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Summary

The role of circulating factors in regulating colonic stem cells (CoSCs) and colonic epithelial 

homeostasis is unclear. Individuals with long-standing type 1 diabetes (T1D) frequently have 

intestinal symptoms, termed diabetic enteropathy (DE), though its etiology is unknown. Here, we 

report T1D patients with DE exhibit abnormalities in their intestinal mucosa and CoSCs, which 

fail to generate in vitro mini-guts. Proteomic profiling of T1D+DE patient serum revealed altered 

levels of insulin-like growth factor 1 (IGF-1) and its binding protein-3 (IGFBP3). IGFBP3 

prevented in vitro growth of patient-derived organoids via binding its receptor TMEM219, in an 

IGF-1-independent manner, and disrupted in vivo CoSC function in a preclinical DE model. 

Restoration of normoglycemia in patients with long-standing T1D via kidney-pancreas 

transplantation or in diabetic mice by treatment with an ecto-TMEM219 recombinant protein 

normalized circulating IGF-1/IGFBP3 levels and reestablished CoSC homeostasis. These findings 

demonstrate that peripheral IGF-1/IGFBP3 control CoSCs and their dysfunction in DE.
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Introduction

Gastrointestinal disorders, consisting of gastroparesis, abdominal distension, irritable bowel 

syndrome and fecal incontinence, are common in individuals with type 1 diabetes (T1D)

(1993). Indeed up to 80% of individuals with long-standing T1D, who are generally affected 

by several diabetic complications including end stage renal disease (ESRD)(1993; Atkinson 

et al., 2013; Fiorina et al., 2001), show intestinal symptoms. The presence of these 

gastrointestinal symptoms, known as diabetic enteropathy (DE), significantly reduces the 

quality of life(1993; Atkinson et al., 2013; Camilleri, 2007; Talley et al., 2001) and has a 

largely unknown pathogenesis(Feldman and Schiller, 1983). Preclinical studies showed 

significant derangement of the intestinal mucosa morphology in diabetic rodents(Domenech 

et al., 2011; Zhao et al., 2003), suggesting that in T1D intestinal homeostasis may be altered; 

however, little data are available in humans. The intestinal epithelium is maintained by 

intestinal stem cells and their niche, which respond to physiological stress and to 

environmental injury(Barker, 2014; Medema and Vermeulen, 2011). Colonic stem cells 

(CoSCs), located at the crypt base of the large intestine and expressing the ephrin B receptor 

2 (EphB2), leucine-rich repeat containing G protein-coupled receptor 5 (LGR5), h-TERT 

and aldehyde dehydrogenase (Aldh), among other markers(Carlone and Breault, 2012; 

Carpentino et al., 2009; Jung et al., 2011; Sato and Clevers, 2013), constitute, together with 

the local microenvironment, the CoSC niche (van der Flier and Clevers, 2009; Zeki et al., 

2011). Recent studies have established conditions that recapitulate many features of 
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intestinal homeostasis and generate normal self-renewing crypt organoids in vitro, or so-

called “mini-guts” (Jung et al., 2011; Sato and Clevers, 2013; Sato et al., 2011). Whether 

systemic factors, such as circulating hormones, serve to control CoSCs remains to be 

established(Stange and Clevers, 2013). We hypothesize that a dyad consisting of a 

circulating enterotrophic regulating factor and its binding protein (insulin-like growth factor 

1, IGF-I, and its binding protein 3, IGFBP3) finely controls CoSCs and becomes 

dysfunctional in DE. Here we demonstrate that individuals with longstanding T1D and DE 

have altered CoSCs and show increased circulating levels of IGFBP3. Administration of 

IGFBP3 alters CoSC self-renewal potential and mucosal morphology in vitro and in vivo, in 

a preclinical model of DE, by quenching circulating IGF-I and by exerting a TMEM219-

dependent/caspase-mediated toxic effect on CoSCs. Finally, targeting IGFBP3 with the 

newly generated ecto-TMEM219 recombinant protein, based on the extracellular domain of 

the IGFBP3 receptor (TMEM219), abrogates IGFBP3 deleterious effects in vitro and in 
vivo.

