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Abstract

The mucosal barrier in combination with innate immune system are the first line of defense 

against luminal bacteria at the intestinal mucosa. Dysfunction of the mucus layer and bacterial 

infiltration are linked to tissue inflammation and disease. To study host-bacterial interactions at the 

mucosal interface, we created an experimental model that contains luminal space, a mucus layer, 

an epithelial layer, and suspended immune cells. Reconstituted PSIM formed an 880 ± 230 μm 

thick gel layer and had a porous structure. In presence of mucus, 7-fold less probiotic and non-

motile VSL#3 bacteria transmigrated across the epithelial barrier compared to no mucus. The 

higher bacterial transmigration caused immune cell differentiation and increased the concentration 

of IL-8 and TNF-α (P < 0.01). Surprisingly, the mucus layer increased transmigration of 

pathogenic Salmonella and increased secretion of TNF-α and IL-8 (P < 0.05). Non-motile, flagella 

knockout Salmonella had lower transmigration and caused lower IL-8 and TNF-α secretion (P < 

0.05). These results demonstrate that motility enables pathogenic bacteria to cross the mucus and 

epithelial layers, which could lead to infection. Using an in vitro co-culture platform to understand 

the interactions of bacteria with the intestinal mucosa has the potential to improve treatment of 

intestinal diseases.
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1. INTRODUCTION

In the intestines, three major components mediate the host-response to pathogens and the gut 

microbiota: the mucosal barrier, the epithelial layer and tissue-resident immune cells 

(Turner, 2009). The interactions of these components in pathophysiological conditions are 

poorly understood. Two major disease states result from disruption of these protective 

mechanisms, acute enteropathogenic infections, and chronic inflammatory bowel diseases 

(IBD) (König et al., 2016; McGuckin et al., 2009). The mucus layer is the first line of 

defense, which plays a critical role in the prevention of enteropathogenic infections. In the 

healthy colon, the secreted mucus layer that covers the entire epithelium minimizes 

interactions of commensal bacteria with host cells (M. E. Johansson et al., 2008; M. E. V. 

Johansson et al., 2011). Dysfunction of the mucus layer and bacterial infiltration are linked 

to tissue inflammation and disease (Alipour et al., 2016; M. E. Johansson et al., 2010; 

Sovran et al., 2016; Swidsinski et al., 2005). During enteropathogenic infections, bacteria 

can penetrate intestinal regions of disrupted mucus (Croxen et al., 2013; Hering et al., 2015; 

Marteyn et al., 2012), but there is recent evidence that bacteria can also penetrate regions 

with intact mucus (Furter et al., 2019). A better understanding of the interaction between 

microbes and the protective host mechanisms could lead to improved treatment for intestinal 

diseases.

The responses of epithelial and immune cells to bacterial infiltration are difficult to decouple 

from in vivo measurements and are poorly understood. The epithelial barrier and cells of the 

innate immune system collectively function as the subsequent layers of protection after the 

mucus layer (Sansonetti, 2004). In the colon, tight junctions between epithelial cells 

prevents transmigration of pathogens into underlying tissue (Lee, 2015). Colonic epithelial 

cells produce chemokines, such as interleukin-8 (IL-8), that attract neutrophils and other 

effector cells of the innate and adaptive immune system (Kucharzik et al., 2005). 

Monocytes, which are innate immune cells, detect pathogens directly as well as respond to 

epithelial derived signals. One response to these stimulants is differentiation into 

macrophages and dendritic cells (Bain et al., 2014; Iliev et al., 2009). LPS and flagellin are 

common pathogen associated molecular patterns (PAMPs) that bind to toll-like receptors 

(TLR4 and TLR5) and activate the downstream pathways that cause pro-inflammatory 

cytokine secretion (Hayashi et al., 2001; Hoshino et al., 1999; Leon et al., 2008). Immune-

cell-derived tumor necrosis factor (TNF-α) is a cause of systemic inflammation. Both TNF-

α and IL-8 levels are significantly upregulated in the intestines of patients with IBD 

(Mazzucchelli et al., 1994; Neurath, 2014). Blocking IL-8 has the potential to prevent 

neutrophil infiltration, which is a major source of inflammation in the intestines, and is 

therefore an important therapeutic target (Natsui et al., 1997; Zhou & Liu, 2017).

A common enteropathogenic infection is Salmonellosis (Crum-Cianflone, 2008; Eng et al., 

2015). Salmonella enterica subsp. enterica serovar Typhimurium is a foodborne pathogen 

that causes diarrhea and can often be fatal (Eng et al., 2015). In humans, infection with 

Salmonella or other enteropathogenic bacteria is linked to higher incidence of IBD (Garcia 

Rodriguez et al., 2006; Gradel et al., 2009; Porter et al., 2008). Studies have shown that 

attachment of Salmonella to mucus is a critical step for infection (Hallstrom & McCormick, 

2011; McCormick et al., 1988; Nevola et al., 1987; Vimal et al., 2000). In mouse models, 
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Furter et al. showed that Salmonella infects the colonic epithelium even when covered with a 

thick layer of mucus (Furter et al., 2019). This recent observation contradicts the common 

notion that the mucus barrier serves as a sticky net to trap the invading luminal microbes 

(Linden et al., 2008). How Salmonella penetrate the mucus barrier and the effects of this 

penetration on epithelial and immune cells is not fully understood.

Murine models are the most common method to study the gastrointestinal biology. However, 

studying the complex interactions between luminal microbes, tissue immune cells and the 

mucosal barrier in living animals is challenging. Alternately, in vitro platforms are well 

suited to studying these complex interactions. For example, three-dimensional biomaterial 

platforms have been developed to mimic the morphology of the epithelial layer (Chen et al., 

2015; Wang et al., 2017). Epithelial and immune cell interactions are commonly measured in 

transwell-based platforms (Leonard et al., 2010; Noel et al., 2017). Flow based microfluidic 

platforms have enabled long-term co-culture of gut-representative microbial communities 

(Kim et al., 2012; Marzorati et al., 2014; Shah et al., 2016). Incorporation of mechanical 

forces within microfluidic platforms induced three-dimensional villus differentiation and 

allowed quantification of communication between bacteria-epithelial-immune cell 

compartments (Kim et al., 2012; Kim & Ingber, 2013; Kim et al., 2016).

The inclusion of a mucus layer is critical because of its role in mediating bacteria-epithelial 

cell interactions. Some cultured epithelial cells secrete mucus and form mucus layers that 

enable the quantification of drug and molecular interactions with mucus (Behrens et al., 

2001; Mahler et al., 2009). Two recent studies demonstrated thick mucus layer secretion 

from primary human colonic epithelial cells using air-liquid interface in transwell culture or 

colon-on-a-chip microfluidic culture (Sontheimer-Phelps et al., 2019; Wang et al., 2019). 

