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ABSTRACT  

Vascular adhesion protein-1 (VAP-1, encoded by AOC3) is prominently expressed by 

vascular endothelial cells, adipocytes, smooth muscle cells and myofibroblasts in 

multiple tissues. Both the leukocyte-adhesive properties and amine oxidase function of 

bifunctional VAP-1 aggravate inflammatory, metabolic and fibrotic disease. 

Immunohistochemistry on human colonic mucosa uncovered a so far unidentified VAP-

1-expressing intestinal epithelial cell (VAP-1+IEC) that was further characterized in this 

study. 

Intestinal tissue (colon, ileum and/or jejunum) from healthy donors and patients with 

Inflammatory Bowel Disease (Crohn’s disease and ulcerative colitis) were analyzed by 

immunohistochemistry and immunofluorescence microscopy for VAP-1 and markers for 

differentiated epithelial cell types. Crypt-derived organoids from human colon were 

grown in stem cell (expansion) medium or differentiation medium and analyzed for 

AOC3/VAP-1 expression. 

Besides typical VAP-1 staining of the mucosal endothelial cells, smooth muscle cells and 

subepithelial myofibroblasts, solitary VAP-1+IEC were detected in healthy colon, ileum 

and jejunum, residing mostly in the bottom half of the crypt-villus axis. VAP-1+IEC were 

also detected in uninflamed, inflamed and stenotic colonic tissue of IBD patients. 

Immunohistochemical analysis of serial tissue sections and immunofluorescence co-

staining revealed that VAP-1 is expressed in a subpopulation of chromogranin A-positive 

enteroendocrine cells. Inducing epithelial differentiation in human colonic organoids 

suppressed LGR5 (stem cell marker) levels and increased CHGA/chromogranin A and 

AOC3/VAP-1 expression that accumulated at the basolateral side of the organoid.  

VAP-1 is dominantly expressed by a subpopulation of enteroendocrine cells in the 

healthy, inflamed and stenotic human intestinal epithelium. Future studies need to 

establish whether VAP-1 supports known functions of enteroendocrine cells or marks a 

novel immunomodulatory role of these cells in the gut.  
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INTRODUCTION  

Vascular adhesion protein-1 (VAP-1) is a member of semicarbazide-sensitive amine 

oxidase (SSAO) family and is encoded by the amine oxidase copper containing 3 (AOC3) 

gene. VAP-1/SSAO (further on referred to as VAP-1) is a bifunctional protein since it acts 

as a receptor in leukocyte extravasation and as an enzyme that deaminates primary 

amines in a reaction that produces hydrogen peroxide [1]. In physiological conditions, 

VAP-1 is highly expressed in blood vessel endothelium, adipocytes, smooth muscle cells 

and subepithelial myofibroblasts [2,3]. VAP-1 is an N-terminally anchored type 2 

transmembrane protein with the bulk of the protein facing extracellularly when residing 

at the plasma membrane [4]. In addition, VAP-1 can be detected at relatively stable 

levels in blood as s(oluble)VAP-1, which is a result of matrix metalloprotease (MMP)-

mediated cleavage of the transmembrane anchor [5]. In inflamed tissue, VAP-1 

expression is typically enhanced and may include additional cell types that de novo 

express VAP-1, such as activating hepatic stellate cells/myofibroblasts that cause liver 

fibrosis [6]. This may coincide with increased sVAP-1 levels in blood, though this is not a 

biomarker of inflammatory disease per se. The role of VAP-1 is extensively studied in a 

variety of preclinical models of inflammatory, metabolic and fibrotic diseases, including 

cardiovascular, kidney, lung and liver disease as well as rheumatoid arthritis and cancer 

[1]. Both VAP-1-neutralizing antibodies and small molecule inhibitors show potent 

therapeutic effects in most of these disease models [1,6,7]. Accordingly, several clinical 

trials are ongoing to evaluate the therapeutic effect of VAP-1 antagonism in primary 

sclerosing cholangitis (PSC), psoriasis, rheumatoid arthritis, diabetic complications and 

inflammatory pain, and are likely to be extended to non-alcoholic steatohepatitis (NASH) 

and Chronic Obstructive Pulmonary Disease (COPD) in the near future [1]. 