Results

Intestinal dysfunction and clinical symptoms are present in long-standing T1D

We first characterized intestinal morphology and function in a population of individuals with 

long-standing T1D and end stage renal disease (T1D+ESRD) and in healthy subjects 

(CTRL). Severe intestinal symptoms, such as diarrhea, abdominal pain and constipation 

were evident in T1D+ESRD individuals as assessed using the Gastrointestinal Symptom 

Rating Scale (GSRS) questionnaire (Fig. 1: A-C). Symptoms were associated with 

abnormalities in anorectal sphincter function (Fig. 1: D-F). The intestinal mucosa was 

altered in individuals with T1D+ESRD as compared to healthy subjects, with lower number 

of crypts, distortion and zonal sclerosis of the lamina propria (Fig. 1: G1-G2, H). A 

significant reduction in epithelial cell proliferation as assessed by Ki67 (MIB1 antibody) 

staining (Fig. 1: I1-I2, J), signs of neural degeneration and reduction in serotonin expression 

in intestinal neuroendocrine cells (Fig. 1: K1-K2, L, M1-M2, N) were observed, confirming 

the presence of DE in these individuals.

CoSCs are altered in long-standing T1D

The characterization of colonic crypts revealed a significant reduction in EphB2+ expression 

andin the number of aldehyde dehydrogenase (Aldh)+ immunoreactive cells, both markers of 

local stem cells(Carpentino et al., 2009; Jung et al., 2011), in T1D+ESRD individuals as 

compared to healthy subjects (Fig. 1: O1-O2, P, Q1-Q2, R). A profound decrease was 

evident, upon gating on viable cells at FACS analysis (Fig. S1: A-C), in the percentage of 

EphB2hi, EphB2hi+LGR5+ and EphB2+h-TERT+ cells isolated from intestinal crypts 

obtained from T1D+ESRD individuals as compared to healthy subjects (Fig. 2: A-B, C-E, 

Fig. S1: D-E) and was confirmed by RT-PCR (Fig. 2: F-H) and western blot (WB) analysis 

(Fig. S1F). Transcriptome profiling of crypts obtained from T1D+ESRD documented 

decreased expression in Notch pathway (Notch1 and 2, JAG1, Dll1, Sox1 and 2), Wnt 

pathway (APC, FZD1, DKC1, ETS2, FAM84A, GPX2, RNF43) and BMP pathway (BMP1, 

BMP2, BMP3) genes, previously known pathways that control CoSCs, as compared to the 

expression of these genes in healthy subjects (Fig. S1G and Table S1). Analysis of CoSC 
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signature genes revealed that LGR5, EphB2(Gracz et al., 2013; Merlos-Suarez et al., 2011), 

h-TERT(Breault et al., 2008) and other intestinal stem cell marker genes(Hughes et al., 

2011; Munoz et al., 2012; Ziskin et al., 2013) were significantly underexpressed in T1D

+ESRD as compared to healthy subjects as well (Fig. 2I), confirming that CoSCs are altered 

in individuals with DE.

In vitro generation of mini-guts is altered in long-standing T1D

In order to evaluate CoSC self-renewal properties, we used the in vitro mini-gut assay. 

Indeed, crypts isolated from T1D+ESRD individuals and cultured in vitro for 8 days formed 

small spheroid mini-guts that failed to grow as compared to healthy subjects (Fig. 2: J1, J2, 

K), despite a comparable viability (Fig. S1: H-I) and efficiency of forming mini-guts in both 

groups (Fig. S1J). To begin to elucidate the effect of circulating factors and high glucose on 

CoSCs, we cultured isolated intestinal crypts obtained from healthy subjects in high glucose 

with/without serum obtained from long-standing T1D individuals in vitro for 8 days (Fig. 2: 

L1-L4, M). High glucose partially prevented the generation of fully mature mini-guts and 

synergized with serum of long-standing T1D individuals in altering CoSC self-renewal 

properties, such that mini-guts appeared collapsed (Fig. 2: L2-L4). Analysis of gene 

expression also revealed changes in the CoSC signature (Fig. 2N), thus suggesting that 

hyperglycemia and circulating factors act together to alter CoSC self-renewal properties in 

long-standing T1D.