Most cultured cell lines, however, do not generate a layer matching physiological thickness 

of colonic mucus. Due to insufficient mucus secretion from cultured human epithelial cells, 

porcine gastric mucin (PGM) has been used as human mucin substitute (Boegh et al., 2014; 

Boegh et al., 2015). PGM has been used to recreate the intestinal mucus layer by mixing 

with agar and forming a solid interface with luminal solution that supported bacterial 

attachment and growth (Marzorati et al., 2014; Shah et al., 2016). However, stomach mucus 

has different physicochemical properties than intestinal mucus and commercially available 

PGM does not undergo sol-gel transitions (Celli et al., 2005). An alternative to PGM is 

purified intestinal mucus. It has been shown that MUC2, which is purified from intestinal 

mucus, has antiviral activity and attenuates the virulence of pathogenic bacteria (Lieleg et 

al., 2012; Wheeler et al., 2019). We have developed a method to extract porcine small 

intestinal mucus (PSIM). Reconstituted PSIM undergoes sol-gel transitions with changes in 

pH and ion concentrations, similar to native intestinal mucus (Sharma et al., 2020). Low pH 

caused mucus aggregation and reduced bacterial transport, and moderate calcium 

concentrations formed microscopic aggregates that impeded molecular diffusion.

Here, we demonstrate a model of intestinal mucosa to quantify the role of mucus and 

epithelial barrier in regulating the host innate immune responses to probiotic and pathogenic 

bacteria. We hypothesize that mucus prevents the penetration of bacteria through the 

intestinal lining and that the motility of pathogenic bacteria affects their penetration and 

immune response. To decouple the host-microbe interactions, mucus and epithelial layers 
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were developed in a physiological form on transwell membranes. The porous transwell 

membrane enabled molecular communication between human epithelial (HT-29) cells and 

human monocytic (THP-1) cells. The hypotheses were tested with commensal VSL#3 

bacteria, wild-type SL1344 Salmonella, and a non-motile flhDC knockout strain of 

Salmonella. Bacterial penetration, immune cell differentiation, and cytokine release were 

quantified using fluorescent immunostaining, microscopic imaging, and ELISA. The effects 

of a mucus layer on bacterial transmigration and molecular diffusion were quantified using 

fluorescent spectroscopy. This intestinal mucosa model enabled the quantification of the 

differences in the integrity of mucosal barrier compared to epithelial barrier alone when 

challenged with live bacteria. This mucosal barrier model enabled the measurement of 

bacterial penetration, immune cell differentiation and cytokine release. Understanding the 

mechanisms of action of probiotics or pathogens when in contact with the mucosal barrier 

will lead to development of therapies for bacterial infections and immunological diseases of 

the intestine.

2. RESULTS

2.1 PSIM formed a gel layer on top of epithelial cells without affecting cell viability.

We have developed a method to mechanistically study the host-microbe interactions at the 

mucosal interface of the intestines. A mucus gel layer was reconstituted on top of epithelial 

cells growing on transwell membranes (Fig. 1). Human colonic epithelial cells (HT-29) 

genetically labeled to express red fluorescent protein (RFP) covered the entire surface of the 

transwell membrane and coverage was not affected by the presence of PSIM (Fig. 1A). 

PSIM (20 mg/ml) was added to the epithelial cells and after 12 hours it formed an opaque 

gel layer in situ that was structurally porous (Fig. 1B). This 12-hour incubation at 37 °C 

reduced the thickness of the PSIM layer (Fig. 1C). Initially, the total height of solubilized 

PSIM (100 μl/well) layered on top of epithelial cells was approximately 2.7 mm. Final 

thickness of the gel layer formed was 880 ± 230 μm (Fig. 1B). The PSIM gel layer 

formation was robust and the structure was maintained after cryo-freezing and histological 

sectioning. PSIM formed a tightly bound gel layer and did not affect the viability of HT-29 

cells (Fig. 1D). No significant difference was observed in the live (green) and dead (red) cell 

area coverage between the presence and absence of a PSIM layer (Fig. 1E). DAPI (4′,6-

diamidino-2-phenylindole) staining of PSIM (red) showed that the PSIM gel layer has a 

fibrous structure (Fig. 1F). When added, fluorescent wild type Salmonella (green) were 

suspended in the three-dimensional mucus matrix (Fig. 1F).

2.2 PSIM is not immunogenic to epithelial or immune cells.

To test its immunogenicity with human-derived cell lines, reconstituted PSIM was directly 

added to the monocultured HT-29 and THP-1 cells. PSIM mostly did not induce a pro-

inflammatory cytokine and chemokine response from HT-29 and THP-1 cells. HT-29 cells 

were cultured on the apical side of 24-well transwell inserts (Fig. 2A) and IL-8 and TNF-α 
were quantified in the basolateral medium. HT-29 cells secreted a small but significantly 

higher amount of IL-8 in response to PSIM when compared to HT-29 cells alone (P < 0.05, 

Fig. 2B). There was no difference in the amount of TNF-α secreted from HT-29 with and 

without PSIM application (Fig. 2C). THP-1 cells were cultured in suspension in 24 well 
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plates and IL-8 and TNF-α quantified in the culture medium (Fig. 2D). PSIM did not induce 

IL-8 or TNF-α secretion from THP-1 cells compared to cells without PSIM (Fig. 2E, F).

2.3 Immunological responses from epithelial and immune cells are stimulant dependent.

When cultured independently, HT-29 and THP-1 cells respond differentially after direct 

contact with bacterial antigen LPS, a set of 8 live probiotic bacteria (VSL#3), and 

pathogenic bacteria Salmonella. Intestinal epithelial cells have regular incidence of bacterial 

contact, but immune cells only come in direct contact with live bacteria during bacterial 

infection events. The amounts of pro-inflammatory chemokine (IL-8) and cytokine (TNF-α) 

secreted from epithelial and immune cells were stimulant dependent. Salmonella induced a 

robust chemokine response in HT-29 cells, causing approximately 24-fold higher IL-8 

secretion compared to unstimulated cells (P < 0.01, Fig. 3A). Direct contact of HT-29 cells 

with LPS or VSL#3 did not increase IL-8 secretion (Fig. 3A). LPS-stimulated THP-1 cells 

secreted 61-fold more IL-8 compared to unstimulated cells (P < 0.01, Fig. 3B). Direct 

contact with VSL#3 and Salmonella each caused an approximately 30-fold increase in IL-8 

secretion from THP-1 cells compared to bacteria-free controls (P < 0.01, Fig. 3B).

There was no increase in the level of TNF-α secreted by HT-29 cells after direct contact 

with LPS or live bacteria compared to unstimulated cells (Fig. 3C). TNF-α secretion from 

THP-1 cells was significantly increased when cultured with LPS or live bacteria (Fig. 3D). 

LPS induced the highest TNF-α secretion and the level of TNF-α was 342-fold higher 

compared to unstimulated THP-1 cells (P < 0.01, Fig. 3D). Direct contact of THP-1 cells 

with VSL#3 (P < 0.01) and Salmonella (P < 0.05) caused 77 and 20-fold increases in TNF-

α, respectively (Fig. 3D).

