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Abstract

Chronic diseases, including inflammatory bowel disease (IBD) urgently need new biomarkers as a 

significant proportion of patients, do not respond to current medications. Inflammation is a 

common factor in these diseases and microbial sensing in the intestinal tract is critical to initiate 

the inflammation. We have identified ELMO1 (Engulfment and Cell Motility Protein-1) as a 

microbial sensor in epithelial and phagocytic cells that turns on inflammatory signals. Using a 

stem-cell-based “gut-in-a-dish” coculture model, we studied the interactions between microbes, 

epithelium and monocytes in the context of IBD. To mimic the in-vivo cell physiology, enteroid-

derived monolayers (EDMs) were generated from the organoids isolated from WT and ELMO1−/

− mice and colonic biopsies of IBD patients. The EDMs were infected with the IBD-associated 

microbes to monitor the inflammatory responses. ELMO1-depleted EDMs displayed a significant 

reduction in bacterial internalization, a decrease in pro-inflammatory cytokine productions and 

monocyte recruitment. The expression of ELMO1 is elevated in the colonic epithelium and in the 

inflammatory infiltrates within the lamina propria of IBD patients where the higher expression is 

positively correlated with the elevated expression of pro-inflammatory cytokines, MCP-1 and 

TNF-α. MCP-1 is released from the epithelium and recruits monocytes to the site of inflammation. 
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Once recruited, monocytes require ELMO1 to engulf the bacteria and propagate a robust TNF-α 
storm. These findings highlight that the dysregulated epithelial ELMO1→MCP-1 axis can serve 

as an early biomarker in the diagnostics of IBD and other inflammatory disorders.

Keywords

Intestinal inflammation; Inflammatory bowel disease; Microbial sensing and bacterial engulfment; 
epithelial-immune cell crosstalk; enteroid; monocyte-chemoattractant protein-1

INTRODUCTION

Intestinal microbes play an important role in cellular homeostasis. Single nucleotide 

polymorphisms (SNPs) of innate immune receptors, which are involved in bacterial 

recognition and clearance, are associated with the chronic intestinal inflammatory diseases 

[1-4]. For example, the variants of receptors such as NOD2 or TLRs that detect commensal 

and pathogenic bacteria are involved in the pathogenesis of Inflammatory Bowel Diseases 

(IBD) [5, 6]. IBD is associated with microbial dysbiosis, where a shift in the microbiota 

occurs toward more pro-inflammatory species. Microbial dysbiosis is characterized by the 

depletion of commensal bacteria from the members of the phyla Firmicutes, Bacteroidetes, 

and the enrichment of opportunistic pathogens from the phyla Actinobacteria and Gamma 
proteobacteria [7-9]. Adherent-invasive E. coli (AIEC) is the major pathovar of the species 

Escherichia coli that has been isolated from CD patients [10].

Our knowledge is limited about how the host signaling is influenced by microbial sensing 

linked to inflammatory diseases such as IBD. IBD is a multifactorial disease that affects 1.5 

million people in the United States. [11, 12]. The treatment of IBD consists of 

corticosteroids, immunosuppressants, biologics, and in some cases, surgery, but no 

treatments are universally effective [13]. Thus, there is an urgent need to further understand 

the pathogenesis of IBD and the identification of new biomarkers in order to develop new 

therapeutics. One potential therapeutic approach is targeting the bacteria-mediated onset of 

inflammation. Generally, microbial dysbiosis and persistent infection could lead to the onset 

of chronic inflammation that is critical in IBD.

The recognition and internalization of a pathogen by a phagocytic receptor/mediator controls 

the downstream inflammatory responses [14, 15]. For example, after adhering and invading 

the gut epithelial cells, AIECs are engulfed by macrophages to induce inflammation [16]. 

The underlying mechanism by which pathogens breach host epithelium and generate 

inflammatory cytokine storm to initiate inflammatory diseases is unclear. We recently 

demonstrated that EnguLfment and cell MOtility protein 1 (ELMO1) is a microbial sensor 

that enables macrophages to engulf enteric bacteria, coordinately mount inflammation and 

orchestrates bacterial clearance [17-19]. ELMO1 binds to the Pattern Recognition Receptor 

(PRR) called Brain Angiogenesis Inhibitor-1 (BAI1), which recognizes bacterial 

Lipopolysaccharide (LPS) [20]. BAI1-ELMO1 signaling axis activates Rac1 and induces 

pro-inflammatory cytokines such as Tumor necrosis factor-α (TNF-α) and Monocyte 

Chemoattractant Protein 1 (MCP-1) [17, 21]. Genome-wide association studies (GWAS) 

have revealed the association of single nucleotide polymorphisms (SNPs) in ELMO1 with 
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IBD, rheumatoid arthritis (RA) kidney disease and diabetic nephropathy [22-24]. ELMO1 is 

required for the induction of several pro-inflammatory cytokines that are known to drive a 

plethora of inflammatory diseases, including IBD, cardiovascular diseases and RA [17]. 

Among them, MCP-1 is a chemokine, which plays a significant role in the recruitment of 

mononuclear cells to the site of inflammation; it is also one of the major cytokines involved 

in inflammatory diseases like IBD [25].

The function of ELMO1 in phagocytic cells was reported before [17, 26, 27]. However, its 

role in the non-phagocytic cells, i.e., the gut epithelium remains unknown. We hypothesized 

that the sensing of IBD-associated microbes by ELMO1 in the gut epithelium is the first line 

of host defense that may serve as an upstream trigger for immune cell-mediated cytokine 

storm. We used the cutting-edge stem cell-based- 3D enteroids as the model system to 

interrogate the role of ELMO1 in epithelial cells faced with the dysbiosis in IBD patients 

and defined a specific need the engulfment pathway to induce MCP-1. The generation of 

MCP-1 by the epithelium is followed by monocyte recruitment at the site of inflammation. 

Subsequently, bacteria enter the monocytes in an ELMO1-dependent manner and trigger the 

release of TNF-α, thereby, propagating the chronic inflammatory cascade that is the 

hallmark of IBD. In the DSS-mice model, the global, as well as myeloid-cell specific 

ELMO1−/− mice, had reduced colitis compared to WT mice. Our findings showed the 

possibility that targeting ELMO1 can simultaneously blunt both the ELMO1-MCP-1 and the 

ELMO1-TNF-α signaling axes in the epithelium and the macrophages, respectively, to 

combat the inflammation in IBD.

RESULTS

ELMO1 and MCP-1 are increased in IBD

In our previous study, we demonstrated that ELMO1 is involved in microbial sensing and 

controls intestinal inflammation [17]. To understand the role of ELMO1 in IBD, we 

analyzed publicly available datasets of 134 human subjects including healthy (60), CD (32) 

and UC (42) patients (Pubmed; Gene Expression Omnibus (GEO) datasets GSE83687 [28] 

and showed that ELMO1 and MCP-1 along with inflammatory cytokines were significantly 

increased in both CD and UC patients compared with healthy subjects (Table 1 and Fig. 1A). 

This finding was in parallel with human biopsy samples of IBD patients (Fig. 1B). The 

association between the levels of ELMO1 and MCP-1 was studied in the publicly available 

NCBI-GEO data-series where RNA Seq data from 214 normal colons showed that ELMO1 

and MCP-1 genes display an equivalent Boolean relationship [29-31] in which, if the 

expression level of one gene is high, the other one is also high (Fig. 1C). These findings 

suggest a strong fundamental gene expression signature between the two genes that is 

conserved and invariant despite the population variance.