Serum unbiased proteomic profiling revealed increased levels of IGFBP3 in long-standing 
T1D

In order to identify potential circulating factors that may serve as enterotrophic hormones 

and may have a role in regulating CoSCs, we compared the serum proteome of healthy 

subjects with T1D+ESRD individuals using an unbiased proteomic approach. A clear 

proteomic profile was evident in T1D+ESRD individuals as compared to healthy subjects, 

with more than 50% of the detected proteins segregating in either one group or the other 

(Fig. 3A). Some proteins were associated with diabetes, and some were growth factors or 

stem cell-related proteins or were potentially involved in intestinal functions (Fig. 3A). In 

particular, the levels of IGF-I binding proteins (IGFBP2 and 3) were detectable in long-

standing T1D individuals as compared to healthy subjects, with IGFBP3 almost 5-fold 

increased (Fig. 3B), while IGFBP1, 4, 5 and 6 remained almost undetectable. Interestingly, 

in the liver of individuals with long-standing T1D, hepatocytes, but not Kupffer cells, 

showed a higher IGFBP3 immunohistochemical expression as compared to healthy subjects 

(Fig. 3: C1-C2, Fig. S1: K, L1-L6), suggesting an increase in IGFBP3 hepatic synthesis and 

release. The effect of high glucose on IGFBP3 hepatic release was confirmed by the 

detection of increased IGFBP3 levels in the supernatant of human immortalized hepatocytes 

exposed to high glucose (Fig. 3D). Finally, serum levels of free IGF-I appeared significantly 

reduced in long-standing T1D as compared to healthy subjects (Fig. 3E), indicating that 

circulating IGF-I and IGFBP3 levels are altered in long-standing T1D.

Peripheral IGFBP3 and IGF-I control CoSCs

To further elucidate the role of circulating IGF-I and IGFBP3 in the regulation of the CoSCs 

and of intestinal epithelial proliferation, we demonstrated the expression of IGF-IR and of 
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IGFBP3 receptor (TMEM219) on isolated crypts (Fig. 3: F, G1-G2, H, Fig. S1: M, N1-N2) 

using RT-PCR and WB, and confirmed the expression of IGF-IR on CoSCs with 

immunostaining (Fig. S1: N1-N2), and of TMEM219 with in situ hybridization (Fig. 3: G1-

G2). In order to mechanistically confirm the role of IGF-I and IGFBP3 on CoSCs, we tested 

the effect of several molecules, identified by proteomic profiling, in our in vitro mini-gut 

assay. Our strategy to select potential targets is reported in Supplemental Information. The 

severely altered mini-guts generated from intestinal samples obtained from T1D+ESRD 

individuals were rescued by the addition of recombinant human IGF-I (IGF-I) to the culture 

medium (Fig. 3I), while the addition of recombinant human IGFBP3 (IGFBP3) resulted in 

the abrogation of the positive effect observed with IGF-I, with a decreased development of 

mini-guts and increased formation of collapsed and distorted organoids (Fig. 3I). Because 

IGFBP3 has been recently shown to act independently of IGF-I(Williams et al., 2007) via 

the IGFBP3 receptor (TMEM219)(Baxter, 2013), it was necessary to clarify whether 

IGFBP3 exerts its effects on CoSCs by binding IGF-I or by directly targeting TMEM219 on 

CoSCs. We first confirmed that IGFBP3 has a direct pro-apoptotic effect on CoSCs by 

demonstrating increased Caspase 8 and 9 expression in mini-guts obtained from healthy 

subjects and long-standing T1D individuals and cultured with IGFBP3 (Fig. 3J, Fig. S2: A-

B), while the addition of a Pan-Caspase inhibitor (Z-VAD-FMK) or the addition of both 

selective inhibitors of Caspases 8 and 9, but not that of Caspase 3 inhibitor, abrogated the 

IGFBP3 effect (Fig. 3K). We then demonstrated that the addition of IGF-I did not rescue the 

development of mini-guts obtained from healthy subjects and exposed to IGFBP3 (Fig. 3L), 

confirming that IGFBP3 may act through both a direct and indirect IGF-I mechanism. 