The morphology of THP-1 cells changed significantly when cultured in direct contact with 

VSL#3 (Fig. 3E). Change in morphology indicates the differentiation into macrophage and 

dendritic-like cells. At 12 hours post infection with Salmonella, THP-1 cell differentiation or 

morphology change was not detectable, and the cells were mostly round (Fig. 3E). This 

response was similar to the stimulation with LPS that also did not induce a change in 

morphology (Fig. 3E). THP-1 cells stimulated with VSL#3 induced approximately 6-fold 

increase in the number of differentiated cells per millimeter squared area (P < 0.01, Fig. 3F). 

Collectively, the results show that epithelial and immune cell activation and immunological 

responses are stimulant dependent.

2.4 A PSIM gel layer prevents LPS induced immunogenic responses.

In the co-culture platform, we hypothesized that the mucus layer would act as a physical 

barrier for molecular diffusion. Mucus layers prevented pro-inflammatory chemokine and 

cytokine secretion by human epithelial and immune cell co-culture in response to bacterial 

products. To test this hypothesis, epithelial-immune cell co-culture was used with and 

without mucus (Fig. 4A). Co-culture of the HT-29 and THP-1 cells did not affect the 

basolateral levels of IL-8 and TNF-α when compared to monocultures (compare without 

mucus and without LPS in Fig. 4B, C to Fig. 2B, C, E, F). The addition of PSIM on the 

apical side of the epithelial layer caused no change in the levels of IL-8 and TNF-α (Fig. 4B, 

C). LPS increased the concentrations of both IL-8 (P < 0.05, Fig. 4B) and TNF-α (P < 0.05, 
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Fig. 4C) 4-fold in the absence of a PSIM layer. The presence of a mucus layer significantly 

reduced the levels of IL-8 (P < 0.05, Fig. 4B) and TNF-α (P < 0.05, Fig. 4C) after LPS 

stimulation. The total amounts of IL-8 and TNF-α from the co-cultures were significantly 

lower compared to direct stimulation of THP-1 cells by LPS (P < 0.05, compare Fig. 4B, C 

to Fig. 3B, D). Collectively, the results show that the epithelial barrier attenuates immune 

cell stimulation by preventing direct contact of immune cells with bacteria derived 

molecules, and the mucus layer further increases this barrier function.

2.5 A PSIM gel layer is a barrier to migration of live probiotic bacteria.

To investigate the barrier function of the mucus layer in presence of commensal bacteria, we 

added a commercial probiotic mix VSL#3 to the HT-29 and THP-1 co-culture and measured 

the bacterial transmigration across the epithelial layer and the corresponding cytokine and 

chemokine responses. Without mucus, bacteria transmigrate across the epithelial layer to the 

bottom well (Fig. 5A). The mucus layer reduced bacterial transmigration by 7-fold (P < 

0.05, Fig. 5B). Bacterial transmigration in the absence of a mucus layer induced THP-1 cell 

differentiation characterized by changes in morphology from round to elongated (Fig. 5A). 

A 11-fold higher number of differentiated cells per millimeter squared surface area were 

present without the mucus layer when compared to the conditions containing a mucus layer 

(P < 0.01, Fig. 5C). Due to increased bacterial loads, significantly higher concentrations of 

both IL-8 and TNF-α were measured in the bottom well (P < 0.01, Fig. 5D and P < 0.05, 

Fig. 5E). The mucus layer reduced the IL-8 concentration by 16-fold (Fig. 5D) and TNF-α 
concentration by 7-fold (Fig. 5E). Immunohistostaining showed the spatial arrangement of 

the epithelial cell layer expressing epithelial cell adhesion molecule (EpCAM) at the base 

and the mucus layered on top of the epithelial surface. VSL#3 bacteria that stained positive 

for nuclear stain DAPI were mostly seen on the outer surface of the mucus layer and few or 

no bacteria were present deeper in the mucus layer (Fig. 5F). In addition, no bacteria were 

present in the epithelial layer (Fig. 5G). Collectively, the results show that a reconstituted 

mucus layer reduced bacterial transmigration, thereby preventing direct contact between 

commensal bacteria and epithelial cells. The barrier effect leads to reduced epithelial 

damage by bacteria and reduced proinflammatory cytokine and chemokine responses from 

the underlying immune cells.

2.6 A PSIM gel layer enhances the transmigration of Salmonella.

To test if active motility enables bacteria to transmigrate across the mucus layer, we used 

motile Salmonella. Surprisingly, the presence of mucus significantly increased the 

transmigration of wild type Salmonella and 3-fold more Salmonella transmigrated across the 

epithelial cell layers in presence of mucus (P < 0.05, Fig. 6A). In the HT-29 and THP-1 co-

culture, wild type Salmonella significantly increased the amounts of IL-8 and TNF-α in the 

presence of mucus and an epithelial layer compared to an epithelial layer alone (P < 0.05, 

Fig. 6B, C). To test if these effects are controlled by flagella, a flagellar knockout (ΔflhDC) 

strain of Salmonella was created. The knockout caused a loss in Salmonella motility and the 

mean velocity was similar to VSL#3. Mean velocity of wild type Salmonella was 

significantly higher compared to the knockout strain and VSL#3 (P < 0.05, Fig. 6D). The 

presence of a mucus layer reduced the transmigration of knockout Salmonella across the 

epithelial cell layer (P < 0.05, Fig. 6A). The amount of IL-8 was significantly lower in 
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presence of a mucus layer compared to epithelial cells alone for knockout Salmonella (Fig. 

6B). The concentration of TNF-α in the medium with knockout Salmonella with or without 

a mucus layer (Fig. 6C) was equivalent to basal levels from an unstimulated co-culture of 

cells (Fig. 4C). Immunostaining showed the flagella of wild type Salmonella and the lack of 

flagella of knockout Salmonella (Fig. 6E). Histological sections of the mucosal layers on 

transwell membranes showed wild type Salmonella embedded deeper into the mucus layer 

(Fig. 6F) than VSL#3 (Fig. 5F). Within the gel layer, a significantly higher number of 

bacteria were found at the top and center of the mucus layer compared to the area proximal 

to the epithelial surface (Fig. 6G). Although less, Salmonella were also clearly present in the 

epithelial layer (Fig. 6H). Collectively, these results show that motile Salmonella, in 

presence of mucus, utilize flagellar motility for higher transmigration across the mucus and 

epithelial layers. Higher transmigration caused significantly higher immune responses from 

the epithelial-immune cell co-culture.