To determine if the elevated ELMO1 transcripts translate into elevated protein expression, 

we performed immunohistochemistry (IHC) on colonic biopsies from healthy controls and 

patients with UC or CD (Fig. 2A-D). ELMO1 expression was elevated both in the 

epithelium and in the lamina propria, but most strikingly in the diseased epithelium. We 

scored the level of ELMO1 staining in these colonic specimens, and ELMO1 was higher in 

IBD subjects compared to the healthy subjects (Fig. 2E).
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Taken together, these findings indicate that expression of ELMO1 is elevated in colons of 

IBD patients. The expression was detected not only in the lamina propria but also in the 

epithelial lining, presumably contributed by infiltrating immune cells.

ELMO1 promotes DSS-induced colitis in vivo

To assess the effect of ELMO1 on the development of acute colitis, WT, and ELMO1−/− 

(global and myeloid cell-specific) mice were treated with 3.5% DSS added to the drinking 

water for 5 days. After 5 days, DSS was removed and the only freshwater was given to the 

mice for 4 days. DSS treatment induced a substantial weight loss at day 9 in WT mice 

compared to the ELMO1−/− mice (Fig. 3A, Supplementary Fig 1A) which was also reflected 

in the disease activity index (DAI, criteria as described in the method section) (Fig. 3B). In 

addition, the reduction in colon length, a marker of intestinal inflammation, was 

significantly less pronounced in DSS-treated ELMO1−/− mice (Fig. 3C-D). H&E staining 

demonstrated loss of crypts, dense infiltrates of leukocytes in both mucosa and submucosa, 

and thickening of the bowel wall only in DSS-treated WT mice. The pathology score was 

also significantly higher in WT mice colon tissue sections than ELMO1−/− colon tissue 

sections (Fig. 3E). Overall the degree of inflammation was significantly higher in WT mice 

than ELMO1−/− mice. During the DSS treatment, we recorded the death in WT mice (n=2) 

with all signs of inflammation, while we found unpredictable death in 1 ELMO1−/− mouse 

and no sign of inflammation in this mouse (Supplementary Fig. 1B).

ELMO1 is expressed both in epithelial cells and myeloid cells, including neutrophils and 

macrophages. To understand the effect of ELMO1 expressed on myeloid cells in DSS-

mediated colitis, we assessed the role of ELMO1 in myeloid cell-specific (LysM-cre-driven) 

ELMO1-deficient mice. Similar to global KO mice, the degree of inflammation as shown by 

a reduction in the colon length was higher in LysM-cre negative WT mice compared to 

LysM-cre positive ELMO1 KO mice (Fig. 3C-D). Also, H&E staining demonstrated that the 

pathology score (demonstrated by loss of crypts, dense infiltrates of leukocytes in both 

mucosa and submucosa, and thickening of the bowel wall) was significantly higher in LysM 

cre negative WT mice than LysM cre positive ELMO1 KO mice (Fig 3E). Collectively these 

results indicate that the presence of ELMO1 increases the degree of colitis in DSS-treated 

mice as tested by global ELMO1−/− mice or myeloid cell-specific KO mice.

The gut-in-a-dish model to study the role of the host engulfment pathway

To investigate the role of ELMO1 in the IBD-afflicted gut epithelium, we used the stem-cell-

derived 3D intestinal organoids or enteroids [32-35]. Enteroids mimic the in vivo condition, 

comprising four different cell types, namely epithelial, goblet, paneth and enterocytes 

[36-38]. Therefore, the use of intestinal crypt-derived enteroids nearly recreates the normal 

intestinal physiology. We generated both enteroids and enteroid-derived monolayers (EDMs, 

Fig. 4A, 4B) from colon specimens of the mouse or human biopsies obtained from healthy 

controls, UC and CD patients. The enteroids were polarized on transwells to generate the 

gut-in-a-dish model where the differentiated monolayers lost the expression of the stem-cell 

marker Lgr5 (Fig. 4B). To understand the role of epithelial ELMO1 following exposure to 

IBD-associated bacteria, we selected adherent-invasive E. coli (AIEC- LF82) as a model 

bacteria [10, 39, 40]. The advantage of the gut-in-a-dish model is that the EDMs can be 
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cocultured with the immune cells in the basal side (as we have done here with the 

monocytes) and bacteria in the apical side (as we have done here with the AIEC-LF82 on the 

top) (Fig. 4A). As shown in the schematic (Fig. 4A), the monolayer was collected for: a) 

invasion of bacteria by gentamicin protection assay, b) gene expression studies by qRT-PCR, 

c) staining of tight junction proteins, d) Supernatant from apical and basolateral side for 

ELISAs, e) monocyte recruitment assay with infected supernatant or with the infected 

monolayer as described later.

First, we confirmed that ELMO1 is indeed expressed in the human enteroids from colon and 

ileum by immunoblotting (Fig. 4C). Next, we assessed the level of ELMO1 in human 

enteroids by qRT-PCR (Fig. 5A) and western blot (Fig. 5B). The levels of ELMO1 

transcripts and protein expression were elevated in UC and CD-derived enteroids compared 

to the healthy controls (Fig. 5A-B). The detailed description of the IBD subjects in Table 2 

showed a broad range of patients and disease types in our cohort. As CD is a complex, 

heterogeneous disease, therefore it is possible that the CD enteroids from 8 different 

individuals showed variation in the expression of ELMO1. Interestingly, the increase of 

ELMO1 expression was positively tracked with the corresponding increase of the 

inflammatory markers MCP-1 in the CD subjects (Fig. 5A).

One of the major features of CD is the leaky barrier with the disruption of tight junction 

(TJ). Previously, it has been shown that AIEC-LF82 can disrupt polarized epithelia [41]. 

Here, we monitored the level of the TJ proteins (Zonula Occludin, ZO-1) in EDMs isolated 

from healthy and CD subjects (Fig. 5C). In healthy EDMs, disrupted TJs were seen only 

after infection with AIEC-LF82. In CD-derived EDMs, disrupted TJs were noted at the 

baseline and almost to a similar extent after infection with AIEC-LF82. Upon infection, the 

CD-derived EDMs showed increased levels of ZO1 at the TJs, which may be due to a short-

term protective mechanism(s) that recruit ZO1 to resist infection/stress-induced TJ collapse.

ELMO1 is required for the engulfment of AIEC-LF82 within the gut epithelium.

Previously, we have shown that intestinal inflammation following engulfment of Salmonella 
was ELMO1 dependent [17]. To understand the role of ELMO1 in the internalization of the 

bacteria into epithelial cells, we used EDMs generated from colons of Wild type (WT) and 

ELMO1−/− mice. The depletion of ELMO1 in the EDMs from ELMO1−/− mice was 

confirmed by immunoblotting (Fig. 6A). Using the gentamicin protection assay [20, 42], we 

found that, the internalization of AIEC-LF82 after 6 h of infection was decreased by 73% in 

ELMO1−/− EDMs compared to the WT EDMs (Fig. 6B).

EDM is a mixture of several cell types thus before pursuing functional studies, we tested if 

there is a difference in the cell types in murine-derived WT EDMs and ELMO1−/− EDMs. 