Interestingly, high glucose alone was unable to completely disrupt mini-gut growth, and 

anti-IGF-IR did not worsen growth and morphology of mini-guts formed from healthy 

subjects (Fig. 3L). The addition of IGF-I to mini-guts generated from healthy subjects, but 

cultured with high glucose and serum from long-standing T1D individuals, rescued mini-gut 

morphology, while IGFBP3 abolished the positive effect of IGF-I when added to the mini-

gut culture (Fig. 3L). Interestingly, the use of healthy subjects’ “CTRL” serum in culturing 

crypts obtained from longstanding T1D nearly restored mini-gut development/morphology, 

indicating that circulating factors, and in particular the IGF-I/IGFBP3 dyad, control CoSCs 

(Fig. S2: C-D). We then genetically modulated TMEM219 expression by using siRNA in 
vitro in mini-guts obtained from healthy subjects. Knockdown of TMEM219 in mini-guts 

preserved their ability to grow and self-renew, despite the addition of IGFBP3 and high 

glucose with long-standing T1D serum (Fig. 3M). Concomitant blockade of TMEM219 by 

siRNA and of IGF-IR by antibody blockade did not result in any additional beneficial effect 

on mini-gut development despite using serum from healthy subjects or from long-standing 

T1D (Fig. S2E).

Other circulating proteins that appeared altered in the serum proteome of long-standing T1D 

individuals were tested in the in vitro mini-gut assay and did not show any significant effect 

on mini-gut growth (Fig. S2: F-G). C-peptide and insulin, which are commonly altered in 

T1D and which may interfere with IGF-I/IGFBP3 dyad by binding IGF-IR (Fig. S2: F, H), 

were tested as well and did not show any effect.

To further confirm that IGF-I/IGFBP3 dyad effectively targets CoSCs and not only crypts, 

we tested IGF-I/IGFBP3 effect on single cell-derived mini-guts. We flow-sorted EphB2+ 
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cells from isolated crypts and established that TMEM219 was highly expressed on their 

surface (Fig. 4A). We then cultured EphB2+ cells in the in vitro single cell-derived mini-gut 

assay and confirmed that high glucose and long-standing T1D serum exposure as well as 

addition of IGFBP3 significantly abrogated single cell-derived mini-gut growth, thus 

recapitulating the primary features reported in our previous observations on crypt-derived 

mini-guts (Fig. 4B, Fig. S3: A1-A3). Moreover, expression of Caspases 8 and 9 was up-

regulated in IGFBP3-treated mini-guts and in those exposed to high glucose and long-

standing T1D serum, while Ki67, a marker of proliferation, was significantly under-

expressed (Fig. S3: B-D).

Effect of the IGF-I/IGFBP3 dyad on previously known pathways that control CoSCs

In order to clarify the effects of the IGF-I/IGFBP3 dyad on pathways previously known to 

be involved in CoSC niche function (i.e. Wnt/Notch/BMP), we obtained from our stem cell 

transcriptome profile the expression of niche regulating specific gene transcripts. IGF-I 

restores the expression of some factors associated with Wnt/Notch signaling pathways on 

mini-guts obtained from crypts of T1D+ESRD (Fig. S3E, Table S2), while IGFBP3 poorly 

affects Wnt/Notch/BMP gene expression in mini-guts obtained from crypts of healthy 

subjects or from those obtained from T1D+ESRD individuals (Fig. S3F, Table S2). This 

confirms that IGF-I preserves the expression of some genes involved in Wnt/Notch/BMP 

signaling, but also that IGFBP3 acts independently on CoSCs, without major alterations in 

the expression of key target genes of the other previously known pathways.

Effect of the IGF-I/IGFBP3 dyad on apoptotic pathways

An extensive transcriptome analysis performed to clarify the IGFBP3 caspase-mediated 

effect on mini-guts (Fig. 4: C-D, Fig. S3: G-H, Table S3) showed that addition of IGFBP3 to 

mini-guts grown from healthy subject crypts was associated with a significant up-regulation 

of caspase cascade activators (Caspases 8 and 9) and pro-apoptotic genes, while the anti-

apoptotic gene Bcl2 was down-regulated (Fig. 4C). Interestingly, anti-apoptotic genes (Bcl2, 

Fas, Nol3) were significantly underexpressed in mini-guts grown from T1D+ESRD crypts as 

well, as compared to healthy subjects, while the majority of caspase related genes (Caspase 

1, 5, 7, 8, 9, 14) were over-expressed (Fig. S3G). Moreover, the expression of genes involved 

in other pro-apoptotic pathways was either not altered (i.e. FasL, FADD, TNF) or inhibited 

(TRADD) in T1D+ESRD mini-guts. The opposite effect was observed by adding IGF-I (Fig. 