3. DISCUSSION

To gain a deeper understanding of how commensal and pathogenic bacteria interact with the 

mucosal lining of the intestine, we created an in vitro model of this barrier which consisted 

of a mucus layer, an epithelial cell layer and cells of immune system. These components 

represent essential complexities of the mucosal barrier. With this model we showed that the 

mucosal layer decreased the penetration of LPS and non-motile bacteria (Figs. 4&5). All 

bacteria tested in this study induced the production of cytokines and chemokines by THP-1 

monocytes (Fig. 3B, D). Additionally, Salmonella induced the production of IL-8 by HT-29 

epithelial cells. In contrast, VSL#3 did not induce epithelial IL-8 production (Fig. 3A, C). 

Higher production of IL-8 in epithelial and monocytes indicates activation of pro-

inflammatory signaling. These results indicate that epithelial cells tolerate contact with 

commensal bacteria but respond to pathogens, whereas innate immune cells respond to all 

bacterial contact.

This intestinal mucosa model was built upon the commonly used transwell platform, which 

enabled creation of epithelial and mucus gel layers, and co-culture with bacteria and 

immune cells (Fig. 1). The mucus was not cytotoxic (Fig. 1) and was biocompatible to 

human epithelial and immune cells (Fig. 2). The thickness of the mucus gel layer can be 

adjusted to match the thickness of mucus in different compartments of the gastro-intestinal 

tract (Fig. S1). The mucus layer caused spatial segregation of live commensal bacteria away 

from the epithelial layer and enabled co-culture studies up to 24 hours. The mucosa model 

demonstrated key mucus-layer-associated processes that have been reported in animal 

models but are difficult to reproduce in vitro.

In this model, both mucus and epithelial cells formed a physical barrier to molecular 

diffusion and bacterial penetration. The amounts of IL-8 and TNF-α produced in the co-

culture system without mucus (Fig. 4B, C) were lower than THP-1 cells directly stimulated 

with same amount of LPS (Fig. 3B, D). When mucus was present, these amounts were 

further reduced (Fig. 4). In the absence of the mucus layer, more bacteria crossed the 

epithelial cell layer (Fig. 5D) and more monocytes differentiated (Fig. 5E). This dependence 

indicates that the mucus layer helps maintain the integrity of epithelial barrier in presence of 
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commensal bacteria. The lack of production of TNF-α by epithelial cells indicates that 

inflammation is only induced after a breach in epithelial barrier and direct contact of live 

bacteria with immune cells.

As a barrier, the mucus layer was more effective at preventing penetration of commensal 

bacteria (Fig. 5) than immunogenic molecules (Fig. 4). The transmigration of non-motile 

commensal bacteria (VSL#3) across the epithelial layer was significantly lower in presence 

of mucus (Fig. 5). With mucus, the amounts of IL-8 and TNF-α induced by VSL#3 were 

very low (Fig. 5), similar to the amounts produced by unstimulated epithelial and immune 

cells (-LPS in Fig. 4). The difference in penetration between bacteria and molecules was 

most likely because of the structure of intestinal mucus. The mucus gel layer was porous as 

shown by histological sectioning and fluorescent confocal microscopy (Fig. 1B, F). After 

gelation, intestinal mucus forms islands of aggregated protein that permit easier 

transmigration of small molecules than microbes and particulates (Sharma et al., 2020).

An unexpected result was that the presence of mucus increased the penetration of 

Salmonella through the intestinal barrier (Fig. 6). In comparison, mucus reduced the 

penetration of LPS (Fig. 3), and non-motile commensal bacteria (Fig. 5). Salmonella 

transmigration followed complete penetration of the mucus layer and the epithelial barrier 

(Fig. 6A). This effect was surprising because the penetration of Salmonella through mucus 

and an epithelial layer was greater than through an epithelial layer alone (Fig. 6A-E), which 

was considerably thinner (Fig. 1B). Flagella were required for this increase in transmigration 

through mucus (Fig. 6A-E), showing that this phenomenon is dependent on bacterial 

motility. Two explanations for this observation are that mucus increases the motility of 

Salmonella by (a) attracting flagellated Salmonella or (b) inducing the production of 

flagella.

The intestinal barrier responded in distinct ways to immunogenic molecules. The primary 

immunogenic molecules in Salmonella are LPS and flagellin, which are detected by toll-like 

receptors (TLR) 4 and 5, respectively (Chow et al., 1999; Hayashi et al., 2001). When LPS 

was applied to THP-1 monocytes, they did not differentiate (Fig. 3F). The LPS successfully 

crossed both the mucus and epithelial barriers as indicated by the secretion of IL-8 and TNF-

α (Fig. 4). This result shows that monocyte differentiation after contact with bacteria (Fig. 

3E) is controlled by a mechanism that is independent of LPS and TLR4. When knockout 

(ΔflhDC) Salmonella were applied to the intestinal barrier model, the THP-1 monocytes did 

not produce TNF-α (Fig. 6C). This result suggests that the production of TNF-α is mediated 

by TLR5, the primary toll-like receptor to detect the flagella of Salmonella. Similar to LPS, 

no THP-1 cell differentiation was detected in presence of Salmonella. Monocyte 

differentiation into macrophage and dendritic-like cell types is a critical step in their anti-

bacterial response (Serbina et al., 2008). Our results showed that VSL#3 induced a robust 

differentiation response in THP-1 cells compared to Salmonella (Fig. 3F). Studies have 

shown that Salmonella has evolved to evade detection by certain cells of the immune system 

and is also known to have an intracellular lifestyle (Riquelme et al., 2011; Rydstrom & 

Wick, 2007). These factors could explain why the THP-1 cell differentiation to macrophage 

and dendritic-like cells was not detected with Salmonella.
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Combined, these results paint a picture of how the intestinal barrier could react to contact 

with bacteria (Fig. 7). In the healthy condition of an intact mucus layer and a lumen filled 

primarily with commensal bacteria (condition 1, Fig. 7A), no bacteria penetrate the barrier 

layer and no cytokines are produced. When there is physical damage to the mucus layer 

(condition 2, Fig. 7B), commensal bacteria penetrate the epithelial layer and trigger the 

production of cytokines and chemokines by monocytes (Fig. 5F, G). After this contact, the 

monocytes differentiate into macrophages and dendritic cells (Fig. 5C, E). Chemokines, e.g. 

IL-8, recruit neutrophils to contain the infection. When motile Salmonella are present in the 

lumen in significant amounts (condition 3), the mucus layer does not prevent penetration 

(Fig. 7C). In this condition, the epithelial layer produces chemokines (Fig. 3A) to recruit 

neutrophils before the pathogens cross the epithelial barrier. Once this barrier is breached, 

monocytes are activated, producing a similar immune response to an infection of commensal 

bacteria (Fig. 3B, D and 6C, D).

The intestinal mucosa model presented here provided insights into the role of mucus and 

epithelial barrier against bacteria and bacteria-derived molecular factors in presence of 

innate immune cells. We envision that this platform will be useful for screening host 

response against pathogenic, opportunistic, and probiotic strains of bacteria. Many of the 

obtained results could only have been obtained with an in vitro system that includes the 

three essential components of the mucosal barrier: mucus, epithelial cells and immune cells. 