The specific markers of different cell types present in EDMs including carbonic anhydrase 

and sucrase-isomaltase for enterocyte markers, Muc-2 for goblet cell marker, lysozyme and 

β-defensin for Paneth cell marker, chromogranin A for enteroendocrine marker and DCLK-1 

for tuft cell marker were examined. Fig. 6C showed that WT EDMs and ELMO1−/− EDMs 

do not have a significant difference in the cell types.
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It has been reported that E. coli disrupts the epithelial tight junction (TJ) to enter the host 

tissue [43-45]. Therefore, confocal immunofluorescence studies were performed to monitor 

whether AIEC-LF82 enters the epithelial cells through TJs. We found that in both WT and 

ELMO1−/− EDMs, the AIEC-LF82 entered through the epithelial TJs, as determined by 

ZO-1 staining that showed the bacteria were surrounded by ZO-1 (Fig. 6D). However, we 

found dissimilarities between both EDMs when it comes to the proximity of lysosomes to 

the invading pathogens. In WT EDMs, lysosomes (as detected using the lysosomal integral 

membrane protein, LAMP1) were found in close proximity to the invading AIECs (Fig. 6D), 

indicating that lysosomes were probably recruited to the site of TJ breach. Such observation 

was not seen in the ELMO1−/− EDMs. These findings raise the possibility that in the 

absence of lysosome targeting, ELMO1−/− EDMs may be defective not just in bacterial 

uptake, but also in bacterial clearance; as observed by ELMO1-mediated clearance of 

Salmonella [19]. It is not possible to perform the clearance assays in EDMs as the assay 

needs longer infection time when most of the infected EDMs will undergo extensive cell 

death within 8 – 12 h. To further confirm the function of ELMO1 in the clearance of enteric 

bacteria, we infected WT and ELMO1−/− mice with Citrobacter rodentium, a model bacteria 

that is cleared from host cells after 3–4 weeks of infection [46-48]. We counted the bacterial 

load in the fecal pellet of WT and ELMO1−/− mice feces at 4, 7, 14 and 21 days of post-

infection. As expected on day 14 and 21 number of bacteria in fecal pellets of ELMO1−/− 

mice was remained significantly higher, relative to their WT counterparts (Supplementary 

Fig. 2A). Interestingly, at day 21, no bacteria were detected in the wild type mice. However, 

results were contrasting on day 4; this might be because of reduced bacterial uptake by 

ELMO1 (as observed in Salmonella before) (Supplementary Fig. 2A).

Taken together, these results showed that ELMO1 is required for AIEC-LF82 uptake through 

breaches in the epithelial TJs, and for the proper targeting of lysosomes to the invading 

AIEC-LF82 pathogen. Once internalized, ELMO1 may also be required for efficient 

clearance of the bacteria (studied in detail with macrophages later and Supplementary Fig. 

2B).

ELMO1 in the gut epithelium is required for the generation of pro-inflammatory cytokine 
MCP-1 following infection with AIEC-LF82.

We previously showed that the ELMO1-mediated engulfment pathway is essential for the 

induction of pro-inflammatory cytokine such as MCP-1 from the monocytes [17]. Since the 

inflamed gut epithelium can express MCP-1 [49], which plays a major role in recruiting 

monocytes that in turn generates inflammatory cytokines in CD-afflicted gut [49-52], we 

hypothesized that ELMO1 may also be required for MCP-1 production by the gut epithelium 

once it is breached by invading AIEC-LF82.

To determine that the production of MCP-1 from the epithelium is ELMO1 dependable, we 

measured the levels of MCP-1 transcript by qRT-PCR (Fig. 7A) and by ELISA (Fig. 7B) in 

WT and ELMO1−/− EDMs either uninfected or infected with AIEC-LF82. In WT EDMs, 

MCP-1 was undetectable without infection, but its levels were elevated after infection. 

Interestingly, the induction of MCP-1 following infection was blunted in ELMO1−/− EDMs 
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(Fig 7A-B) indicating that ELMO1 is required for the generation of MCP-1 by the 

epithelium after infection with IBD-associated bacteria.

An intact ELMO1/MCP-1 axis in the gut epithelium is required for the recruitment of 
monocytes to the infected epithelium

CCL2/MCP-1−/− mice had a significant reduction in monocyte recruitment in inflammatory 

models in the secondary pulmonary granulomata in response to Schistosoma mansoni eggs 

[53, 54]. To investigate the role of the ELMO1/ MCP-1 axis in the recruitment of 

monocytes, we infected the WT and ELMO1−/− EDMs with AIEC-LF82 for 6 h and 

assessed the ability of these EDMs to recruit monocytes. After the infection, either the 

infected monolayer itself (Fig. 7C) or the conditioned supernatant (Fig. 7D) was co-cultured 

with monocytes, and the monocytes toward the infected EDM site were assessed. Our result 

showed that the monocyte recruitment toward AIEC-LF82-infected ELMO1−/− EDMs and 

towards its supernatant were significantly lower compared to the WT EDMs (Fig 7E, Fig. 

Supplement 3). Further, we compared the monocyte migration toward the supernatant 

derived from AIEC-LF82-infected WT EDMs and AIEC-LF82-infected ELMO1−/− EDMs. 

ELMO1−/− EDMs displayed a 50% reduction in monocyte recruitment (Fig 7E-F). These 

results indicate that ELMO1-dependent MCP-1 production by the gut epithelium could serve 

as an upstream cue for monocyte recruitment to the sites of infection. To confirm our 

conclusion, we used two antibodies that could neutralize MCP-1. In the presence of 

neutralizing antibodies, monocyte recruitment toward the infected supernatants collected 

from WT and ELMO1−/− EDMs was hampered (Fig 7G). As infection can induce cell death, 

we monitored the amount of cell death by the LDH assay using supernatants collected from 

Fig. 6 A-B and E. The WT and ELMO1−/− EDMs showed no remarkable cell death in the 

untreated conditions. Following infection, cell death was increased that was higher in WT 

compared to the ELMO1−/− EDMs (Fig. 7H).

ELMO1 in macrophages is essential for the engulfment of AIEC-LF82, and the generation 
of pro-inflammatory cytokines

As macrophages are recruited to the sites of AIEC-LF82 infection, we determined the role of 

ELMO1 in the internalization of AIEC-LF82 in macrophages. We used the gentamicin 

protection assay to assess bacterial uptake in ELMO1-depleted J774 macrophages[17]. The 

expression of ELMO1 was evaluated in control and ELMO1 shRNA cells (Fig. 8A), where 

around 90% depletion of ELMO1 was confirmed by immunoblotting. In the gentamicin 

protection assay, ELMO1-depleted cells showed an approximately 50% reduction in 

bacterial internalization compared to WT cells (Fig. 8B).

To determine whether ELMO1 is essential for the clearance of AIEC-LF82 (as observed in 

Salmonella [19]), bacterial engulfment and clearance were studied at 30 min, 3, 6, 12 and 24 

h in the murine macrophage cell line J774 (Supplementary Fig. 2B). ELMO1−/− cells 

showed lower uptake of AIEC-LF82 compared to WT macrophages (50% reduction) at 30 

min, but retention of a higher bacterial load at later time points (3 fold increase at 24 h after 

infection). These findings indicate that ELMO1 is required not only for uptake but also for 

the clearance of AIEC-LF82.
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To assess the contribution of ELMO1 in bacterial internalization in a more physiologically 

relevant system, we carried out the gentamicin protection assay using primary intestinal 

macrophages isolated from WT or ELMO1−/− mice (Fig. 8C). While intestinal macrophages 

from WT mice engulfed bacteria efficiently, bacterial uptake was 60% decreased in 

macrophages from ELMO1−/− mice, indicating that ELMO1 is essential for the engulfment 

of AIEC-LF82 in macrophages.