In the intestine, VAP-1 is also expressed by vascular endothelial cells and smooth muscle 

cells [8,9]. In addition, intestinal VAP-1 is abundantly present in subepithelial 

myofibroblasts [3], a cell type that is increasingly recognized as a therapeutic target for 

inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis 

(UC) [10,11]. VAP-1 expression is enhanced in the inflamed mucosa of IBD patients, 
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which is, however, not accompanied by the elevated levels of sVAP-1 in blood [12,13]. 

Recently, we have found that intestinal AOC3 expression is enhanced in IBD patients 

who smoke and that it is strongly associated with the fibrotic disease (Cui et al., 

unpublished, see Chapter 3). Cigarette exposure enhanced AOC3 expression in cultured 

primary human intestinal fibroblasts, which may promote fibrogenesis in the intestine. 

Parallel to these studies, we made an unexpected observation that VAP-1-positive cells 

are also present in the intestinal epithelium (see Figure 1 and onward). The human 

intestinal epithelium is composed of multiple cell types, each with a highly defined 

function, that all originate from crypt-based stem cells. The stem cells constantly 

produce new cells that replace the whole intestinal epithelium, on average, every 4-7 

days. Besides the stem cells, the mature epithelium consists of several main 

differentiated cell types, including absorptive enterocytes [14], mucus-producing goblet 

cells [15], hormone-secreting enteroendocrine cells [16] and microbiome-controlling 

Paneth cells [17]. Recent single-cell RNA sequencing projects have defined many distinct 

subtypes of these main cell lineages in the human intestinal epithelium [18]. 

In this study, we aimed to characterize newly discovered VAP-1-positive intestinal 

epithelial cells (VAP-1+IEC) by using immunohistochemistry and immunofluorescence 

microscopy, as well as human crypt-derived intestinal organoids. Moreover, we 

compared mucosal tissue from healthy, inflamed and stenotic tissue from IBD patients 

for the presence of VAP-1+IECs.  
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MATERIALS AND METHODS 

Ethical statement and human materials 

The procurement of a part of the healthy intestinal tissue for research was approved by 

the National Discussion of the Procurement Teams (Landelijk OveRleg Uitname Teams) 

from the Dutch Transplantation Association (Nederlandse Transplantatie Vereniging) 

and performed after written informed consent from the relatives. Fresh transplantation 

surgical specimens from jejunum, ileum and colon were obtained from brain death 

donors. Inflamed and/or fibrotic tissue and flanking non-involved intestinal tissue was 

obtained from CD and UC patients. The inflamed/fibrotic and the non-inflamed/fibrotic 

tissue (resection margin) were macroscopically identified. For colonic crypts isolation, 

colon tissue was obtained from the healthy flanking regions in surgical resection 

specimen of colon cancer patients undergoing surgery. All patients’ materials were 

obtained in the Department of Gastroenterology and Hepatology in the University 

Medical Center Groningen after informed consent was obtained. 

Intestinal crypts isolation and organoids culture 

Human intestinal crypts isolation and organoids culture were performed as described 

previously (Cui et al. submitted, Chapter 2) [19-21]. Intestinal tissue fragments were 

washed with cold HBSS until the supernatant was clear. Then tissue fragments were 

incubated with TrypLE Express (Gibco, Groningen, The Netherlands) and 10 nmol/L Y-

27632 (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 min at 37˚C. Tissue 

fragments were pipetted up and down until crypts became loose in supernatant. 

Advanced Dulbecco’s Modified Eagle’s Medium/F12 was supplemented with 1X 

GlutaMAX, 10 mmol/L HEPES, 100 U/ml penicillin, 50 µg/ml gentamycin and 100 µg/ml 

streptomycin (all from Gibco) to prepare an HGF-medium. Crypts were washed twice 

with HGF-medium before they were pelleted and embedded in Matrigel (Corning, New 

York, US). Human intestinal crypts were cultured in organoid expansion medium (EM): 