For example, it was found that the epithelial barrier is a key component of the innate 

immune response to bacterial infection, especially in the detection of pathogens. A better 

understanding of the relation between microbial pathogens, the intestinal barrier and the 

immune system has the potential to improve treatment of infections and immunological 

diseases.

4. MATERIALS and METHODS

All chemicals and supplies were purchased from Fisher Scientific and Sigma Aldrich unless 

otherwise specified.

Human cell culture

HT-29 (ATCC, HTB-38) adherent cells were cultured in McCoy’s 5A medium (Sigma 

Aldrich) supplemented with 2.2 g/L sodium bicarbonate. THP-1 (ATCC, TIB-202) 

suspension cells were cultured in RPMI-1640 medium (containing 0.05 mM β-

Mercaptoethanol). HEK293T/17 (ATCC, CRL-11268) cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM). All media were supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin and referred to as complete medium in the 

methods. Cells were maintained in a 37 °C humidified incubator with 5% CO2.

RFP-expressing HT-29 cells were made by lentivirus transfection. For lentivirus production, 

HEK293T/17 cells grown in a 10 cm dish were transfected with four plasmids acquired from 

addgene: (4 μg pLV-mcherry (Cat #36084), 2 μg pMDLg/pRRE (Cat #12251), 2 μg pRSV-

Rev (Cat #12253) and 2 μg pMD2.G (Cat #12259), using the standard calcium-phosphate 

co-precipitation method. Virus was harvested 24 h post transfection and filtered through 0.45 

μm filter. For transduction, HT-29 cells cultured in six well plates were cultured in equal 
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volumes of the virus containing medium and complete McCoy’s 5A medium. Cells were 

monitored for RFP expression and sub-cultured after most cells expressed RFP when 

checked for fluorescence qualitatively.

PSIM extraction and purification

PSIM was extracted as described before (Sharma et al., 2020) with changes in sterilization 

procedure. Briefly, intact small intestine tubules were cut into 2-meter lengths and rinsed 

with water to eliminate food particles from the lumen. The tubules were drained gently, and 

the lumen was filled with 350 ml of 0.01 M NaOH. The ends of the tubules were tied and 

incubated for 24 hours at 4 °C. After incubation the solubilized material was drained by 

squeezing and collected. The extract was subjected to centrifugation at 20,000 x g (Thermo 

Scientific) at 4 °C for 2 hours to remove insoluble debris. The supernatant was collected 

without disturbing the precipitate. The clear supernatant was subjected to sol-gel transition 

by adjusting the pH to 4 using 2 M HCl. The aggregates formed at pH 4 were subjected to 

centrifugation at 200 x g for 15 minutes and resolubilized in sterile DI water by adjusting the 

pH value to 8. The solution was passed through a 40 μm strainer and subjected to dialysis 

using a membrane with molecular size cut-off equal to 14 kDa. The dialyzed mucus extract 

was sterilized by adding 1% (v/v) chloroform under constant stirring at 4 °C for 72 hours. 

The solution (30 ml aliquots) was transferred to 50 ml conical polypropylene tubes, frozen 

to −80 °C, and freeze dried (Labconco Freezone 2.5L freeze dry system). The freeze-dried 

mucus was reconstituted aseptically in serum- and antibiotic-free McCoy’s 5A medium. The 

solutions were sterilized in 15 ml polypropylene tubes by adding 10% chloroform and 

allowing to sit at 4 °C for 24 hours without shaking. The chloroform solution formed a 

distinct layer at the bottom and mucus solutions were collected without disturbing the 

interface under aseptic conditions. The solutions were aliquoted in 1.5 ml polypropylene 

tubes and stored at −80 °C until use.

Bacteria culture

Probiotic VSL#3 bacteria were acquired from a commercial source (VSL Pharmaceuticals, 

Inc.) and stored at 4 °C until use. For co-culture experiments, the freeze-dried bacteria were 

aseptically reconstituted in serum- and antibiotic-free McCoy’s 5A medium at a cell density 

of 1010 CFU/ml. Bacterial cells were incubated at 37 °C for 1 hour to recover. After 1 hour, 

the cell density was diluted to required cell density by serial dilution.

Wild type Salmonella strain SL1344 was used for live motile bacterial experiments. The 

ΔflhDC SL1344 strain was created using a modified lambda red recombination procedure 

(Mosberg et al., 2010). SL1344 was transformed with plasmid pkd46 by electroporation. 

Single colonies were inoculated into 50 ml of LB supplemented with 100 μg/ml of 

carbenicillin and grown at 30 °C. Once the absorbance at 600 nm (OD600) of the culture 

reached 0.1, arabinose was added to the culture to a final concentration of 20 mM and grown 

until the OD600 was equal to 0.8. Bacteria were centrifuged at 3000xg for 10 minutes and 

washed twice with nanopure water (Millipore). Bacterial pellet was resuspended in 400 μl of 

nanopure water. In a polypropylene tube, 1 μg of DNA (PCR amplification of pkd4 using the 

primers, 5’-

FOFZCACGGGGTGCGGCTACGTCGCACAAAAATAAAGTTGGTTATTCTGGgtcttgagc
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gattgtgtaggc-3’ and 5’-

ZZFFACAGCCTGTTCGATCTGTTCATCCAGCAGTTGTGGAATAATATCGGaattagccatg

gtccatatgaatatc-3’) was mixed with 50 μl of resuspended Salmonella. Bacteria were 

electroporated in a 1 mm cuvette (Fisher Scientific catalog # FB101) with the following 

settings on the electroporation system (BIORAD, GenePulser Xcell): Voltage = 1.8 kV, 

Capacitance = 25 μF, Resistance = 200 Ω, and 5 ms time constant. Primers were purchased 

from Invitrogen, where FOFZ are phosphorothioated nucleotides corresponding to ATAC 

and ZZFF correspond to TTAA. After electroporation, bacteria were recovered in 1 ml of 

LB for 2 hours at 37 °C. The recovery solution was plated on agar plates supplemented with 

kanamycin (50 μg/ml) and incubated at 37 °C overnight. Positive colonies were regrown on 

kanamycin plates overnight at 43 °C in order to eliminate pkd46 from the bacteria. 

Salmonella were transformed with a plasmid encoding for GFP under the control of 

constitutive Plac promoter using electroporation as discussed above. The cultures were 

stored at −80 °C in 25% glycerol solution.

For experiments, frozen stocks of the Salmonella strains were inoculated in LB medium and 

grown overnight at 37 °C. Small amount of overnight culture was inoculated in fresh LB 

medium and allowed to grow to a density of 4 x 108 CFU/ml and used for further 

experiments. To prepare bacteria for transwell co-culture experiments, bacteria culture was 

subjected to centrifugation at 2500 x g for 10 minutes. The bacterial cell pellet was washed 

three times with PBS by gentle pipetting multiple times and repeating the centrifugation step 

in between. Final pellet was reconstituted in serum- and antibiotic-free McCoy’s 5A 

medium and the required cell density was adjusted by serial dilution.