TNF-α is the major pro-inflammatory cytokine that is elevated early in the development of 

CD [49, 55]. Macrophages exposed to AIECs engulf the bacteria and can induce TNF-α 
[49]. Here we show that lack of ELMO1 in J774 macrophage decreased the TNF-α protein 

secretion when infected with AIEC-LF82 (Fig. 8D). These findings are consistent with our 

previous findings with Salmonella [17] that ELMO1 is essential for TNF-α production from 

the macrophage upon bacterial engulfment.

Discussion

In most chronic diseases, including inflammatory bowel disease (IBD), a significant 

proportion of the patients do not respond to the current medications. Therefore, there is an 

urgent need to identify biomarkers in the earlier stages of the disease. Inflammation is a 

common factor in all these diseases and microbial sensing in the intestinal tract is critical to 

initiate the inflammation. Here, we identified the role of ELMO1 (Engulfment and Cell 

Motility Protein-1) as a microbial sensor that turns on the inflammatory signals in IBD. 

Previously, we have shown that ELMO1 is involved in murine intestinal inflammation 

following enteric infection and engulfment of bacteria in phagocytes. Using a stem-cell-

based “gut-in-a-dish” coculture model, we identified the role of ELMO1 in epithelial and as 

well as in phagocytic cells. The model was developed to study the interactions between 

microbes, epithelium, and monocytes in the context of inflammatory bowel disease (IBD). 

We found the host ELMO1 facilitates the engulfment of pathogenic IBD-associated bacteria 

(AIEC-LF82) in the gut epithelium, triggers the induction of the pro-inflammatory cytokine, 

MCP-1; which later helps in monocytes recruitment from peripheral blood to the site of 

local inflammation (Fig. 7E-G). Next, we showed that the same molecule, ELMO1 is also 

essential for the uptake and clearance of AIEC-LF82 in the macrophages, and is required for 

coordinately mounting yet another pro-inflammatory cytokine response, TNF-α. This 

ELMO1-TNF-α axis presumably feeds forward to propagate inflammation in the gut by 

triggering the activation of other immune cells like monocytes and T cells. Thus, the two 

signaling axes, ELMO1/MCP-1 and ELMO1/TNF-α, orchestrated by the same engulfment 

pathway in two different cell types, the epithelium and the macrophage, respectively, appear 

to be working as ‘first’ and ‘second’ responders respectively to combat pathogenic microbes, 

thereby relaying distress signals from one cell type to another as the microbe invades 

through the breached mucosal barrier (Fig 8E).

This work also provides the first mechanistic insights into how luminal dysbiosis initiates 

inflammation in the gut. Bacterial clearance and microbial dysbiosis are one of the 

hallmarks of IBD that control the outcome of innate immune responses. Healthy 

commensals like Bacteroidetes and Faecalibacterium prausnitzii are decreased in patients 

with CD, while pathogenic microbes like invasive Escherichia coli, Serratia marcescens, 
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Cronobacter sakazakii and Ruminoccus gnavus are increased [8, 9, 16, 56]. A dysbiotic 

microbial population can harbor pathogen and pathobionts that can aggravate intestinal 

inflammation or manifest systemic disease. Effector proteins produced by pathogenic 

bacteria can activate signaling that induces granuloma formation; one of the key symbols in 

CD pathogenesis [57]. In CD granuloma, the number of mucosal adherent invasive E. coli is 

higher because of defective clearance that can cause dysbiosis [7, 58]. Previously we showed 

that ELMO1 and the engulfment-pathway in the professional phagocytes are essential for the 

internalization of Salmonella, and for mounting intestinal inflammation [17]. In this work, 

we have demonstrated the role of ELMO1 in non-phagocytic epithelial cells using the gut-

in-a-dish model, in the context of IBD using the IBD-associated microbe AIEC-LF82. In the 

DSS-treated ELMO1−/− mice (either global or the myeloid-cell driven) has less pronounced 

colitis. Previous work from Zheng et al., showed that ELMO1 is overexpressed in inflamed 

colonic tissue than the corresponding non-inflamed tissues of 18 IBD patients and ELMO1 

overexpression increased wound healing in Rac 1-dependent manner. Also, they 

demonstrated that the overexpression of ELMO1 by tail vein injection of pSin-EF2-ELMO1-

Pur plasmid attenuated colonic inflammation and promoted recovery after DSS-mediated 

colonic injury [59]. Contrary to Zheng et al., we showed that ELMO1−/− KO mice developed 

less colitis than WT mice after DSS treatment. The discrepancy between the two studies 

probably because of the two different approaches: overexpression by a plasmid in Zheng et 

al. and KO mice model in the current study. The result could be attributed to the level of 

ELMO1 in the colon which can determine the degree of colitis. In our study, we have used 

WT and ELMO1−/− KO mice where ELMO1 is completely diminished in global KO mice or 

diminished only in myeloid cells in LysM Cre mice, therefore we could assess the essential 

role of ELMO1 in the colonic inflammation. While the study of Zheng et al. showed that 

overexpression of ELMO1 could attenuate the colitis after DSS treatment, but the baseline 

level of ELMO1 was not mentioned in the study, therefore it is not known the level of 

ELMO1 that could be associated with either inflammation or recovery. Importantly, our 

result agreed to Zheng et al., in the association of ELMO1 with inflammation in IBD 

subjects. They showed that ELMO1 is overexpressed in inflamed colonic tissues than the 

corresponding non-inflamed tissue in 18 IBD patients. Interestingly, ELMO1 interacting 

partner BAI1 also showed protection after DSS-treatment [60]. It suggests that ELMO1 may 

act as a gatekeeper in the BAI1/ELMO1-mediated signaling that senses bacteria and 

maintains the balance of inflammation.

The effect of ELMO1 in bacterial clearance was also observed in Citrobacter-infected WT 

and ELMO1−/− specimens. The use of colonic enteroids from ELMO1−/− mice, either alone 

or in co-cultures with monocytes allowed us to interrogate the function of ELMO1 in the 

epithelium and in the monocytes separately. It is not possible to perform the in vivo model of 

AIEC-LF82 infection using our ELMO1−/− mice as the strain cannot colonize or provide gut 

inflammation unless the mice are modified as transgenic CEABAC10 mouse model 

expressing human CEACAMs [61]. Therefore, the complete impact of ELMO1 in chronic 

inflammatory diseases needs further investigation.

By showing that the ELMO1/MCP-1 axis is an early step in gut inflammation, this work 

provides rationale and impetus for the development of anti-MCP-1 biologics to treat IBD. 

MCP-1 belongs to a CC chemokine subfamily, and its effects are mediated through CC 
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chemokine receptor 2 (CCR2). So far, in human, only A2518G variation in the MCP-1 gene 

promoter has been associated with CD [62]. However, MCP-1 is not just important in IBD 

but also involved in other inflammatory diseases, such as atherosclerosis [63]. MCP-1 

promotes the balance between anti-inflammatory and pro-inflammatory responses to 

infection. Treatment with recombinant MCP-1/CCL2 increases bacterial clearance and 

protects mice that are systemically infected with Pseudomonas aeruginosa or Salmonella 
typhimurium [64]. Administration of MCP-1 can increase chemotaxis of murine 

macrophages, enhance phagocytosis and killing of bacteria [64], whereas pretreatment of 

mice with anti-MCP-1/CCL2 impaired bacterial clearance. Therefore, increased expression 

of MCP-1 by ELMO1 in intestinal epithelium after exposure to AIEC-LF82 is likely to have 

two-fold importance-- 1) for controlling the increased bacterial load by killing the bacteria, 

and 2) for promoting monocyte recruitment and activation, which initiate a pro-

inflammatory cytokine storm by inducing TNF-α from macrophages. Further work is 

required before we can begin to assess the safety and efficacy of anti-MCP-1 therapies in 

IBD.