HGF-medium  supplemented with 50% (v/v) Wnt3-conditioned medium, 100 ng/ml R-

Spondin-1 (R&D Systems, Abingdon, UK), 100 ng/ml Noggin (R&D Systems), 1x B27 
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(Gibco), 1.25 mmol/L N-acetyl-cysteine (Sigma-Aldrich), 50 ng/ml EGF (Gibco), 10 

mmol/L nicotinamide (Sigma-Aldrich), 10 µmol/L SB202190 (Sigma-Aldrich), 10 µmol/L 

y-27632 (Sigma-Aldrich) and 500 nmol/L A83 (Tocris Bioscience, Minneapolis, US). To 

induce epithelial differentiation, intestinal organoids were cultured for 4 days in 

differentiation medium (DM) by removing Wnt3-conditioned medium, nicotinamide 

(Sigma-Aldrich), SB202190 (Sigma-Aldrich) and y-27632 (Sigma-Aldrich) from the EM. 

Immunohistochemistry 

Intestinal tissue from healthy donor, CD, and UC patients were fixed with 4% 

paraformaldehyde and embedded in paraffin blocks. Intestinal organoids were washed 

with ice-cold PBS to remove the Matrigel, fixed with 4% paraformaldehyde for 60 min 

at room temperature and dehydrated in 25%, 50%, 70%, 96% and 100% ethanol. Then 

organoids were cleared with n-butanol and embedded in paraffin.  

Human intestinal tissue and intestinal organoids sections (4 μm) were obtained for 

histological analysis. Sections were deparaffinized using xylene. Dehydration was 

performed in 100%, 96%, and 70% ethanol solution. Hematoxylin & Eosin staining was 

performed according to a standard protocol [22]. Antigen retrieval was carried out by 

boiling the tissue slides in citrate buffer (pH 6.0) for 20 min. Endogenous peroxidase 

activity was blocked with 0.3% H2O2 for 30 min. Then, sections were blocked with 1% 

BSA/PBS and incubated with a primary rabbit monoclonal antibody against VAP-1 

(ab181168, Abcam, Cambridge, UK, 1:800 dilution) or mouse monoclonal antibody 

against Chromogranin A (M0869, Dako, Santa Clara, US, 1:750 dilution),  diluted in 1% 

BSA/PBS for 60 min at room temperature. Following incubation with secondary and 

third antibodies (horseradish peroxidase (HRP)-labeled goat anti-rabbit,  HRP-labeled 

goat anti-mouse, HRP-labeled rabbit anti-goat, and HRP-labeled rabbit anti-mouse 

antibodies (1:50, all from Dako)) for 30 min, sections were subjected to 3,3-

diaminobenzidine (SK-4100, Vector Laboratories, Peterborough, UK), counterstained 

with hematoxylin and mounted with Eukitt® (03989, Sigma-Aldrich).  
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Immunofluorescence microscopy 

Tissue sections were cut into 4-µm thick and were deparaffinized in xylene and 

dehydrated in ethanol gradient series. After antigen retrieval at 100 °C for 20 min with 

citrate buffer, tissue sections were washed with PBS and blocked with 1% BSA/PBS for 

30 min. Then samples were incubated with primary rabbit antibody against VAP-1 

(Abcam, 1:800 dilution) or/and mouse antibody against Chromogranin A (Dako, 1:750 

dilution) overnight at 4°C. Alexa Fluor 488 goat-anti-mouse IgG and Alexa Fluor 546 

goat-anti-rabbit IgG were used as secondary antibodies (Invitrogen, Bleiswijk, The 

Netherlands, 1:400). Nuclear staining was performed with DAPI mounting medium 

(H1200, Vector Laboratories, Peterborough, UK). Images were then taken and processed 

using a Leica DMI6000 fluorescence microscope (Leica Microsystems). 

Real-time quantitative polymerase chain reaction (RT-qPCR) 

Total RNA was isolated from colonic organoids according to the protocol of the 

manufacturer (Thermo Fisher Scientific, Waltham, USA) [23]. The quality and quantity of 

RNA were measured by NanoDrop spectrophotometer (Thermo Fisher Scientific). Then 

RNA (1 μg) was reverse-transcribed into cDNA with the Reverse Transcription System 

(Thermo Fisher Scientific). RT-qPCR was performed using 7900HT Fast Real-Time PCR-

system (Applied Biosystems, Waltham, USA). The relative gene expression levels were 

calculated by normalizing the averaged Ct values of target genes to the expression of 

the housekeeping gene 18S. The TaqMan primer and probe sequences used are listed in 

Supplementary Table S1. 