Epithelial cell seeding in transwell inserts

For transwell assays, HT-29 cells were detached from culture flasks using trypsin and seeded 

at a density of 105 cells per insert in 3 μm pore size polycarbonate membrane transwell 

inserts (CLS3415, Corning). Inserts were cultured for 7 days in 24 well plates in complete 

McCoy’s medium. The culture medium was changed 24 hours after cell seeding and every 

48 hours after that. After day 7, the culture medium was aspirated from the transwell inserts. 

The inserts were washed three times with PBS on both the apical and basolateral sides. To 

check for incomplete cell coverage, inserts were filled with 250 μl of PBS and the change in 

liquid level was checked for 5 minutes. The inserts with no change in liquid level were used 

for further experiments. To check for coverage microscopically, inserts were seeded with 

RFP-expressing HT-29 cells. After 7 days of culture, the inserts were imaged using EVOS 

FL Auto imaging system (Life technologies). Images captured using a 10x objective were 

tiled using in-built EVOS software.

Mucus layer formation and cytotoxicity of PSIM on epithelial cells

To form mucus layers, HT-29 cells were cultured for 7 days in the transwell inserts and 

layered with 100 μl of sterile PSIM (20 mg/ml). Inserts were incubated in a 37 °C 

humidified incubator with 5% CO2 for 12 hours.

For testing cytotoxicity of PSIM, HT-29 cells were cultured for 7 days in the transwell 

inserts and washed three times with phosphate buffer saline (PBS). The inserts were 
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transferred to a new 24 well plate and 600 μl of serum- and antibiotic-free McCoy’s 5A 

medium was added to the basolateral side. To form the mucus layers, 100 μl of thawed PSIM 

was added to the apical side. For controls, 100 μl of serum- and antibiotic-free McCoy’s 5A 

medium was added to the apical side. The plates were incubated for 24 hours at 37 °C. The 

viability of HT-29 cells after application of the PSIM layer was performed using a viability/

cytotoxicity assay kit (Cat # L3224, Invitrogen). The transwell inserts were transferred to a 

fresh 24-well plate containing 600 μl of phosphate buffer saline (PBS) and rocked gently. 

The PBS was replaced three times to wash the bottom surface of the transwell membrane. 

Finally, the wash solution was replaced with PBS containing 2 μm Calcein AM and 4 μm 

Ethidium homodimer-1 and incubated for 30 minutes at room temperature. Fluorescent 

images were acquired using Zeiss Spinning Disk Axio Observer Z1 microscope (Carl Zeiss) 

with a C-Apochromat 63x oil immersion objective and Zen software. To quantify area 

coverage, fluorescent images of the stained cells were background subtracted and segmented 

to isolate green (Live) and red (Dead) signal. The percent area covered by positive signal 

from green and red channels was quantified relative to the total image area. Images from 

three independent samples were used for quantification.

To visualize bacteria embedded in the mucus gel, 103 CFU/ml wild type GFP Salmonella 

were mixed in the PSIM solution prior to adding it to transwell inserts covered with HT-29 

cells (as above). After incubation at 37°C for 12 h, the cells and mucus in the inserts were 

fixed using 10% formalin solution in phosphate buffer saline for 20 minutes. The 

membranes were cut from the inserts and washed in PBS three times. The mucus gel layer 

was separated from the membrane and the cells, transferred onto a coverslip and stained 

with DAPI, which identified the mucus gel under UV light. GFP-expressing Salmonella 

embedded in PSIM gel were imaged using Zeiss Spinning Disk Axio Observer Z1 

microscope (Carl Zeiss). Z-stack images were captured with a 63x oil immersion objective 

at 1 μm height intervals using Zen software. Three-dimensional rendering and image 

processing were performed using Imaris (Bitplane, Belfast, UK).

Immunological response of epithelial and immune cells to PSIM

For testing immunogenicity of PSIM, HT-29 cells cultured for 7 days in the transwell inserts 

were washed three times with phosphate buffer saline (PBS). The inserts were transferred to 

a new 24 well plate and 600 μl of serum- and antibiotic-free McCoy’s 5A medium was 

added to the basolateral side. Mucus layers were formed by adding 100 μl of thawed PSIM 

(20 mg/ml) to the apical side. For controls, 100 μl of serum- and antibiotic-free McCoy’s 5A 

medium was added to the apical side. The plates were incubated for 24 hours at 37 °C. The 

media from the basolateral side was collected from three independent samples. 

Manufacturers protocol was followed to quantify human IL-8 (Cat # DY 208) and human 

TNF-α (Cat # DY 210) concentrations using DuoSet ELISA assay kit (R&D Systems). 

Assays were calibrated to the standard curve created for serially diluted IL-8 and TNF-α 
standard solutions on each plate per assay.

Cultured THP-1 cells were washed three times with PBS. After centrifugation, 105 THP-1 

cells were suspended in serum- and antibiotic-free medium (600 μl); seeded into 24 well 

plates; and 100 μl of thawed PSIM (20 mg/ml) was directly added to the medium. After 24 
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hours of incubation at 37 °C, the media were collected and the concentrations of human IL-8 

and TNF-α were quantified using ELISA assays. Samples from three independent 

experiments were used for analysis.

Direct stimulation of HT-29 and THP-1 monocultures

Twenty-four well tissue culture treated plates were seeded with 105 HT-29 cells per well and 

cultured for 4 days with a media change every day. After 4 days, the cells were washed with 

PBS three times and replaced with 450 μl serum- and antibiotic-free McCoy’s medium. To 

each well, 50 μl of medium was added that contained bacterial endotoxin lipopolysaccharide 

(LPS, 10 μg/ml) from Escherichia coli O55:B5 (Cat # L6529), VSL#3 (2 x 109 CFU/ml), or 

Salmonella (2 x 105 CFU/ml). Media alone (50 μl) was added to control wells. After 12 

hours of incubation at 37 °C, the media were collected from three independent experimental 

conditions. Human IL-8 and TNF-α concentrations were quantified using ELISA assays.

Using a similar procedure as above, 105 THP-1 cells were suspended in serum- and 

antibiotic-free medium (600 μl); seeded into 24 well plates; and stimulated with 50 μl LPS 

(10 μg/ml), VSL#3 (2 x 109 CFU/ml), and Salmonella (2 x 105 CFU/ml). After 12 hours of 

incubation at 37 °C, the medium was collected and the concentrations of human IL-8 and 

TNF-α were quantified using ELISA assays. Results from three independent experiments 

were used analysis.