Until now, the majority of IBD-related research and therapeutic strategies have remained 

focused on T cell responses and on neutralizing the impact of TNF-α. Our work provides 

mechanistic insights into some of the upstream/initial immune responses that play out in the 

epithelium and within the macrophages upon sensing luminal dysbiosis. We defined an 

upstream event that could be exploited to develop biomarkers, and eventually interrogated 

for the identification of strategies for therapeutic intervention (e.g., anti-MCP-1 therapy, as 

discussed later). The need for an in-depth understanding of nature and the extent of the 

contribution of epithelial cells and/or monocytes in disease progression is urgent because of 

the limited efficacy of the available treatment regimens [65]. Because the recruitment of 

monocytes from circulation to the site of infection/inflammation is a key early event in 

inflammatory diseases of the gut, the ELMO1→MCP-1 axis we defined here, is potentially 

an actionable high value diagnostic and therapeutic target in IBD. Detection of high levels of 

ELMO1 in the epithelium could serve as an early indicator of activation of the engulfment 

pathway, and hence, could serve as a surrogate diagnostic marker of early inflammation due 

to luminal dysbiosis. Similarly, targeting the engulfment pathway is expected to restore 

immune homeostasis and resolve chronic inflammation via a completely novel approach that 

could synergize with existing therapies, and thereby, improve response rates and rates of 

sustained remission.

MATERIALS AND METHODS

All methods involving human and animal subjects were performed in accordance with the 

relevant guidelines and regulations of the University of California San Diego and the NIH 

research guidelines.

Human Subjects

All the IBD patients’ were seen at the University of California, San Diego at the IBD-Center. 

They were recruited and consented using a study proposal approved by the Institutional 

Review Board of the University of California, San Diego. For immunohistochemical 
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analysis of human tissue specimens, human colonic biopsies from healthy controls and 

patients with active UC or CD were retrospectively obtained from routine colonoscopies and 

provided by the section of Gastroenterology, VA San Diego Healthcare System, following 

the protocol approved by the Human Research Protection Program (hrpp) Institutional 

Review Board (IRB). All the tissues for RNA isolation and for the isolation of enteroids 

were collected from healthy and IBD subjects’ enrolled in the IBD-Center of the University 

of California, San Diego following the approved research protocol of hrpp IRB. Each human 

participants were aware and signed the consent form approved by the hrpp IRB, to agree that 

the colonic specimens from their colonoscopy will be used as a tissue source or to generate 

an enteroid line for functional studies. The clinical phenotype and information were assessed 

by an IBD specialist.

Animals

WT and ELMO1−/−, C57BL/6 mice were gender- and age-matched littermate that was used 

to isolate intestinal crypts and macrophages. WT and ELMO1−/− KO mice were infected 

orally with Citrobacter rodentium (5×108 cfu) and the fecal pellet was collected at different 

time points (4, 7, 14 and 21 days) to measure the bacterial load. Animals were bred, housed, 

used for all the experiments and euthanized according to the University of California San 

Diego Institutional Animal Care and Use Committee (IACUC) policies under the animal 

protocol number S18086. All methods were carried out in accordance with relevant 
guidelines and regulations and the experimental protocols were approved by institutional 
policies and reviewed by the licensing committee.

Bacteria and bacterial culture

Adherent Invasive Escherichia coli strain LF82 (AIEC-LF82), isolated from the specimens 

of Crohn’s disease patient, was obtained from Arlette Darfeuille-Michaud [10]. A single 

colony was inoculated into LB broth and grown for 8 h under aerobic conditions and then 

under oxygen-limiting conditions. Cells were infected with a multiplicity of infection (moi) 

of 10.

Cell lines and cell culture

Control and ELMO1 small-hairpin RNA (shRNA) macrophage (J774) cells were maintained 

in high glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf 

serum, as described previously[17]. THP-1 cells were maintained in RPMI media containing 

10 mM HEPES, 10 % FBS at a cell concentration of lower than 106 cells/ml [21].

Isolation of enteroids from colonic specimens of mouse and human

Intestinal crypts were isolated from the colonic tissue specimen by digesting with 

Collagenase type I [2 mg/ml; Invitrogen] and cultured in stem-cell enriched conditioned 

media with WNT 3a, R-spondin and Noggin [33, 34, 66]. Briefly, the crypts after digestion 

with Collagenase were filtered with a cell strainer and washed with medium (DMEM/F12 

with HEPES, 10% FBS), After adding collagenase I solution containing gentamicin (50 

μg/ml, Life Technologies) and mixing thoroughly, the plate was incubated at 37° C inside a 

CO2 incubator for 10 min, with vigorous pipetting between incubations and monitoring the 
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intestinal crypts dislodging from tissue. The collagenase was inactivated with media and 

filtered using a 70-μm cell strainer over a 50-ml centrifuge tube. Filtered tissue was spun 

down at 200 g for 5 min and the media was aspirated. The epithelial units were suspended in 

matrigel (BD basement membrane matrix). The cell-matrigel suspension (15 μl) was placed 

at the center of the 24-well plate on ice and placed on the incubator upside-down for 

polymerization. After 10 min, 500 μl of 50% conditioned media (prepared from L-WRN 

cells with Wnt3a, R-spondin and Noggin, ATCC® CRL-3276™ [33]) containing 10 μM 

Y27632 (ROCK inhibitor) and 10 μM SB431542 (an inhibitor for TGF-β type I receptor) 

were added to the suspension. For the human colonic specimens, a proprietary cocktail was 

added to the above media. The medium was changed every 2 days and the enteroids were 

expanded and frozen in liquid nitrogen.

The preparation of Enteroid-derived monolayers (EDMs)

To prepare EDMs, single cells from enteroids in 5% conditioned media was added to diluted 

Matrigel (1:30) as done before [67]. In some cases, the EDMs were also differentiated for 2 

days in advanced DMEM/F12 media without Wnt3a but with R-spondin, Noggin, B27 and 

N2 supplements and 10 μM ROCK inhibitor [34]. As expected, this results in a marked 

reduction in the expression of the stemness marker lgr5 in EDMs [34].

For all functional assays, experiments were performed multiple times with EDMs-derived 

from enteroids collected from at least 3 different mice, including both the genders.

Isolation of murine intestinal macrophages

Murine intestinal macrophages were isolated using methods described previously [17, 19, 

20]. Briefly, small intestines were collected and intestinal fragments were digested with 

enzyme cocktail including collagenase (Miltenyi Biotec). The cell suspension was passed 

through a cell strainer to remove debris, and enriched with CD11b+ cells using the CD11b 

MACS kit (Miltenyi Biotec). Intestinal macrophages were labeled using monoclonal 

antibody CD11b (BD Biosciences) and sorted using a FACS Vantage (BD Biosciences). The 

purity of intestinal macrophages was determined by staining with an antibody specific for 

the macrophage marker F4/80.

