach the physiological pH). Epithelial cells were then

added to the vessels.

Lymphocytes/monocytes isolated from healthy volun-

teers were added to the 3D model culture at days 4 and 9

(6 1 day) [19]. Briefly, after the Ficoll density gradient cen-

trifugation step, lymphocytes and monocytes were col-

lected, washed and added immediately to the cultures

without stimulation, or cryopreserved in liquid N2. It is

important to highlight that peripheral blood mononuclear

cells (PBMC) consist largely of lymphocytes and mono-

cytes, but also contain a small proportion of dendritic cells

and other low-frequency cell subsets. Isolated lymphocytes/

monocytes were added to the 3D model at the same fre-

quency (2 3 107/vessel) and timing, as described previ-

ously [15,16]. The experiments in this paper were

performed with 15–17-day-old 3D models.

Ethics statement

All blood specimens were collected from volunteers who

participated in the University of Maryland Institutional

Review Board approved protocol (number HP-00040025)

that authorized the collection of blood specimens from

healthy volunteers for the studies included in this paper.

This protocol was conducted in accordance with the ethical

standards laid down in the 1964 Declaration of Helsinki

and its later amendments. The purpose of this study was

explained to the volunteers, who gave informed, signed

consent before the blood draw. PBMC were isolated from

the blood by density gradient centrifugation and cryopre-

served in liquid N2 following standard techniques [15,19].

E. coli infection and SIgA treatment

3D model constructs were stimulated by incubating them

for up to 6 h at 378C in RPMI (without antibiotics) in the

presence of SIgA (100 lg/ml; MP Biomedicals Life Science,

Santa Ana, CA, USA) and/or E. coli strain HS (HS). Epithe-

lial cells were exposed to a multiplicity of infection (MOI)

ranging from 500 : 1 to 1500 : 1. Based on our previous

flow cytometry analyses, using collagenase-dissociated cells

from the 3D model, we estimate that 3D organoids, like

those used to perform the experiments in this paper,

will contain approximately 20 3 106 HCT-8 cells. SIgA

were purified commercially from pooled human colo-

strum using multi-step procedures, including salt fractio-

nation, gel filtration, ion-exchange chromatography and

immunoabsorption. The product was then dialyzed into

0�01 M sodium phosphate, 0�07 M sodium chloride,

pH 7�3, filtered through a 0�22 mm filter, vialled and

lyophilized. No traces of immunoglobulin (Ig)G, IgM or

non-immunoglobulin proteins were detected in this SIgA

preparation. Exposure to purified human serum IgA (100

lg/ml; MP Biomedicals Life Science, Santa Ana, CA, USA)

or purified human serum IgG (100 lg/ml, ThermoFisher,

Waltham, MA, USA) were used as controls. In co-culture

experiments, HS and either SIgA or serum IgG or IgA were

added concomitantly to the 3D models. In some experi-

ments, neutralizing goat anti-human pIgR polyclonal anti-

body (8 lg/ml; R&D, Minneapolis, MN, USA) was added

1 h before the addition of HS and SIgA to the 3D culture

system. No preservative was added to any of the Ig used to

treat the 3D model constructs (i.e. SIgA, serum IgA, IgG or

anti-pIgR).

Preparation of 3D model constructs for histology and
immunohistochemistry

The following primary anti-human antibodies were used

for immunohistochemistry: (1) goat anti-polymeric immu-

noglobulin receptor (pIgR) polyclonal antibody (1 : 50;
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R&D), (2) mouse anti-MUC2 monoclonal antibodies

(mAb) (clone CCP58, 1 : 100; Invitrogen, Camarillo, CA,

USA) and (3) rabbit protein-A purified anti-E. coli–IgG

polyclonal antibody (1 : 1000; Abcam, Cambridge, MA,

USA). Of note, a mixture of E. coli strains (O157:H7, O20,

O125, O55, O111 and K12), intact plus lysed, non-

denatured was used for the preparation of the polyclonal

anti-E. coli antibody. These antibodies are known to react

readily to E. coli strain HS [20]. The 3D model constructs

were removed from the vessels and fixed by immersion in

5% paraformaldehyde (overnight incubation) or methanol

Carnoy (4 h incubation) at room temperature. After fixa-

tion, the 3D model constructs were embedded in paraffin-

blocks, and 5 lm sections cut and dried in an oven at 37�C

overnight. The sections were then washed consecutively

two times for 5 min in Histo-Clear (National Diagnostics,

Atlanta, GA, USA), in 100% ethanol, 95% ethanol and

75% ethanol and finally rehydrated in phosphate-buffered

saline (PBS) for 10 min. For histological staining, tissue

sections were stained with haematoxylin and eosin (H&E)

and examined under a light microscope for morphological

evaluations.