Statistics 

All experiments were performed at least three times. The differences between two 

groups were measured by using a two-tailed Student’s t-test on normal distributed 

variables with GraphPad 7.0 software (San Diego, CA, USA). p < 0.05 was considered 

statistically significant. 
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RESULTS 

Presence of solitary VAP-1-positive cells (VAP-1+IEC) in the human intestinal 

epithelium 

Immunohistochemical analysis of healthy human colon tissue showed the most 

prominent staining of VAP-1 in the lamina propria, where VAP-1 is in particular 

expressed by the subepithelial myofibroblasts (Figure 1A, black arrows), as reported 

earlier (Hsia 2016 and Chapter 3) [3]. The epithelial layer was mostly negative for VAP-1. 

However, we unexpectedly observed solitary VAP-1-positive intestinal epithelial cells 

(VAP-1+IEC), for which the staining intensity typically exceeded that of the cells in the 

lamina propria (Figure 1B, red arrows). VAP-1 was also detected in endothelial cells of 

blood vessels (Figure 1C, black arrowhead) and smooth muscle cells in the muscularis 

mucosae (Figure 1C, green arrow), in line with earlier reports [24]. VAP-1+IEC were 

detected in healthy colon, ileum and jejunum and most were detected in the bottom 

half of the crypt-villus axis (Figure 2A-C, respectively).  

 
Figure 1. Representative immunohistochemical staining of VAP-1 in healthy human intestinal 
tissue. As described before, VAP-1 is expressed in vascular endothelial cells (inset in C, black 
arrowhead), smooth muscle cells in the muscularis mucosae (C+inset, green arrow), intestinal 
subepithelial myofibroblasts (A, inset in C; black arrows), but also in newly-identified solitary 
epithelial cells (B, C+inset; red arrows). 



A subfraction of human intestinal enteroendocrine cells is characterized by VAP-1 

 99 

4 

 

Figure 2. Immunohistochemical VAP-1 staining of healthy human colon (A), ileum (B) and 
jejunum (C). VAP-1-expression intestinal epithelial cells (red arrows) were detected in all 3 
gastrointestinal locations. Scale bar = 250 µm. 

 

VAP-1+IEC appear in the normal, inflamed and stenotic tissue from IBD patients 

In order to determine whether pathophysiological conditions affect the expression of 

VAP-1+IEC, we analyzed non-inflamed, inflamed and stenotic intestinal tissues from IBD 

patients. VAP-1+IEC were observed in the non-inflamed colonic tissue that was flanking 

inflamed or stenotic areas in patients with CD (Figure 3A and B, respectively) or UC 

(Figure 3C), though the number of VAP-1+IEC varied greatly between individual patients. 

Moreover, VAP-1+IEC were also detected in crypts that were present in inflamed and 

stenotic tissue of CD patients (Figure 3D and E, respectively) and inflamed tissue of UC 

patients (Figure 3F). VAP1-specfic staining in the lamina propria was often increased in 

inflamed/stenotic tissue, while infiltrating cells were negative for VAP-1. 
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Figure 3. Immunohistochemical VAP-1 staining in non-inflamed (A-C), inflamed (D, F) and 
stenotic (E) intestinal tissue in CD (A, B, D, F) and UC (C, F) patients. VAP-1-expression intestinal 
epithelial cells (red arrows) were detected in non-inflamed, inflamed and stenotic tissue of IBD 
patients. In addition, strong VAP-1-specific staining was often observed in the lamina propria 
of inflamed and/or stenotic tissue of IBD patients. Scale bar = 100 µm, IBD, inflammatory 
bowel disease; CD, Crohn’s disease; UC, ulcerative colitis. 

VAP-1 colocalizes with the enteroendocrine cell marker chromogranin A  

Staining of serial tissue sections using VAP-1 and cell type-specific makers was 

performed to further characterize the VAP-1+IEC (Figure 4). In the colonic epithelium, a 

largely overlapping staining pattern was observed for VAP-1 and the enteroendocrine 

cell marker chromogranin A (CgA) [25] (Figure 4A and B, respectively). Evidently, VAP-1 

also stained the lamina propria and the muscularis mucosae, which was negative for CgA. 