Bacterial internalization by gentamicin protection assay

Approximately 2×105 cells were plated onto a 0.4 μm pore transwell insert and infected with 

bacteria with moi 10. Bacterial internalization was determined after 6 h of infection of WT 

and ELMO1−/− EDMs with AIEC-LF82 by gentamicin protection assay [17, 20].

Monocyte Recruitment Assay to Determine the Function of ELMO1 and MCP-1

WT and ELMO1−/− EDMs were plated in the transwell for polarization and infected with 

AIEC-LF82 for 6 h. Supernatant from the basolateral chamber was collected and placed in 

the new 24-well plate, and 6.5 mm 8-μm pore-sized transwells (Costar) where THP-1 cells 

or peripheral blood-derived monocytes in OptiMEM (Gibco) were placed on the apical 

chamber. In another assay, the EDM layer was collected and flipped and placed on the 

bottom of the transwell.
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The number of recruited live monocytes was measured after 1, 2, 8, 16 and 24 h. We 

compared the number of recruited monocytes toward supernatants collected from uninfected 

and AIEC-LF82 infected cells in WT and ELMO1−/− EDMs. To understand the role of 

MCP-1, supernatants were collected from AIEC-LF82 infected EDMs, followed by 

incubation with anti-MCP-1 antibodies, either 2H5 Ab (monoclonal antibody from 

eBioscience with a dilution of 1:100) or NBP1 Ab (Novus Biologicals with a dilution of 

1:200) for 2 h. The coculture of EDMs with monocytes was performed using monocytes 

(2×106 cells of THP-1) added to the apical part of 6.5 mm 8-μm pore-sized transwells. The 

number of living recruited monocytes were counted after 16 h.

Cytokine Assays

Supernatants were collected from the basolateral chamber of the uninfected and AIEC-LF82 

infected cells. MCP-1 was measured using the Mouse CCL2 (MCP-1) ELISA Ready-Set-Go 

Kit according to the manufacturer’s instructions (eBioscience). Supernatants were collected 

from control or ELMO1-depleted J774 cells after AIEC-LF82 infection and TNF-α was 

measured using the ELISA kit from BD bioscience.

RNA Preparation, Real-Time Reverse-Transcription Polymerase Chain Reaction

After infection with AIEC-LF82 EDMs were collected for RNA isolation followed by 

quantitative RT-PCR as described in detail in the Supplementary Materials and Methods.

Immunohistochemistry and the scoring of ELMO1 expression

The colonic specimens of known histologic type (8 normal colorectal tissue; 5 ulcerative 

colitis and 5 Crohn’s disease) were analyzed by IHC using the anti-ELMO1 antibody (1:40, 

an anti-rabbit antibody from Novus). Briefly, formalin-fixed, paraffin-embedded tissue 

sections of 4 μm thickness were cut and placed on glass slides coated with poly-L-lysine, 

followed by deparaffinization and hydration. Heat-induced epitope retrieval was performed 

using citrate buffer (pH-6) in a pressure cooker. Tissue sections were incubated with 0.3% 

hydrogen peroxidase for 15 min to block endogenous peroxidase activity, followed by 

incubation with primary antibodies for 30 min in a humidified chamber at Room 

temperature. Immunostaining was visualized with a labeled streptavidin-biotin using 3, 3′-

diaminobenzidine as a chromogen and counterstained with hematoxylin. For the scoring of 

ELMO1, all the samples were first quantitatively analyzed and scored based on the intensity 

of staining was scored on a scale of 0 to 3, where 0 = no staining, 1 = light brown, 2 = 

brown, and 3 = dark brown.

Gene expression analysis

The association between the levels of ELMO1 and MCP-1 (CCL2) mRNA expression was 

tested in a cohort of normal colon tissue as described in details in the Supplementary 

Materials and Methods. Briefly, the mRNA expression level of ELMO1 was detected in 

healthy, CD and UC populations, using publicly available NCBI-GEO data-series 

(GSE83687) where the cohort has 60 healthy, 42 CD, and 32 UC subjects. The detailed 

information of the cohort with other inflammatory cytokines are included in Table 1.
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Induction of Colitis in Murine Model

The ELMO1−/− mice (global and Myeloid-cell specific) and WT mice (8–10 weeks, gender-

matched) were given either normal drinking water (control) or 3.5% dextran sodium sulfate 

(DSS) dissolved in the drinking water for 5 d, followed by an additional 4 d recovery period 

with normal drinking water. Equal water volumes were added to all mice groups and the 

amount of water consumed was measured at the end of treatment. Weight of the mice was 

measured before DSS treatment, then monitored daily and the percentage of weight loss was 

determined. Disease activity index (DAI) was calculated using by scoring stool consistency 

(0–4), rectal bleeding (0–4), and weight loss (0–4) as previously published [68]. Mice were 

sacrificed, colon length was measured, and colon samples were collected for assessing 

histology score [69] by using H&E staining.

LDH Assay

Enteriod-derived monolayer (EDM) of WT and ELMO−/− cell at a density of 2× 105 cell/ 

well were seeded in trans well as described previously. The EDMs were challenged or not 

with LF82 at moi 10. Supernatants were collected from uninfected and infected EDMs and 

assayed for LDH assay using LDH-Glo™ Cytotoxicity Assay kit (Promega) according to the 

manufacturer’s instruction. Briefly, supernatants were diluted 1/100 in LDH storage buffer, 

then an equal volume of LDH Detection Reagent was added to the diluted sample (1:1). The 

mixture was incubated for 60 minutes at room temperature and the LDH activity was 

determined by measurement of luminescence. To assess the assay performance and linearity, 

an LDH positive control (purified Lactate Dehydrogenase from rabbit muscle) was included 

in each assay. Serial dilutions from the LDH positive control (32–0.5 mU/ml) was done and 

included in our experiments. Culture media was used to determine the medium background.

Confocal Microscopy

WT and ELMO1−/− EDMs were plated onto 8-well chamber slides (Millicell) and infected 

with bacteria with moi 10. After infection, cells were stained for LAMP-1 (Lysosomal 

Associated Membrane Protein-1) and ZO1 (Zonula Occludens) following the protocols as 

mentioned in the Supplementary Materials and Methods.

Statistical analysis

Bacterial internalization, monocyte recruitment assays and ELISA results were expressed as 

the mean ± SD / SEM and compared using a two-tailed Student’s t-test. Results were 

analyzed in the Graph pad Prism and considered significant if p values were < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: ELMO1 is expressed in the gut epithelium, and its elevated expression in the gut 
correlates with inflammation.
(A) Gene Expression Omnibus (GEO) repository was queried for the patterns of expression 

of ELMO1 in publicly available cDNA microarrays [GSE83687] [28]; using the surgical 

specimens from 134 patients undergoing bowel resection for IBD and non-IBD controls. 

The ELMO1 level was determined in this cohort with 60 healthy, 42 CD (Crohn’s Disease), 

and 32 UC (Ulcerative colitis) subjects. Data represented as mean ± SEM and p value was 

assayed by two-tailed Student's t-test. (B) Expression of ELMO1, MCP-1, and TNF-α were 

determined by qRT-PCR of the RNA isolated from colonic biopsies obtained from healthy 

controls (6 samples) and patients with CD or UC (n=8 samples/group). Data represented as 

mean ± SEM. * indicates p≤0.05 as assayed by two-tailed Student's t-test. (C) The 

association between the levels of ELMO1 and MCP-1 (CCL2) mRNA expression was tested 

in a cohort of 214 normal colon samples available in NCBI-GEO data-series (see Methods). 