For immunochemical staining procedures, tissue sec-

tions were rinsed in water and the antigen retrieved by

autoclaving samples (120�C, 30 s) (Pascal chamber;

Dako, Carpinteria, CA, USA) in sodium-citrate buffer

(Invitrogen). After washing in distilled H2O for 5 min,

the sections were treated with PBS, 3% H2O2 for 15

min at room temperature. Tissue sections were then

washed in PBS/0�5% Tween-20 and blocked with block-

ing buffer [PBS/0�5% Tween-20/5% bovine serum albu-

min (BSA)]. After 1 h, an excess of blocking buffer was

blotted and the sections incubated with blocking buffer-

diluted primary antibody for 1 h at room temperature.

After incubating two times in PBS/0�5% Tween-20 for 5

min, detection of the primary antibody was performed

by incubating the sections with anti-mouse, -rabbit or -

goat horseradish peroxidase-labelled antibodies (Vector,

Burlingame, CA, USA) for 30 min at room temperature.

Immunostaining was visualized using diaminobenzidine

(DAB) peroxidase-chromogen reaction (ImmPACT DAB

kit; Vector). Sections were counterstained with Mayer’s

haematoxylin (30 s), dehydrated, mounted using Histo-

mount (Invitrogen) and visualized with a Nikon E800

microscope using SPOT software. To assess antigen

markers quantitatively, Image J software (http://rsbweb.

nih.gov/ij) was used to analyse histological sections of

3D model constructs. Briefly, images were converted

into 16-bit images and the threshold adjusted until it

showed only the area of interest. This process resulted

in the creation of a binary version of the image with

only two-pixel intensities: black 5 0 and white 5 255.

The total area and number of pixels were then calcu-

lated. For each section, at least, five different fields were

evaluated.

Preparation of supernatants for flow cytometry
analysis

The amount of free and E. coli-complexed SIgA in cell cul-

ture supernatants was determined by flow cytometry.

Supernatants were harvested 3 h after addition of the stim-

uli (e.g. HS and SIgA) to the cultures and kept at 2208C

until assayed. In these studies, uninfected cells (medium

only) or cultures with IgG were used as controls. Briefly,

supernatants were collected into 4�0 ml tubes, washed by

centrifugation in PBS and stained with biotinylated mouse

anti-IgA1/IgA2 mAb (BD) and rabbit anti-E. coli–IgG poly-

clonal antibody (Abcam). After an incubation of 45 min at

378C, samples were washed twice with PBS and incubated

for an additional 45 min at 378C with streptavidin-Pacific

Orange (Invitrogen). After washing and fixation, specimens

were analysed by flow cytometry on a custom LSR-II

instrument (BD Biosciences). Data were analysed with

WinList version 7�0 (Verity Software House, Topsham, ME,

USA).

Mucus and cytokine production

Levels of mucus in culture supernatants were measured by

using a commercial mucin 2 (MUC2) enzyme-linked

immunosorbent assay (ELISA) (MyBioSource, San Diego,

CA, USA). Levels of IL-8 were measured by using a com-

mercial IL-8 ELISA (eBioscience, San Diego, CA, USA) or

meso scale discovery (MSD, Gaithersburg, MD, USA) mul-

tiplexed assay. MSD was also used to measure levels of IL-

1b and TNF-a. Supernatants were harvested up to 6 h after

addition of the stimuli (e.g. HS and SIgA) to the cultures

and kept at 2208C until assayed. In these studies, unin-

fected cells (medium only) or cultures with IgG were used

as controls. ELISA and MSD were carried out following the

manufacturer’s instructions. The level of sensitivity of

MUC2 and IL-8 ELISAs were 0�3 ng/ml and 2�0 pg/ml,

respectively. The levels of sensitivity for the various cyto-

kines measured by MSD ranged from 0�3 to 2�5 pg/ml.