Similar results were obtained for ileal tissues (Figure 4C and D). In areas with high 

numbers of VAP-1+IEC it appeared that (virtually) all of these cells were also CgA+ (Figure 

4E and F, red arrows), whereas not all CgA+ cells were VAP-1+ (Figure 4E and F, green 

arrows). VAP-1+IEC did not co-stain with Villin (enterocytes), Alcian Blue (mucus-

producing goblet cells), LGR5 (stem cells) or Lysozyme (Paneth cells) (data not shown). 
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To further confirm that VAP-1+IEC represent a (subtype) of CgA+ enteroendocrine cells, 

we performed co-staining experiments by immunofluorescence microscopy using 

healthy human colonic tissue (Figure 5). In accordance with immunohistochemistry, 

VAP-1-specific immunofluorescent staining was detected in subepithelial myofibroblasts 

and solitary IECs (Figure 5A). The subepithelial myofibroblasts were all negative for CgA, 

while all VAP-1+IEC co-stained for CgA (Figure 5A-C, yellow arrows). These results show 

that solitary IECs in the human intestinal epithelium that highly express VAP-1 identify 

as (a subpopulation of) CgA+ enteroendocrine cells.  

 

Figure 4. Characterization of VAP-1-expressing intestinal epithelial cells (VAP-1+IEC), by using 
serial sections of human intestinal colonic tissue. VAP-1-specific staining (A, C, E) showed a 
highly similar pattern as the enteroendocrine cell–specific marker chromogranin A (B, D, F) in 
colon (A,B=longitudinal and E,F=perpendicular section through crypt-villus axis) and ileum (C, 
D). Areas with high numbers of VAP-1+IEC (E, F) reveals that all VAP-1+ cells were chromogranin 
A+ (red arrows), while not all chromogranin A+ cells expressed VAP-1 (green arrows). Scale bar 
= 250 µm. IEC, intestinal epithelial cell. 
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Figure 5. Co-immunofluorescence microscopy of VAP-1 and chromogranin A. (A, C) VAP-1 
(green) was detected in pericryptal subepithelial myofibroblasts and in solitary intestinal 
epithelial cells (yellow arrows). Only the VAP-1+IEC costained with chromogranin A (red in B 
and merged images in C).  

 

VAP-1/AOC3 is co-regulated with CHGA in crypt-derived human colonic organoids 

Human crypt cell-derived organoids were generated from healthy colonic tissue (n=3) to 

obtain independent evidence for the existence of VAP-1+IEC. Organoids were 

propagated in expansion medium (EM) to maintain the LGR5+-stem cell phenotype or 

were cultured for 4 days in differentiation medium (DM) to promote the differentiation 

to various epithelial cells, including enterocytes, goblet cells, Paneth cells and 

enteroendocrine cells [26]. LGR5 mRNA was readily detected in organoids grown in EM 

and, as expected, was dramatically (~15-fold) reduced when shifted to DM (Figure 6A). 

On the other hand, shifting organoids from EM to DM lead to a strong increase in CHGA 

(~30-fold) and AOC3 (~20-fold) mRNA levels (Figure 6B and C). In line, DM induced CgA 

protein expression in organoids (Figure 6D, left panels). VAP-1 protein was hardly 

detectable by immunohistochemical staining in organoids grown in EM (Figure 6D, top 

right panel), while it was readily detectable in organoids grown in DM (Figure 6D, 
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bottom right panel). Remarkably, most VAP-1-specific staining was observed at the 

basolateral side of the organoids (Figure 6F, arrow).  

 

Figure 6. VAP-1/AOC3 and CHGA/Chromogranin A expression in crypt-derived human colonic 
organoids. (A-C) Relative gene expression of stem cell marker LGR5 (A), enteroendocrine cell 
maker CHGN (B) and AOC3 (C) in colonic organoids cultured in EM and DM. LGR5 is highly 
expressed in EM, while CHGA and AOC3 are co-induced in DM-grown organoids. (D) 
Chromogranin A (left panels) and VAP-1 (right panels) immunohistochemical staining of colonic 
organoids cultured in EM (upper panels) and DM (bottom panels). Data was represented by 
Mean ± SD (n=3).  ***p < 0.001, ****p < 0.0001. EM, expansion medium; DM, differentiation 
medium. 