Left: Graph displaying individual arrays according to the expression levels of CCL2 and 

ELMO1 in 214 normal colon tissues. Probe ID used for each gene is shown. Blue and red 
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indicate samples stratified into high (n = 127) vs low (n = 87) ELMO1 groups using 

StepMiner algorithm. Middle: Box plot comparing the levels of ELMO1 between high vs 

low ELMO1 groups. Right: Box plot comparing the levels of MCP-1 between high vs low 

ELMO1 groups. Data represented as mean ± SEM and p value was assayed by two-tailed 

Student's t-test.
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Fig. 2: ELMO1 is detected by immunohistochemistry (IHC) on biopsies
obtained from healthy controls (normal colon; left, n=5) or patients with UC or CD (right, 

n=8). A part of the section was stained with secondary antibody (A) that was shown as 

negative control and indicated the specific staining of ELMO1. A representative figure was 

selected from all the sections stained with ELMO1 where the patients’ specimens were 

selected from each group of samples with healthy (B, n=5), CD (C, n=8) and UC (D, n=8) 

subjects. Images (A-D) displayed are representative of three independent experiments (E) 

The level of ELMO was determined between healthy and IBD patients’ by IHC on the 

sections of colonic biopsies. Staining intensity was scored and compared between two 

groups of patients where the bar graph displays the proportion of patients in each group with 

varying intensities of staining; lowest as ‘0’ and highest as ‘> 3+’ staining (detailed in the 

method section). *** indicates p≤0.001 as assayed by two-tailed Student's t-test.

Sayed et al. Page 22

FEBS J. Author manuscript; available in PMC 2020 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3: ELMO1 promotes DSS-induced colitis in vivo.
WT mice and ELMO1−/− mice (global and myeloid-cell specific) were treated with DSS and 

the degree of colitis was assessed. (A) The substantial weight loss was monitored and 

depicted on day 8 in WT mice compared to the ELMO1−/− mice. * indicates p≤0.05 as 

assayed by two-tailed Student's t-test. (B) The disease activity index (DAI) was measured in 

which weight loss, presence of stool consistency and the presence of blood at anus were 

scored. * indicates p≤0.05 as assayed by two-tailed Student's t-test. (C) Colon length was 

measured in DSS-treated WT mice and ELMO1−/− mice (global) as well as with LysM cre 

negative WT and LysM cre positive KO mice. * indicates p≤0.05 as assayed by two-tailed 

Student's t-test. (D) A representative figure of the colon was shown from DSS-treated global 

and myeloid-cell specific ELMO1 KO mice. (E) The H&E staining and the pathology score 

was measured to see the degree of crypts loss, the infiltration of leukocytes in both mucosa 

and submucosa, and the thickening of the bowel wall from DSS-treated global and myeloid-

cell specific ELMO1 KO mice. * indicates p≤0.05 as assayed by two-tailed Student's t-test.
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Fig. 4: Development of 3D interstinal organoid and enteroid-derived monolayers “gut-in-a-dish” 
model system
(A) left: Enteroids isolated from colonic biopsies that were obtained from either healthy 

controls or patients with CD or from the WT or ELMO1−/− mice. Enteroid -derived 

monolayers (EDM) were prepared from the enteroids via terminal differentiation (see 

Methods). Right: Schematic of experimental strategy to show the plans with the monolayer 

or the supernatant from the polarized EDMs. EDMs were used for RNA to test the gene 

expression, immunofluorescence (IF) and coculture with monocyte for recruitment assay. 

The supernatant was used for ELISA and monocyte recruitment assay. (B) left: A 

representative light microscopy image of spheroids (arrows) and EDMs were displayed. 

Right: The expression of Lgr5 was detected in between enteroid and EDMs to confirm the 

transition of stem cells to the differentiated EDMs. Data represent the mean ± SD of three 

separate experiments. * indicates p≤0.05 as assayed by two-tailed Student's t-test. (C) The 

expression level of ELMO1 (75 kD) was detected by immunoblotting of enteroids derived 

from the terminal ileum and sigmoid colon of a representative healthy subject; where α-
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Tubulin was used as a loading control. We used a total of 5 healthy subjects in 5 repeated 

blots and out of that 5, a representative blot was selected.
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Fig 5: Integorate the role of ELMO1 in the gut epithelium
(A) The expression of ELMO1 and MCP-1 were measured in the EDMs generated from 

enteroid lines isolated from colonic biopsies from healthy (selected from 6 subjects), CD (9 

subjects) and UC (7 subjects). The graphs display the relative expression of ELMO1 or 

MCP-1 in healthy, CD and UC-derived enteroids from three independent experiments and 

displayed as mean ± SD. * indicates p≤0.05 . ** indicates p≤0.01 as assayed by two-tailed 

Student's t-test. (B) The expression level of ELMO1 was compared between healthy, CD and 

UC –derived enteroids. The equal loading of the lysates from colonic organoids were 

confirmed with Tubulin as a loading control. The densitometry plot was generated to 

compare the level of ELMO1 in healthy, CD and UC-derived enteroids after normalizing the 

intensity of ELMO1 with the loading control. The detailed information of the UC and CD 
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subjects were summarized in Table 2. Images displayed are representative of three 

independent experiments (C) EDMs derived from enteroids of colonic specimens of healthy 

and CD subjects were infected (right) or not (left) with AIEC-LF82 prior to fixation and 

stained for ZO-1 (red), a marker for TJs and nucleus (DAPI; blue). Disruptions in TJs are 

marked (arrowheads). In healthy EDMs, disrupted TJs are seen exclusively after infection 

with AIEC-LF82 (compare two upper images). In CD-derived EDMs, disrupted TJs were 

noted at baseline (lower left), almost to a similar extent as after infection with AIEC-LF82 

(compare two lower images). The picture was a representative figure from the EDMs of 3 

healthy subjects and 3 CD patients’. Images were acquired using Confocal microscope with 

a Plan APO 63x objective.
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Fig. 6. The engulfment (internalization) of AIEC-LF82 through epithelial TJs is impaired in 
ELMO1−/− EDMs with reduced recruitment of lysosomal proteins to the sites of internalization.
(A) Expression of ELMO1 protein was assessed by immunoblotting in enteroids isolated 

from colons of WT and ELMO1−/− mice. α-Tubulin was analyzed as a loading control. 

Images displayed are representative of three independent experiments (B) WT and 

ELMO1−/− EDMs were infected with AIEC-LF82 for 6 h followed by counting the bacterial 

entry using gentamicin protection assay (see Methods). Bar graphs display % internalization. 