Western blot

The following primary anti-human antibodies were used

for Western blot analysis: (1) mouse anti-MUC2 mAb

(clone CCP58, 1 : 250; Imgenex, San Diego, CA, USA), (2)

pIgR polyclonal antibody (1 : 500; R&D) and (3) rabbit

anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

polyclonal antibody (1 : 000; Imgenex) (used as loading

control). Whole cell lysates were prepared by adding the

3D model constructs into ready-to-use radioimmunopreci-

pitation assay (RIPA) buffer [50 mM Tris (pH 7�4),

150 mM NaCl, 1% Igepal (vol/vol), 1% sodium deoxycho-

late (wt/vol), 5 mM iodoacetamide, 0�1% sodium dodecyl

sulphate (wt/vol)] (Sigma) containing a cocktail of prote-

ase and phosphatase inhibitors (Sigma). 3D model con-

structs were then mixed briefly using a vortex and
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incubated on ice for 30 min. After incubation, and to fur-

ther disrupt the 3D model tissues, they were passed

through a 21-gauge needle and incubated for another 30

min on ice. The lysate was then clarified by centrifugation

at 10 000 g for 15 min at 48C. The supernatants were trans-

ferred to new microfuge tubes and the pellets discarded.

The protein concentration of the cell lysates was deter-

mined by using a Thermo Scientific Pierce Micro BCA Pro-

tein Assay kit (Thermo Scientific, Rockford, IL, USA). Cell

lysates (7 lg) were mixed with Laemmli buffer (Bio-Rad,

Hercules, CA, USA) containing 5% b-mercaptoethanol

(vol/vol), boiled for 5 min, separated on 4 and 20% sodium

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) gels and transferred to nitrocellulose membranes

(Amersham Pharmacia Biotech, Amersham, UK). The

membranes were blocked subsequently with 5% (wt/vol)

non-fat dry milk in PBS containing 0�1% Tween 20 (wt/

vol) for 2 h at room temperature (RT), before exposure to

primary antibodies overnight at 48C (anti-MUC2, -pIgR;

or -GAPDH). The blots were then washed and incubated

with a biotin-labelled horse anti-mouse, anti-goat or anti-

rabbit IgG (1 : 600; Vector) for 1 h at RT. After washing,

the blots were incubated with horseradish peroxidase

(HRP) streptavidin (1 : 6000; Vector) for 1 h at RT. Signals

were detected by chemiluminescence using Pierce ECL Plus

Western Blotting Substrate kit (Thermo Scientific) using

the manufacturer’s instructions. Band intensity was nor-

malized to GAPDH and quantitated by densitometry using

Image J software.

Quantitative polymerase chain reaction (qPCR)

Isolation of total cellular RNA was performed using the

RNeasy Mini Isolation Kit (Qiagen, Valencia, CA, USA)

and RNA concentrations measured on a NanoDrop 1000

spectrophotometer. Thus, 1�0 lg of RNA was treated with

DNase I (Qiagen) and reverse-transcribed using RT2 first-

strand Reverse Transcription Kit (Qiagen). Amplified

material was detected using RT2 SYBR
VR

Green qPCR Mas-

termix (Qiagen). Real-time quantitative PCR was per-

formed on an ABI 7900HT thermocycler (Applied

Biosystems, Foster City, CA, USA), with cycling conditions

of 958C for 10 min, 40 cycles of 958C for 15 s and 608C for

1 min. Analysis of results was performed using the Gene-

Globe Data Analysis Center web-based software (Qiagen).

Relative gene expression data were calculated against

GAPDH, HPRT1 and RPLP0 housekeeping genes and rela-

tive to the media only (negative control) by using the com-

parative 2(2delta delta Ct) method.

Statistical analysis

All statistical tests were performed using Prism software

(version 5�02; GraphPad Software, La Jolla, CA, USA).

Comparisons between groups were performed using one-

way analysis of variance (ANOVA) tests. Newman–Keuls

multiple comparison tests were used as post-hoc tests.

P-values < 0�05 were considered significant.