 

Taken together, our results show that (a subpopulation of) human enteroendocrine 

cells in the intestinal epithelium highly express immunomodulatory VAP-1.  
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DISCUSSION 

In this study, we identified a novel VAP-1-expressing cell type in the human intestinal 

epithelium (VAP-1+IEC) that exists besides the typical VAP-1-positive endothelial cells, 

smooth muscle cells and subepithelial myofibroblasts. Solitary VAP-1+IEC were found in 

the normal jejunum, ileum and colon, residing mostly in the bottom half of the crypt-

villus axis. VAP-1+IEC co-express the enteroendocrine marker chromogranin A (CgA), 

however not all CgA+ cells express VAP-1, suggesting that VAP-1+IEC identify as a 

subpopulation of CgA-expressing enteroendocrine cells. In vitro- differentiation of 

primary human epithelium in crypt-derived organoids leads to co-induction of 

CHGA/CgA and AOC3/VAP-1, and the latter accumulates at the basolateral side of the 

organoid. VAP-1+IEC are also found in inflamed and stenotic tissue of IBD patients. 

Colonic VAP-1+IEC numbers are highly variable both in controls and IBD patients, but do 

not seem to vary much between healthy and diseased tissue, although the lamina 

propria of inflamed mucosa of IBD patients often shows an intensified VAP-1 staining. 

VAP-1 in enteroendocrine cells may play so far unrecognized roles in intestinal hormone 

release and/or immune regulation, which requires further investigation. 

VAP-1 was originally identified as a leukocyte adhesion protein in vascular endothelial 

cells, as well as in smooth muscle cells, pericytes and adipocytes [27,28]. It is normally 

stored in intracellular vesicles in physiological conditions, while it travels to the plasma 

membrane upon inflammation. VAP-1 is also an amine oxidase that converts primary 

amines, in particular monomethylamine, into ammonia, H2O2 and (form)aldehydes [29]. 

Both receptor and enzyme activities promote inflammatory and fibrotic disease, which 

is effectively suppressed by neutralizing antibodies and enzyme activity antagonists [6].  

More recently, VAP-1 was found to be highly expressed in subepithelial myofibroblasts 

in the human colonic and rectal mucosa, while skin fibroblasts lack this protein 

(Hsia2016) [3].  

Since to date, the VAP-1 expression has been described solely in stromal cells in the 

intestinal lamina propria, it was therefore surprising to us to detect an additional cell 

type within human intestinal epithelium that strongly expresses VAP-1. Our histological 
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analyses showed that the number of VAP1+IEC is highly variable, with large sections that 

appear completely devoid of these cells. The VAP1+IEC seem to be present mostly in the 

lower half of the crypt-villus axis, which may be one of the reasons why they have not 

been noticed so far. VAP-1 co-localizes with the enteroendocrine cell marker 

chromogranin A (CgA) in the intestinal epithelium, but not all CgA-positive cells express 

VAP-1. CgA is a 439-amino acid pro-hormone secreted by enteroendocrine cells, giving 

rise to various signaling peptides, such as vasostatin-1 and -2, parastatin, pancreastatin 

and catestatin that have metabolic and immunomodulatory functions [30]. IBD is 

characterized by enteroendocrine cell hyperplasia and elevated CgA serum levels [31], 

but we did not observe an evident difference in VAP-1+IEC numbers in inflamed or 

stenotic tissue of IBD patients when compared to non-inflamed tissue. However, we did 

not systematically analyze the number of CgA+ and VAP-1+IEC cells, nor did we have 

matching serum CgA levels available for this limited number of patients. 