Construction of in vitro mucosal lining model

Epithelial cells were grown on transwell inserts and checked for coverage and leakage using 

PBS as described above. Mucus layers was formed by adding 100 μl of sterile PSIM (20 

mg/ml) and incubating at 37 °C for 12 hours. For controls without mucus, 100 μl serum- and 

antibiotic-free McCoy’s 5A medium was added to the apical side of the inserts. In cultures 

of THP-1 cells, the medium was removed by centrifugation and the cells were washed with 

PBS three times. The cell pellet was suspended in serum- and antibiotic-free McCoy’s 5A 

medium. The medium in the basolateral side of the transwell inserts was replaced with 600 

μl of THP-1 cell suspension at a density of 105 cells/well.

LPS interaction with in vitro mucosal lining model

The in vitro mucosal lining model was challenged by adding 50 μl per well LPS (10 μg/ml) 

from Escherichia coli O55:B5 (Cat # L6529) to the apical side of the transwell inserts in the 

presence and absence of a pre-formed PSIM layer. After 24 hours of incubation with LPS, 

the medium from the bottom well was collected for quantification of human IL-8 and TNF-

α using ELISA. Samples from three independent conditions were used for analysis.

VSL#3 interaction with in vitro mucosal lining model

The in vitro mucosal lining model was challenged by adding 50 μl per well of VSL#3 

culture (2 x 109 CFU/ml) to the apical side of the transwell inserts. After 24 hours of 

incubation at 37 °C, the transwell inserts were removed and brightfield images of the bottom 

well containing THP-1 cells were captured using EVOS FL Auto imaging system (Life 

technologies). The contrast of the images was uniformly enhanced. Post-imaging, the 

medium was collected from the bottom well. Half of the medium was used for quantification 
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of human IL-8 and human TNF-α with ELISA. The other half was used for bacterial 

quantification by serial dilution, plating on solid agar plates and incubated at 37 °C for 24 

hours. The colonies were manually counted and converted to CFU based on the dilution 

factor. The THP-1 cell morphology change was manually quantified using ImageJ (NIH). 

Differentiated immune cell were identified as cells having stretched or dendrite-like 

morphology. The number of cells was normalized by the total area of the images. Data was 

analyzed for three independent experiments.

Salmonella interaction with in vitro mucosal lining model

The in vitro mucosal lining model was challenged by adding 50 μl per well of GFP-labeled 

Salmonella (2 x 105 CFU/ml) to the apical side of the transwell inserts. After 12 hours of 

incubation at 37 °C, the transwell inserts were removed. Using a plate reader (Synergy H1, 

BioTek Instruments, Inc.), the GFP intensity was quantified in the bottom well plate to 

measure of bacterial cell density. The medium was collected and used for quantification of 

human IL-8 and human TNF-α with ELISA. Measurements and analysis were performed for 

three independently conducted experiments.

Bacterial motility analysis

Aqueous motility of wild type Salmonella, flagella knockout Salmonella and VSL#3 was 

quantified using fluorescent microscopy. Salmonella strains expressing GFP were grown in 

LB until OD600 was in the range 0.6 – 0.8. A 20 μl droplet containing 107 CFU/ml was 

added onto a glass slide and covered with a coverslip. Fluorescent microscope images were 

captured every 0.141 s for 60 s. Bacterial velocity was analyzed using an automated particle 

tracking program, Trackmate in ImageJ (NIH). The average velocity of all the tracks was 

calculated per sample. To measure the velocity of VSL#3, the bacteria were inoculated in 

serum- and antibiotic-free McCoy’s 5A medium and allowed to recover at 37°C for 1 hour. 

The cells were nuclei stained using Hoechst 33342 (NucBlue, Thermo Fisher, Cat # 

R37605). A 20 μl droplet containing 107 CFU/ml was added onto a glass slide and covered 

with a coverslip. Fluorescent microscope images were captured every 0.5 s for 60 s. The 

average velocity was calculated as described above. Measurements were recorded and 

results analyzed for five independent experiments.

Cryopreservation, histological sectioning, and immunofluorescence staining

To image and wild type and flagella knockout Salmonella, bacteria were grown to an OD600 

of 0.8. Twenty μl droplets were applied to glass slides and allowed to dry in a biosafety 

cabinet for approximately six hours.

For histological sectioning, the transwell membranes with intact epithelial and mucus layers 

were cut from the inserts and fixed using 10% formalin solution in phosphate buffer saline 

for 20 minutes. Fixed membranes were embedded in optimum cutting temperature (OCT) 

medium and flash frozen in liquid nitrogen. Using a cryostat (CRYOSTAR NX70, Thermo 

Scientific), 30 μm thick cross-sections were cut and collected on ColorMark Plus glass slides 

for imaging. Brightfield images were acquired using an EVOS FL Auto imaging system 

(Life technologies) and the thickness of the mucus layers were measured manually using 
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ImageJ (NIH). Images from three independent samples were used for measuring the 

thickness.

For immunofluorescent staining of slides with dried Salmonella, FITC-conjugated anti-

Salmonella antibody (1:200, ab69253, Abcam) was used. Fluorescent images were acquired 

using Zeiss Spinning Disk Axio Observer Z1 microscope (Carl Zeiss) with a C-Apochromat 

63x oil immersion objective and Zen software (Carl Zeiss). For immunofluorescent staining 

of histological cross-sections two antibodies were used: FITC-conjugated anti-Salmonella 

antibody and Alexa Fluor 594 conjugated anti-human CD326 (EpCAM) antibody (1:200, 

Cat # 324228, BioLegend). Both samples on glass slides were blocked in the blocking 

solution (1% BSA, 22.52 mg/ml in PBST (PBS + 0.1% Tween20)) for 1 hour at room 

temperature. Slides were incubated with antibodies diluted in 1% BSA in PBST for 1 hour at 

room temperature and washed three times with PBS. Histological slices were counter-

stained with DAPI (1:10,000, D9542, Sigma Aldrich) to identify cell nuclei. Fluorescent 

images were acquired using Zeiss Spinning Disk Axio Observer Z1 microscope (Carl Zeiss) 

with a LD C-Apochromat 40x oil immersion objective and Zen software (Carl Zeiss).

The stained histological images were analyzed using ImageJ. To quantify Salmonella density 

in the mucus gel layer, images were tiled to capture from the top of the mucus to the bottom 

of the epithelial layer. Tiled images from three planes deep into the mucus layer on the glass 

slides were captured with 10 μm intervals. These three tiled images were projected on to a 

single plane. Projected images were uniformly segmented to isolate bacteria 

morphologically. The mucus layer height was divided into three regions of equal height (T: 

top; C: center; B: bottom). Images were collected from three independent samples. The 

amount of Salmonella in each region was measured as the percent area with FITC over the 

total area using ImageJ.