Results

Assessment of E. coli–SIgA immune complex
formation in the ‘lumen’-like compartment of the 3D
organotypical model

To demonstrate that our 3D organotypical model is a suita-

ble tool for investigating the early events of host interaction

between microbiota and SIgA, we first sought to examine

the level of expression of IgA receptors on the surface of

epithelial cells. Enterocytes express a receptor able to bind

polymeric IgA, i.e. the classical polymeric immunoglobulin

receptor (pIgR) [21]. This receptor is responsible for the

transcytosis of IgA from the lamina propria to the apical

membrane of the epithelial cells [22]. In the apical mem-

brane a large part of the pIgR is cleaved, giving rise to a

compound named secretory component (SC) that together

with IgA is released into the intestinal lumen [22]. The

expression of the pIgR was evaluated in 3D model con-

structs cultured with E. coli or SIgA, or with E. coli and

SIgA. Cultures with media alone (none) or with IgG were

used as controls. We used a commercially purified SIgA

that was derived from pooled human colostrum. HS, iso-

lated originally from a healthy human volunteer [23], was

used as a surrogate commensal. HS strongly colonize the

human gastrointestinal tract [1010 colony-forming units

(CFU)/g faeces] with no symptoms of disease [24]. After

6 h, 3D model constructs were collected and evaluated by

immunochemistry for the detection of the pIgR. As has

been shown for human intestine epithelium [21], we found

that under basal conditions (none), the epithelial cells from

the 3D model constructs exhibited pIgR expression compa-

rable to those observed in the human intestine (Fig. 1a,b)

[25]. Interestingly, pIgR expression was increased in cul-

tures in the presence of SIgA compared to both controls

[i.e. media alone (none) and cultures with HS only] (Fig.

1a). Moreover, concomitant exposure to HS and SIgA

induced a decrease in pIgR expression compared with cul-

tures with SIgA only (Fig. 1a). These results were con-

firmed further by quantitative reverse transcription (qRT)–

PCR and Western blot (Fig. 1c,d,e). Thus, these observa-

tions suggest the existence of a mechanism modulating

pIgR expression that is dependent upon the presence of

either SIgA alone or combined with HS.

We next sought to investigate whether HS-SIgA immune

complexes were indeed formed in the 3D model system. In

the human gut, 24–74% of the microbiota is coated with

SIgA [8,9]. Moreover, intestinal commensals, including E.

coli, have been shown to be coated with SIgA from colos-

trum [26]. This coating can be mediated by a mixture of

specific and non-specific (‘natural’) SIgA [5,13]. To deter-

mine whether a similar phenomenon is observed in the 3D
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model system, supernatants containing E. coli were col-

lected from cultures with HS as well as cultures with HS

and either SIgA, monomeric IgA or monomeric IgG, and

stained using antibodies to E. coli antigens and IgA1/IgA2.

Formation of immune complexes, defined as double stain-

ing for E. coli antigens and IgA1/IgA2, were analysed by

flow cytometry. As shown in a representative experiment,

we found that in supernatants collected from cultures with

HS and SIgA the majority of the HS present were coated

with SIgA (Fig. 2a,b). Of note, only negligible levels of

immune complexes were observed in the control cultures,

i.e. HS in the absence of SIgA or HS in presence of either

human serum IgA or IgG (Fig. 2a,b). We next quantified

bacterial attachment to the epithelial brush border in the

presence or absence of human SIgA. The localization of HS

was examined by immunohistochemistry using anti-E. coli

antibodies. We observed that in cultures with HS (i.e. no

SIgA), the bacteria were rarely detected attached to the

brush border (Fig. 2c, upper panel). In contrast, in cultures

with HS and SIgA, HS was more abundant and detected

easily (Fig. 2c, lower panel). Quantitative data showed that

the presence of SIgA resulted in a fivefold increase in HS

attachment to the brush border compared with cultures in

the absence of SIgA (Fig. 2d). These results are in agree-

ment with previous observations showing that SIgA can

facilitate biofilm formation [26–28].

Anti-inflammatory effects of HS–SIgA immune
complexes

Because previous studies have shown that SIgA can inhibit

pathogen-induced epithelial cell secretion of proinflamma-

tory cytokines [14], we investigated whether SIgA could

regulate inflammatory epithelial cell responses in the 3D

model. We examined the secretion of IL-1b, IL-8 and TNF-

a in the 3D model supernatants 6 h after addition of the

aforementioned stimuli. When compared with negative

controls, exposure to HS alone resulted in increased IL-1b,

IL-8 and TNF-a secretion (Fig. 3a). Albeit at different

Fig. 1. Expression of polymeric immunoglobulin receptor on epithelial cells from the 3-dimensional (3D) organotypical model. 3D model

constructs were cultured under different experimental conditions: (a) cultures with Escherichia coli strain HS (HS) or secretory immunoglobulin