Enteroendocrine cells are a highly specialized epithelial subpopulation, with around 15 

distinct subtypes identified in the gastrointestinal tract that produce and secrete over 30 

different hormones. These different subtypes each have their own specific function and 

regional distribution in the gastrointestinal tract. Among the known enteroendocrine 

subpopulations, Enterochromaffin (EC) cells, L cells and D cells are the three main 

enteroendocrine cell types found in the lower gastrointestinal tract [25,32], of which EC 

and L cells make up the vast majority and produce CgA [33]. Besides CgA, EC cells 

produce serotonin and control bowel peristalsis and spread from the gastric antrum to 

the rectum and may compose up to 70% of enteroendocrine cells in the colon [25]. In 

turn, L cells secrete the anorectic peptide hormones – glucagon-like peptide-1 (GLP-1) 

and peptide YY (PYY) – in response to the ingestion of food. GLP-1 stimulates insulin 

secretion from pancreatic β-cells and increases satiation, while PYY suppresses bowel 

motility and food intake [34]. L cells are also distributed throughout the intestine, but 

relatively low-abundant in ileum and comprise at most ~15% of  all the enteroendocrine 

cells in the colon [25]. Not all L-cells appear to produce CgA and they are typically 

located in the upper half of the crypt-villus axis [35]. D cells, and some other 

enteroendocrine cells present in the gastric area, duodenum and jejunum, such as K, I 
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and N cells, do not produce CgA  [36]. Given these features, it is likely that VAP-1 is 

expressed by (a subtype) of) EC cells.  

The precise biological function of VAP-1 in enteroendocrine cells remains the be 

determined. Although we have not performed high-resolution microscopy yet to study 

the exact subcellular location of VAP-1 in IECs, it appears that the bulk of VAP-1 is 

located intracellularly, most likely largely co-localizing with CgA. This fits well with the 

presence of VAP-1 in cytoplasmic vesicles in endothelial cells, where VAP-1 rapidly 

translocates from vesicles to the cell surface in inflammatory conditions [1]. In addition, 

VAP-1 has been shown to co-localize with the glucose transport type 4 (GLUT4) in 

intracellular vesicles, and VAP-1 substrates strongly stimulated GLUT4 recruitment to 

the plasma membrane, thereby stimulating glucose uptake [37]. CgA-secreting 

endocrine cells are not limited to the gut, and can be found in other tissues, such as 

adrenal gland, parathyroid, and pancreas [38]. CgA co-localizes with insulin in pancreatic 

beta cells [39,40]. Interestingly, VAP-1 is detected in pancreatic islands, and VAP-1 

substrates promote insulin secretion in rats [41]. It is therefore tempting to speculate 

that VAP-1 may mediate CgA release, or other hormones, in enteroendocrine cells. The 

fact that we observed VAP-1 and CgA accumulation at the basolateral membrane of the 

human intestinal organoids may indicate that VAP-1 plays a role in vesicle trafficking to 

the membrane and hormone release. In addition to controlling (pro-)hormone release, 

VAP-1 in enteroendocrine may also play a role in attracting leukocytes to the intestinal 

epithelium, as intraepithelial leukocytes accumulate in the inflamed intestine [42]. If 

demonstrated, this would present a novel mechanism by which enteroendocrine cells 

contribute to the innate immunity in the human gut. 

In conclusion, our study identifies a subset of Chromogranin A+ enteroendocrine cells in 

human intestinal epithelium that highly express VAP-1. Future studies need to address 

the functional role of VAP-1 in enteroendocrine cells in healthy and inflammatory 

diseases of the gastrointestinal tract, which might involve control of hormone secretion 

and/or immune regulation.  
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. TaqMan primer and probe sequences used in this study. 

Gene name TaqMan primers and probes 

LGR5 
 

Forward 
Reverse 
Probe 

TGTTTCAGGCTCAAGATGAACGT 
AGCAGGTGTTCACAGGGTTTG 
CCCTTCATTCAGTGCAGTGTTCACCTTCC 

AOC3 
 

Forward 
Reverse 
Probe 

GGCCCAGAAGAACTGGTACATC 
CCGCCATACTCGAACTGGAA 
TACCAGCTGGCTGTGACCCAGCG 

CHGA 
 

Forward 
Reverse 
Probe 

CCGCTGTCCTGGCTCTTCT 
CCTTTATTCATAGGGCTGTTCACA 
CTCTGCGCCGGGCAAGTCACTG 

18S 
 

Forward 
Reverse 
Probe 

CGGCTACCACATCCAAGGA 
CCAATTACAGGGCCTCGAAA 
CGCGCAAATTACCCACTCCCGA 
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