Statistical analysis

A two-tailed Student’s t-test assuming unequal variances was used for statistical analysis of 

pairwise comparison. One-way ANOVA with Bonferroni post hoc test was used for multiple 

comparisons. All data are presented as a mean ± standard deviation for three or more 

independent experimental conditions. Differences were considered significant at P < 0.05, 

with * denoting P < 0.05, and ** denoting P < 0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biocompatibility of epithelial and mucus gel layers formed on a transwell membrane.
(A) Macroscopic, bottom-view images of the translucent membrane without mucus (top left) 
and the opaque mucus layer after gel formation (bottom left). Tiled microscopic image of 

the transwell membrane with RFP-expressing HT-29 cells covering the entire membrane 

without (top right) and with a mucus layer (bottom right). (B) Side view of transwell inserts 

demonstrating sol (left, top) to gel (left, bottom) transition of PSIM at 0 and 12 hours. 

Microscopic image of a 20 μm thick histological cross-section of the transwell membrane 

covered with HT-29 cell layer (middle) and PSIM gel layer formed on top (right). (C) A 

mucus gel layer formed 12 hours after addition of solubilized PSIM (20 mg/ml) and 

incubation at 37 °C. (D) Live (Green) and Dead (Red) cell staining of the epithelial cell 

layer on a transwell membrane. (E) Quantified area covered by GFP positive and RFP 

positive signals showed no significant difference with or without mucus (n = 3). (F) 

Confocal microscope image of a DAPI-stained PSIM gel layer (red) with embedded GFP-

expressing Salmonella (green).
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Figure 2. Immunological response of epithelial and immune cells to PSIM.
(A) Schematic depiction of the transwell insert placed in 24 multi well plates. HT-29 cells 

(blue) were cultured on the apical side of the transwell membrane and cell culture medium 

was added to the apical (100 μl) and basolateral (600 μl) side of the cells (w/o mucus). 

Reconstituted mucus at 20 mg/ml concentration (brown, 100 μl) layered on top of the 

epithelial cells (w mucus). (B) THP-1 cells cultured in 24 multi well plates and cell culture 

media (w/o mucus, 100 μl) or reconstituted mucus (w/ mucus, 100 μl) added directly to the 

culture medium (600 μl). (C) Mucus increased chemokine (IL-8) secretion from HT-29 cells 

(*, P < 0.05; n = 3) and (D) no change in cytokine (TNF-α) secretion. Mucus did not cause a 

significant change in (E) IL-8 or (F) TNF-α concentration in THP-1 culture medium (n = 3).
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Figure 3. Stimulation of HT-29 and THP-1 monocultures by LPS and live bacteria.
(A) IL-8 secretion from HT-29 cells was significantly increased by direct contact with 

Salmonella (**, P < 0.01; n = 3). LPS (10 μg/ml) and VSL#3 caused no significant change 

in IL-8 secretion. (B) LPS and direct contact with VSL#3 and Salmonella caused IL-8 

secretion from THP-1 cells (**, P < 0.01; n = 3). (C) LPS, VSL#3 or Salmonella did not 

cause any TNF-α secretion from HT-29 cells. (D) LPS and direct contact with VSL#3 and 

Salmonella caused TNF-α secretion from THP-1 cells (*, P < 0.05; **, P < 0.01; n = 3). (E) 

Direct contact with VSL#3 caused a change in THP-1 cell morphology (arrows). LPS and 

Salmonella did not change THP-1 morphology. Images were taken 12 hours after adding a 

stimulant. (F) The number of differentiated THP-1 cells per squared millimeter was 

significantly higher with VSl#3 compared to controls (**, P < 0.01; n = 3).
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Figure 4. Barrier function of PSIM layer to molecular diffusion.
(A) HT-29 cells (blue) on the apical side of the membrane co-cultured with THP-1 cells 

(red) in 24 multi-well plates in the absence (top) and presence (bottom) of a PSIM layer 

(brown). (B,C) The concentrations of IL-8 (B) and TNF-α (C) from the co-cultures did not 

change by adding a PSIM layer, significantly increased by adding LPS to the apical side 

without mucus, and was significantly attenuated by adding PSIM layer prior to LPS 

stimulation (*, P < 0.05; n = 3).
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Figure 5. Barrier function and immune modulation by a PSIM gel layer in response to VSL#3.
(A) VSL#3 transmigrated across the epithelial layer and caused THP-1 cell differentiation 

identified by elongated morphologies (arrows). Images were taken 24 hours after addition of 

bacteria. (B) The mucus layer significantly reduced the number of transmigrated VSL#3 

bacteria (*, P < 0.05; n = 3). (C-E) The mucus layer significantly reduced the number of 

differentiated cells per mm2 (C; **, P < 0.01; n = 3), the concentration of IL-8 (D; (**, P < 

0.01; n = 3), and the concentration of TNF- α (E; *, P < 0.05; n = 3) in the co-culture. (F) A 

20 μm thick histological section (Left) stained with EpCAM (Red) and DAPI (Blue). The 

PSIM gel layer is auto fluorescent (Blue, arrow). Expanded image (Right) shows DAPI-
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stained VSL#3 bacteria embedded at the outer surface of the PSIM gel layer (Arrows). (G) 

Expanded images of the epithelial layer (white star) showing nuclei and EpCAM staining.
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Figure 6. Mucus gel layer is not protective against motile Salmonella.
(A) In the presence of a mucus layer, the number of transmigrated wild type Salmonella 

increased (*, P < 0.05; n = 3). Mucus decreased the number of transmigrated flagella 

knockout (k.o.) Salmonella (*, P < 0.05). (B) The mean velocity of wild type Salmonella 

was greater than VSL#3 and knockout (ΔflhDC) Salmonella (*, P < 0.05; n = 5). (C, D) The 

concentrations of IL-8 (C) and TNF-α (D) in the co-culture in response to wild type and 

knockout Salmonella with and without mucus (*, P < 0.05; n = 3). (E) Fluorescent 

microscope images showing the cell bodies (black arrows) and flagella (white arrow) of the 

wild type (left) and the knockout (right). Only cell bodies are present for the knockout. (F) A 

histological section stained for EPCAM-1 (Red), nuclei (Blue), Salmonella (Green), and the 

auto fluorescent PSIM gel layer (Green, arrow). Depth into the mucus layer is indicated as 

T: top surface, C: center, B: bottom. (G) Bacterial density in the mucus layer as a function of 

depth quantified as the area covered by positive signal from Salmonella stain (**, P < 0.01; n 

= 3). (H) Expanded images of the epithelial layer (white star) showing nuclei, Salmonella 

and EpCAM staining.
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Figure 7. The mucus layer regulates the extent of host-bacterial interactions and the resultant 
immune responses.
(A) The mucus layer acts as a barrier to VSL#3 and prevents any immune response. (B) In 

the absence of a mucus barrier, VSL#3 breach the epithelial barrier and induce immune 

responses (TNF-α and IL-8). (C) Despite the presence of a mucus layer, Salmonella breach 

the epithelial barrier and induce chemokine (IL-8) responses from epithelial cells and 

cytokine (TNF-α) and chemokine (IL-8) responses from immune cells. (D) In the absence of 

a mucus layer, Salmonella breach the epithelial barrier and induce immune responses, 

similar to in the presence of mucus.
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