A (SIgA), (b) co-cultures with HS and SIgA and (c) control groups of untreated cells (none) or culture with immunoglobulin (Ig)G. (a) After

6 h, 3D model constructs were collected and stained immunochemically for polymeric immunoglobulin receptor (pIgR). (b) Paraffin tissue

section of human small intestine used as positive control. Dark brown indicates pIgR reactivity. Photographs are displayed as 3100

magnification. (c) Transcriptional analysis of pIgR regulation by quantitative reverse transcription–polymerase chain reaction (qRT–PCR). Values

represent means 6 standard error (s.e.) of three independent experiments with two replicates each. (d) pIgR expression determined in Western

blots. (e) Values represent means 6 s.e. of three independent Western blot experiments. Band density was normalized to glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). The dashed lines represent the pIgR levels of the cells exposed to media only. *P-values < 0�05.
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levels, the exposure to SIgA alone also resulted in increases

in IL-8 and TNF-a, but not IL-1b secretion compared with

negative controls. Interestingly, we observed that concomi-

tant exposure to HS and SIgA induced a decrease in IL-8

and TNF-a but not IL-1b secretion when compared to cul-

tures with SIgA (Fig. 3a). Moreover, the addition of neu-

tralizing antibodies specific to polymeric IgA receptors, the

conventional pIgR, induced higher IL-8 production in cul-

tures with HS and SIgA (Fig. 3a). As controls for these

responses, we examined IL-8 secretion in cultures 3 and 6 h

after addition of serum IgG only or serum IgG and HS. No

increases in IL-8 release were observed in cultures treated

with IgG only (Fig. 3b). However, a synergetic effect was

observed in cultures with HS and IgG. We observed that

IL-8 secretion in cultures with HS and IgG were signifi-

cantly higher than HS alone (Fig. 3b). In conclusion, we

hypothesize that the anti-inflammatory activity observed in

HS-SIgA cultures was due, at least in part, to SIgA and

involved the pIgR on epithelial cells.

Mucus production

As described previously [15], epithelial cells in our organo-

typical model can differentiate into mucus-secreting goblet

cells (Fig. 4a). In fact, the mucus layer and SIgA operate

together to confine bacteria to the intestinal lumen [29].

Thus, it is possible that concomitant mechanisms by the

mucus layer and SIgA can act in concert leading to the

responses described above. To test this possibility, after 6 h

of stimulation 3D model constructs were collected and

evaluated by immunochemistry for the detection MUC2

mucin, the large glycoprotein stored in goblet cells. We

observed that the epithelial cells exhibited MUC2 expres-

sion comparable to that observed in the human small intes-

tine (Fig. 4a). Interestingly, as for pIgR, MUC2 expression

was increased in cultures with SIgA compared to unstimu-

lated (none) and cultures with HS only (Fig. 4a). Moreover,

concomitant exposure to HS and SIgA induced a decrease

in MUC2 expression compared with cultures with SIgA

Fig. 2. Formation of Escherichia coli–secretory immunoglobulin A (SIgA) immune complexes. (a) The presence of HS–SIgA immune complexes

was detected by flow cytometry using 3-dimensional (3D) model supernatants collected 3 h after stimulation. The following experimental

conditions were evaluated: HS only or HS in the presence of either SIgA, serum IgA or serum IgG. (b) Shown is the overall % of HS–SIgA

immune complexes. (c) Immunochemical staining for HS in cultures with HS only or in co-culture with HS and SIgA. Photographs are

displayed as 3100 magnification. (d) The bacteria counts on paraffin-embedded sections are expressed as the relative pixel counts using IMAGE J

software. The bars represent means 6 standard error (s.e.). The data shown are representative of one of three experiments with two replicates

each. *P-values < 0�05.
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only (Fig. 4a). To evaluate these findings further, transcrip-

tional analyses of MUC2 regulation were performed by

qRT–PCR and Western blot assays. In both assays we

observed that cultures with SIgA only had higher expres-

sion of MUC2 than cultures with HS or HS and SIgA

(Fig. 4b,c,d). To assess the functionality of goblet cells we

also measured the levels of MUC2 in the supernatants by

ELISA. In agreement with the results described above, cul-

tures in the presence of SIgA only had higher levels of

MUC2 in the supernatants than cultures with HS or cul-

tures with HS and SIgA (Fig. 4e). Moreover, the levels of

MUC2 were similar between cultures with HS and cultures

with HS plus SIgA. These results suggest that the MUC2

decreases triggered by the microbiota–SIgA immune com-

plexes were directed mainly towards countering the effects

of free SIgA. These results also demonstrate a correlation

between the expression of pIgR and MUC2. The compara-

ble expression pattern between MUC2 and pIgR shows an

interconnection between these two markers.