4D, Fig. S3H). The absence of alterations in the expression of oxidative stress target genes 

(data not shown), and of any effect of oxidative stress factors (Figure S3: I-J), confirmed 

apoptotic-related caspase-mediated IGFBP3 activity. The expression of the survival factor 

beta-catenin (CTNNB1) was reduced in mini-guts generated from crypts of T1D+ESRD 

individuals as compared to those obtained from healthy subjects (Fig. S3K) and was 

increased by the addition of IGF-I (Fig. S3L), further supporting the concept of an 

apoptotic-related mechanism, whereby circulating IGFBP3 directly controls CoSCs (Video 

S1).
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Manipulation of the circulating IGF-I/IGFBP3 dyad alters the course of diabetic enteropathy 
in a preclinical model

In order to further demonstrate the relevance of IGF-I/IGFBP3 circulating factors in vivo, 

we tested the effects of IGF-I and IGFBP3 administration in a preclinical model of DE. 

After 8 weeks of chemically-induced diabetes (using streptozotocin [STZ]), C57BL/6 (B6) 

mice showed a reduced number of crypts in the colorectal tissue (Fig. 4E), which displayed 

increased depth (Fig. 4F) and width in more than 70% of cases (Fig. 4G, I1-I2, I4-I5) and a 

reduced number of Aldh+ cells (Fig. 4H, J1-J2). Interestingly, these mice showed increased 

serum levels of IGFBP3 and low levels of IGF-I, with lower murine insulin levels as 

compared to naïve B6 (Fig. S4: A-C). Intraperitoneal (i.p.) administration of IGFBP3 in 

naïve B6 mice resulted in a reduction in local crypt numbers (Fig. 4: E, I3), with the 

majority of crypts showing increased depth and width (Fig. 4: F, G, I3, I6) and significant 

reduction in Aldh+ cells as compared to untreated mice (Fig. 4: H, J3). Those features were 

aggravated by IGFBP3 administration to STZ-treated B6 mice (Fig. S4: D-G, H1-H2), with 

evidence of decreases in weight (Fig. S4I), CoSC loss (Fig. S4: J-L) and up-regulated 

expression of Caspases 8 and 9 (Fig. S4: M-N). Administration of IGF-I i.p in STZ-treated 

B6 mice only partially improved mucosa morphology increased number of normal crypts, 

which remained abnormal (Fig. S4D, H1-H2), and only partially restored the number of 

Aldh+ cells (Fig. S4G). Validation for successful administration of the injected compounds 

was performed by analyzing IGF-I/IGFBP3 peripheral levels after 1-hour injection (Fig. S4: 

O-P).These observations confirmed that peripheral IGF-I/IGFBP3 dyad controls CoSCs 

(Fig. 4K).

Treatment of long-standing T1D with simultaneous pancreas-kidney transplantation (SPK) 
reverts clinical and morphological features of DE

The gold standard treatment for long-standing T1D is SPK, which affords stable 

glycometabolic control, near-normalize risk factors and prolonged survival (Table S4)

(Fiorina et al., 2004; Fiorina et al., 2005; Folli et al., 2010; Secchi et al., 1998; Smets et al., 

1999). However, individuals with T1D+ESRD are also treated with kidney transplantation 

alone but remain diabetic (K+T1D)(Fiorina et al., 2001). A significant improvement in 

gastrointestinal symptoms was evident over time after SPK in our cohort of transplanted 

individuals, while the K+T1D group did not report any benefit (Fig. S5: A-C), suggesting 

that DE is reversible.

Treatment of long-standing T1D with SPK re-establishes intestinal mucosa morphology 
and local self-renewal properties

Analysis of intestinal mucosa samples showed a significant recovery in the structure of the 

epithelial compartment, with compensatory epithelial hyperplasia in the SPK group (Fig. S5: 

D1-D2). Recovery of normal crypt histology and number was evident in the SPK group 

when longstanding T1D was successfully treated while none of these features were evident 

in individuals who received kidney transplant only and remained diabetic (Fig. S5: D1-D2). 

Epithelial cell proliferation (MIB1+ cells) increased after SPK over time as compared to 

baseline and to K+T1D at each timepoint (Fig. 4: L, M1-M2), with near-normalization of 

intestinal morphology, epithelial renewal and neural features (Fig. S5: E1-E2, F, G1-G2, H-I, 
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J1-J2, K). This demonstrates that treatment of long-standing T1D with SPK promoted 

recovery of intestinal epithelial repair and of self-renewing properties.