Data represent the mean ± SD of three separate experiments. * indicates p≤0.05 as assayed 

by two-tailed Student's t-test. (C) The cellular composition of WT and ELMO1−/− enteroids 

were assessed by measuring the mRNA level of different cell markers; enterocyte markers 

(CA1 and Sucrase isomaltase), Paneth cell markers (Lysozymes and β defensin), tuft cells 

markers (DCLK-1), goblet cell marker (Muc-2) and stemness marker (lgr-5). The level of 

expression was normalized to the housekeeping gene (18s rRNA) and then the fold change 

was determined by comparing with the respective control (WT) as 1. Data represent the 

mean ± SD of three separate experiments. * indicates p≤0.05 as assayed by two-tailed 
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Student's t-test. (D) WT and ELMO1−/− EDMs were infected with AIEC-LF82 as in B, 

fixed, stained with ZO1 (red), LAMP1 (green) and DAPI for nucleus, and analyzed by 

confocal imaging. Left: The maximum projection of Z-stacks of representative fields was 

shown. Insets in merged images represent magnified images and displayed at the bottom to 

zoom in at the point of bacterial entry through epithelial TJs. Lysosomes (marked by 

LAMP1) were aligned with the TJs (marked by ZO-1) in WT EDMs, but remain dispersed 

throughout the epithelial cell in ELMO1−/− EDMs. Lysosomes were seen in close proximity 

to the invading bacteria exclusively in the WT EDMs. Right: RGB plots show distance in 

pixels between the internalized bacteria (blue) and the TJs of host cells (red) and lysosomes 

(green). . Images were acquired using Confocal microscope with a Plan APO 63x objective.
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Figure 7: The induction of MCP-1 and recruitment of monocytes in response to AIEC-LF82 is 
blunted in ELMO1−/− EDMs; compared to WT EDMs.
(A) Levels of expression of MCP-1 was measured by qRT-PCR in EDMs derived from 

colonic specimens of WT and ELMO1−/− mice after infection with AIEC-LF82 for 6 h. Bar 

graphs display fold change in MCP-1. Data represented as mean ± SD of three separate 

experiments. * indicates p≤0.05 as assayed by two-tailed Student's t-test. (B) The production 

of MCP-1 in the supernatants of WT and ELMO1−/− EDMs (collected from A) was 

measured by ELISA. In A and B. Data represent the mean ± SD of three separate 

experiments. * indicates p≤0.05 as assayed by two-tailed Student's t-test. (C-D) Schematics 

of the EDM-monocyte coculture model used to study monocyte recruitment. Either infected 

EDMs (WT or ELMO1−/−) (C) or conditioned supernatant (D) collected from infected 

EDMs were placed in the lower compartment where monocytes were placed in the upper 

chamber, separated by porous inserts of Transwell™ (see Methods). The number of 
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monocytes that migrated from the upper to the lower chamber by 16 h was counted. (E-F) 

Bar graphs display monocyte migration towards infected EDMs (E) or conditioned media 

(F) plotted as a percent (%) normalized to that seen when using supernatant from WT 

EDMs. Data represented as mean ± SD of three separate experiments. * indicates p≤0.05 as 

assayed by two-tailed Student's t-test. (G) The effect of MCP1 blocking was tested in the 

monocyte recruitment assay using the EDMs from WT and ELMO1−/− mice (either 

untreated or infected with AIEC-LF82 for 6 h). The conditioned supernatant was cocultured 

with monocytes in the presence or absence of two different MCP-1 blocking antibody (see 

methods). The number of monocytes that migrated from the upper to the lower chamber by 

16 h was counted. Bar graphs display the percentage of monocyte migration measured in 

presence of control antibody or MCP-1 blocking antibodies (5 μg/ml, 1: Thermo-scientific, 

2: Novus) in WT and ELMO1−/− EDMs, where WT EDMs with control antibody was taken 

as 100%. Data represented as mean ± SD of three separate experiments. * indicates p≤0.05, 

** indicates p≤0.01 as assayed by two-tailed Student's t-test (H) LDH assay was performed 

with all the EDMs either untreated or infected with AIEC-LF82 collected from experiments 

(A-B and E). Data represented as mean ± SD of three separate experiments. * indicates 

p≤0.05 as assayed by two-tailed Student's t-test.
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Fig. 8: Compared to WT macrophages, ELMO1-deficient macrophages display impairment in 
the engulfment of AIEC-LF82 and induction of TNF-α.
(A) The downregulation of ELMO1 in ELMO1 shRNA cell was compared to control shRNA 

cells by performing the Western blot of cell lysates with ELMO1 antibody and the lower 

panel was used for loading control with α-Tubulin. The representative blot was shown from 

three independent experiments. (B) Internalization of AIEC-LF82 in control (Control 

shRNA) and ELMO1-depleted (ELMO1 shRNA) J774 cells was assessed using a 

gentamicin protection assay as in 3B. Bar graphs display % internalization after 1 h of 

infection where control shRNA has taken as 100. Data represent mean ± SD of three 

separate experiments, * indicates p≤0.05 as assayed by two-tailed Student's t-test. (C) The 

intestinal macrophages isolated from wild type (WT) and ELMO1−/− mice were infected 

with AIEC-LF82 for 1 h at 37°C and bacterial internalization was measured by the 

gentamicin protection assay (as done in B). The average number of internalized bacteria 

(mean ± SD) was calculated and represented as % internalization where WT has taken as 
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100. * indicates p≤0.05 as assayed by two-tailed Student's t-test. (D) TNF-α produced by 

AIEC-LF82-infected J774 cells in A were analyzed by ELISA. Data represented as mean ± 

SD of three separate experiments. * indicates p≤0.05 as assayed by two-tailed Student's t-

test. (E) Schematic summarizing the role of ELMO1 in coordinating inflammation first in 

non-phagocytic (epithelial) and subsequently in phagocytic (monocytes) cells of the gut. 

Epithelial ELMO1 is essential for the engulfment of invasive pathogens like AIEC-LF82 and 

for the induction of MCP-1 in response to such invasion. MCP-1 produced by the epithelium 

triggers the recruitment of monocytes, facilitating their recruitment to the site of infection. 

Once recruited, ELMO1 in monocytes is essential for the engulfment and clearance of 

invasive bacteria and for the production of pro-inflammatory cytokines such as TNF-α. 

MCP-1 and TNF-α released from the epithelial and monocytic cells initiate a chain reaction 

for the recruitment and subsequent activation of other monocytes and T-cells. The resultant 

storm of pro-inflammatory cytokines propagates diseases characterized by chronic 

inflammation.
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Table 1:

Details of public available dataset (GSE83687) used in the study

Dataset
(cohort composition) Citation Genes

Correlation
Coefficient
(Pearson)

P value

GSE83687

• Controls (n=60)

• UC (n=32)

• CD (n=42)

PMID: 28892060

CCL2 (MCP1) 0.561486 1.6948e-12

CXCL8 (IL8) 0.504980 4.9052e-10

TNFA 0.484849 2.9079e-09

IL6 0.654400 < 2.22e-16
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Table 2:

Details of UC and CD subjects enrolled in the study

Subject
number Disease Gender Age Disease Type Treatment

information

Disease
Duration

(year)

UC1 UC Female 34 Pancolitis Adalimumab 9

UC2 UC Male 47 Left-sided colitis Only ASA 21

UC3 UC Male 19 Left-sided colitis Infliximab (just started) 3

UC7 UC Female 35 Proctitis Naïve 1

UC8 UC Male 28 Left-sided colitis Infliximab 7

UC11 UC Male 21 Proctitis Vedolizumab 2

UC12 UC Male 28 Pancolitis Infiximab 7

CD2 CD Female 27 Ileocolonic Remicade 2.8

CD3 CD Male 54 Colitis Humira 3

CD7 CD Female 19 Ileocolonic Ustekinumab <1

CD11 CD Male 39 Stricturing, ileocolonic Adalimumab, Vedolizumab (past) 18

CD20 CD Male 25 Ileitis Adalimumab 1

CD24 CD Male 27 Stricturing Vedolizumab 5

CD27 CD Male 60 Penetrating, colitis Infliximab 4

CD28 CD Female 40 colitis Ustekinumab 28

CD30 CD Female 71 Ileitis Naive 18
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