Discussion

Understanding of the homeostatic function of SIgA in the

gut is critical to elucidate its role in health and disease.

Mucosal SIgA comprises the bulk of antibodies in the

human gut. An average of 3 g of SIgA is secreted daily into

the intestinal tract [22]. SIgA is capable of recognizing bac-

teria by different modes: ‘natural’ polyreactive (or cross-

reactive) and specific IgA [11]. The SIgAs are also able to

bind microbiota and promote a controlled antigen sam-

pling of microbial antigens by M cells within the epithelial

layer [12]. Indeed, in the human gut, 24–74% of the micro-

biota is coated with SIgA [8,9]. SIgA also helps to reduce

pathogen-mediated proinflammatory responses by the epi-

thelium [14]. Despite the importance of these phenomena,

little is known regarding how free and microbiota-

complexed SIgA regulate these epithelial cell responses.

Herein we report that, similar to in-vivo studies [8,9], a

substantial proportion of E. coli present in the supernatants

Fig. 3. Escherichia coli–secretory immunoglobulin A (SIgA) immune complexes and the induction of proinflammatory cytokine production.

(a) Supernatants were collected 6 h after stimulation with SIgA or E. coli strain HS (HS) or SIgA and HS in presence or absence of neutralizing

anti-polymeric immunoglobulin receptor (pIgR) antibodies. Cultures with media only were used as negative control. Levels of interleukin

(IL)21b, IL-8 and tumour necrosis factor (TNF)-a were measured by using a meso scale discovery (MSD) multiplexed assay. The data are

representative of an average of eight independent experiments. (b) Supernatants were collected 3 and 6 h after stimulation with SIgA or HS, or

SIgA and HS. Cultures with media only or immunoglobulin (Ig)G were used as controls. Levels of interleukin (IL)28 were measured by

enzyme-linked immunosorbent assay (ELISA). The dashed line represents the cytokine levels of cells exposed to HS alone at 3 h after infection.

Two independent experiments were performed with similar results. The data are representative of one experiment with two replicates.

*P-values < 0�05.
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from 3D models were coated with SIgA. Like other groups,

we speculated that this coating might be beneficial for

the host [11]. Bacterial coating by SIgA might provide con-

tainment of the microbiota as well as increased antigen

sampling by antigen-presenting cells in the gut microenvir-

onment [11].

We also demonstrate that, as for pathogens, the forma-

tion of microbiota–SIgA complexes has a profound effect

on inflammatory epithelial cell responses. We observed that

microbiota-complexed SIgA exerts anti-inflammatory

effects by down-regulating the production of proinflamma-

tory cytokines (e.g. IL-8) rather than triggering them, as is

the case in cultures with free SIgA. Furthermore, the levels

of IL-8 were similar between cultures with HS and cultures

with HS plus SIgA, confirming that the anti-inflammatory

effects of the microbiota-SIgA immune complexes are

directed mainly towards countering the effects of free SIgA.

These anti-inflammatory effects were not present in cul-

tures with E. coli and IgG. In contrast, IL-8 secretion in cul-

tures with HS and IgG were significantly higher than in

cultures with either HS or IgG. We speculate that these

increases were related to immune complex-mediated

inflammation (e.g. HS–IgG immune complexes), as

described previously in other models [30]. Further experi-

ments are needed to confirm this hypothesis. We believe

strongly that IL-8 was produced mainly by epithelial cells,

as incubation time of up to 6 h will not lead to stimulation

and subsequent release of cytokines by the ECM-embedded

fibroblasts and endothelial cells into supernatants. The

coefficient of diffusion of biomolecules in fibroblast-

containing contracted collagen gels is largely decreased

compared with the solution (�3 days for the cells in the

vicinity) [31]. However, one cannot exclude the participa-

tion, to a smaller extent, of other cell types such as

Fig. 4. Effect of Escherichia coli–secretory immunoglobulin A (SIgA) immune complexes on mucus secretion. Three-dimensional (3D) model