Treatment of long-standing T1D promotes restoration of CoSCs

Treatment of long-standing T1D with SPK is associated with an increase in Aldh+ cells (Fig. 

4: N, O1-O2) and EphB2+ expression in the intestinal crypt (Fig. 4: P, Q1-Q2) and nearly 

normalizes the percentage of EphB2hi+, EphB2+hTERT+ and EphB2hi+LGR5+ cells in 

isolated intestinal crypts as compared to baseline (Fig. 5: A-C). CoSC marker expression 

(Fig. 5: D-G) and growth/morphology of mini-guts obtained from SPK individuals were 

nearly normalized as well (Fig. 5H, Fig. S6: A1-A6). Transcriptome analysis revealed that 

SPK nearly restored the expression of CoSCs markers and of pathways involved in 

preserving CoSCs integrity (Fig. 5I, Fig. S6B). Taken together, our data suggest that 

treatment of long-standing T1D with SPK promotes restoration of CoSCs.

Treatment of long-standing T1D with SPK restores circulating IGF-I and IGFBP3

Broad proteomic analysis and targeted immunoassay, revealed a near-normalization of 

IGFBP3 and IGF-I serum levels after SPK (Fig. 5: J-K) in association with a nearly re-

established expression of IGF-IR (Fig. S6C). These results were not evident in the K+T1D 

group, who showed low levels of IGF-I (Fig. 5J) and IGF-IR expression (Fig. S6C) and only 

a partial recovery in their IGFBP profile (Fig. S6D). A significant correlation between 

IGFBP3 serum levels and intestinal symptoms in both SPK and K+T1D groups, but more 

evident in the latter, confirmed that the restoration of IGFBP3 levels is associated with an 

improvement in diabetic enteropathy (Fig. 5: L-M). Treatment of long-standing T1D with 

SPK ameliorates diabetic enteropathy via a glucose-associated restoration of the circulating 

IGF-I/IGFBP3 dyad.

The ecto-TMEM219 recombinant protein abrogates IGFBP3-mediated mini-gut destruction 
in vitro and preserves CoSCs in vivo in a murine model of DE

In order to further demonstrate the IGFBP3-mediated detrimental effects on CoSCs, we 

generated a recombinant protein based on the 161-amino-acid TMEM219 extracellular 

domain (ecto-TMEM219), with >90% purity. Addition of ecto-TMEM219 (2:1 molar ratio 

with IGFBP3) to crypts obtained from CTRL and cultured with IGFBP3 abrogated the pro-

apoptotic effect of IGFBP3 on mini-guts and preserved the regenerative properties of crypts 

to generate mini-guts (Fig. 6A). The expression of CoSC marker EphB2 was significantly 

recovered in mini-guts cultured with IGFBP3 and ecto-TMEM219 (Fig. 6B), emphasizing a 

favorable effect in preserving CoSCs, which was also confirmed in high glucose-cultured 

mini-guts (Fig. 6A). Moreover, analysis of Caspases 8 and 9 by RT-PCR documented a net 

decrease in their expression when ecto-TMEM219 was added to IGFBP3-cultured mini-guts 

as compared to IGFBP3 alone (Fig. 6: C-D). We then treated STZ-B6 mice with ecto-

TMEM219 and observed improved mucosa morphology with recovered number, depth and 

width of crypts (Fig. 6: E-G). Administration of ecto-TMEM219 was associated with an 

increase in mouse body weight as compared to STZ-treated B6 (Fig. 6H), with significant 

regain of CoSCs (Fig. 6: I-K), a decreased expression of Caspases 8 and 9 (Fig. 6: L-M) and 

a re-establishment of circulating IGFBP3 levels (Fig. 6N), therefore suggesting a curative 

potential of ecto-TMEM219 in a therapeutic scenario.
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Discussion

Diabetic enteropathy represents a clinically relevant complication in individuals with T1D, 

as it is associated with lower quality of life, malnutrition and malabsorbtion(Bytzer et al., 

2002; Faraj et al., 2007; Talley et al., 2001). Particularly, in individuals with long-standing 

T1D (T1D+ESRD), intestinal disorders occur with high frequency and severity(Cano et al., 