constructs were collected after stimulation with HS or SIgA or E. coli strain HS (HS) and SIgA. Cultures with media (none) only or with

immunoglobulin (Ig)G were used as controls. (a) Immunochemistry staining for mucin-2 (MUC2) levels. Human small intestine (control) (left

panel) and 3D model are shown at higher magnification (3100). (b) After 3 (open bars) and 6 h (closed bars) of stimulation, transcriptional

analysis of MUC2 regulation was performed by quantitative reverse transcription–polymerase chain reaction (qRT–PCR). Values represent

means 6 standard error (s.e.) of three independent experiments with two replicates each. (c) After 6 h of stimulation, MUC2 protein expression

was also detected by Western blot. (d) Values represent means 6 s.e. of four independent Western blot experiments. Band density was

normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (e) After 3 (open bars) and 6 h (closed bars) of stimulation, secretion of

MUC2 into the supernatants was measured by enzyme-linked immunosorbent assay (ELISA). The dashed lines represent the MUC2 levels of the

cells exposed to media only (none). *P-values < 0�05.
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macrophages in the secretion of these cytokines. Macro-

phages, when exposed to inflammatory stimuli, can secrete

cytokines such as IL-8 [32]. Indeed, by using immuno-

chemical staining for macrophages (e.g. anti-CD163 anti-

bodies), we have observed the presence of monocyte-

differentiated macrophages beneath the epithelial layer of

our 3D model (Supporting information, Fig. S1). More-

over, neutralization of pIgR enhanced production of proin-

flammatory cytokines by epithelial cells, suggesting a link

between SIgA, pIgR and cytokine production. These results

are in agreement with previous work showing that pIgR-

deficient mice are more prone to intestinal inflammation

than wild-type mice [33]. Moreover, it has been shown that

the expression of pIgR is up-regulated by proinflammatory

signalling genes such as IL-8 [34]. Further investigations

will be required to clarify whether this phenomenon is a

function of (a) the level of SIgA coating per bacteria (func-

tional affinity) and/or (b) the ability of SIgA to discrimi-

nate between the species/strain of commensal bacteria that

stimulate inflammatory responses from those that do not.

Indeed, previous studies using a mouse model of inflam-

matory bowel disease (IBD) have shown that high IgA

coating, in contrast to low IgA coating, bind selectively to

specific members of the mouse and human intestinal

microbiota leading to exacerbation of intestinal inflamma-

tion [35]. Previous studies have also shown that by using a

Caco-2 cell monolayer model to mimic the intestinal epi-

thelium, the concomitant exposure to SIgA and either Lac-

tobacillus rhamnosus or Bifidobacterium lactis probiotic

strains resulted in enhanced levels of production of pIgR

compared with cultures with probiotics or SIgA alone [36].

The discrepancy between the latter studies and our obser-

vations is likely to be a result of the lack of mucus produc-

tion in the Caco-2 cell monolayer model. Here, we found

comparable expression pattern between MUC2 and pIgR

showing an interconnection between these two markers.

This discrepancy also reinforces further the importance of

having a multi-cellular 3D system including fibroblasts,

endothelial cells and immune cells to enable epithelial cell

differentiation and function (i.e. goblet cells). In particular,

the importance of cell–cell interactions in influencing intes-

tinal cell expansion, survival and differentiation is well

documented [37–42].

Our hypothesis is that the microbiota-SIgA complexes

that are associated with the mucus provide bacteria con-

tainment preventing them from interacting directly with

the host (e.g. neutralization, exclusion) leading to a

decrease in IL-8-dependent pIgR expression. This hypothe-

sis is supported by the observation that Salmonella

O-antigen-specific SIgA prevents the interaction of the

pathogen with the intestinal mucosa [43]. Conversely, or

alternatively, it is possible that SIgA-bound E. coli may

induce expression of different specific pattern recognition

receptors and/or proinflammatory intracellular signalling

than E. coli alone.

In conclusion, the above results open new avenues for

future studies using systems involving a more complex

microbiota to uncover signalling pathways affected by free

SIgA versus microbiota-complexed SIgA. These studies will

be important in the establishment of effective therapeutic

approaches for the treatment of inflammatory intestinal

diseases; they may also provide important information on

the specific nature of these interactions.
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