2007; Wu et al., 2004), resulting in body mass loss and cachexia(Pupim et al., 2005), 

indicating that enteropathy is an important complication of long-standing T1D(Atkinson et 

al., 2013; Pambianco et al., 2006). Our results demonstrate that individuals with long-

standing T1D experienced severe intestinal disorders and that these clinical conditions are 

associated with alterations of the intestinal mucosa, with reduced proliferation of intestinal 

epithelial cells and with signs of neural degeneration. Similar features have also been 

reported in rodent models of T1D and DE(Domenech et al., 2011). Our data link DE to a 

defect in CoSCs and implicate IGFBP3 as having an important role in the maintenance of 

intestinal epithelium homeostasis. While hyperglycemia is a prominent feature of T1D, our 

in vitro studies suggest that this feature cannot fully explain DE and that circulating factors 

may play an important role. Proteomic analysis led to the identification of IGF-I as an 

enterotrophic factor involved in the homeostasis of CoSCs. We then confirmed that IGF-I 

and IGFBP3 control CoSCs and that this axis is dysfunctional in long-standing T1D. Our 

data indicate that IGF-I acts as a circulating enterotrophic factor that promotes crypt growth 

and controls CoSCs through IGF-IR, while IGFBP3 can block IGF-I signaling by binding 

circulating IGF-I and reducing its bioavailability. In addition, and most importantly, we 

showed that IGFBP3 acts through a pro-apoptotic IGF-I-independent mechanism on CoSCs, 

which we demonstrated express TMEM219 (the IGFBP3 receptor), thereby inducing the 

failure of mini-gut growth. This latter effect is Caspase 8- and 9-mediated and TMEM219-

dependent; indeed, the absence of the IGFBP3 receptor (TMEM219) on CoSCs greatly 

diminished high glucose-associated CoSC injuries. T1D together with starvation and 

cachexia are characterized by low circulating IGF-I levels(Bondy et al., 1994; Giustina et al., 

2014) due to reduced hepatic IGF-I release, which is controlled and stimulated by 

endogenous insulin(Le Roith, 1997; Sridhar and Goodwin, 2009). More importantly, 

hyperglycemia appeared to have a direct effect on hepatic synthesis and release of IGFBP3. 

IGFBP3 may thus act as a hepatic hormone that reduces intestinal absorptive capacity during 

hyperglycemia. Interestingly, SPK provided a proof of concept to our hypothesis and 

supported our findings regarding the existence of circulating factors that control CoSCs. The 

striking improvement of clinical and functional features of DE that we observed in our study, 

associated with replenishment of CoSCs and with restoration of the circulating IGF-I and 

IGFBP3, strengthens our hypothesis. Finally, the newly generated ecto-TMEM219 

recombinant protein improved DE in diabetic mice in vivo and restored the ability of mini-

guts to grow normally in vitro, thus confirming the role of IGFBP3 in controlling CoSCs and 

paving the way for a potential therapeutic strategy (Video S1). In summary, our study shows 

that an IGFBP3-mediated disruption of CoSCs linked to hyperglycemia is evident in DE. We 

suggest that circulating IGF-I/IGFBP3 represent a hormonal dyad that controls CoSCs and a 

therapeutic target for individuals with intestinal disorders caused by diabetes mellitus of 

long duration (Bondy et al., 1994; Bortvedt and Lund, 2012; Boucher et al., 2010).
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Experimental Procedure

60 individuals with long-standing T1D (T1D+ESRD) registered on the waiting list for 

simultaneous pancreas-kidney transplantation (SPK) were enrolled in the study and 

compared with 20 healthy subjects matched for age and gender (CTRL). Assessment of 

gastrointestinal symptoms, intestinal motility and intestinal mucosa pathology defined DE. 

CoSCs were identified on colonic purified crypts based on the expression of CoSC specific 

markers (flow cytometry, RT-PCR, western blot, transcriptome profiling). CoSC self-

renewal properties were assessed by evaluating the percentage of in vitro developed mini-

guts and by characterizing their expression of cell lineage markers in different conditions 

(Fig. S6: E-I, J). Interventional studies included the use of recombinant human IGF-I, 

recombinant human IGFBP3 and anti-IGF-IR in vitro in mini-gut assay and in vivo in 

murine models of DE. Animal studies were conducted on C57BL/6 (B6) mice purchased 

from the Jackson Laboratory (Bar Harbor, Maine), in accordance with institutional 

guidelines (Harvard Medical School Institutional Animal Care and Use Committee). Mice 

were rendered diabetic with streptozotocin injection and development of DE was assessed 

after 8 weeks (intestinal pathology, CoSCs flow cytometry and RT-PCR). The recombinant 

protein ecto-TMEM219 for in vitro and in vivo studies (161 amino acids, 18.2 kDa) was 

generated using E. coli for expression and synthesis, while purity was tested by SDS-PAGE 

and WB (Fig. S6: K-L). The co-injection of IGFBP3 and ecto-TMEM219 prevented the 

increase of IGFBP3 peripheral levels and implies the binding of ecto-TMEM219 with 

IGFBP3 (Fig. S6M). Broad serum proteomic analysis was used to detect circulating factors 

that may regulate CoSCs and candidate factors were then tested in the in vitro mini-gut 

assay (Table S5). Peripheral levels of IGF-I and IGFBP3 were confirmed in human and 

murine studies using targeted immunoassays. Detailed methods and statistical analysis are 

described in the Supplemental Information. The Study was approved by the Institutional 

Review Board of Istituto di Ricovero e Cura a Carattere Scientifico Ospedale San Raffaele, 

Milano, Italy (Enteropathy-Pancreas KidneyTransplantation/01 Secchi/Fiorina).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diabetic enteropathy in long-standing T1D is characterized by intestinal mucosa 
abnormalities and impairment in colonic stem cells
A, B, C. Bar graphs depict the score of diarrhea, abdominal pain and constipation according 

to the administration of the GSRS questionnaire in healthy subjects (CTRL) and long-

standing T1D individuals (T1D+ESRD). Gray area indicates normal range for the parameter. 

D, E, F. Bar graphs report the measurements of anorectal sphincter contracting tone 

(mmHg), reflex response (ml) and urgency volume (ml) by anorectal manometry in healthy 

subjects (CTRL) and longstanding T1D individuals (T1D+ESRD). Gray area indicates 

normal range for the parameter. n=20 CTRL and n=60 T1D+ESRD individuals were 

included in the evaluation. G1-G2, I1-I2, K1-K2, M1-M2, O1-O2, Q1-Q2. Representative 

images of hematoxylin and eosin (H&E) histology staining, immunoreactive Ki67+ cells 

(MIB1+), ultrastructural analysis of neural structures with red arrows indicating localization 

and presence of neuroendocrine vesicles, immunohistochemical expression of 5HT, 

aldehyde dehydrogenase (Aldh)+ cells, and EphB2+ expression, on bioptic samples obtained 

from healthy subjects (CTRL, G1, I1, K1, M1, O1, Q1) and long-standing T1D individuals 

(T1D+ESRD, G2, I2, K2, M2, O2, Q2). Ultrastructural analysis scale bar: 2000 nm. Original 

histology magnification: 100X in G1-G2; 400X in I1-I2, K1-K2; 40X in O1-O2; 200X, in 

Q1-Q2. Scale bar 80 micron. H, J, L, N, P, R. Bar graphs reporting the measurement of 

crypts, the number of Ki67+ (MIB1+) cells, of neuroendocrine vesicles of nerve terminals 

(number of cases with >3 NE vesicles detected per nerve terminal), of 5HT+ and Aldh+ 

cells, and of EphB2+ expression (intensity score 0-5) in CTRL and long-standing T1D 
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subjects (T1D+ESRD). n=20 CTRL and n=60 T1D+ESRD individuals were included in the 

evaluation. Data are expressed as mean ± standard error of the mean (SEM) unless 

differently reported. *p<0.01; **p<0.001; ***p<0.0001.

Abbreviations: GSRS, Gastrointestinal Symptom Rating Scale; T1D, type 1 diabetes; 

ESRD, end stage renal disease; CTRL, healthy subjects; H&E, hematoxylin and eosin; 

MIB1, antibody against Ki67; EphB2, Ephrin B receptor 2; Aldh, Aldehyde dehydrogenase; 

5HT, serotonin; NE, neuroendocrine vesicles.

D'Addio et al. Page 15

Cell Stem Cell. Author manuscript; available in PMC 2016 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Diabetic enteropathy in long-standing T1D is associated with a defect in CoSCs
A, B. Representative flow dot plots of EphB2low, EphB2medium and EphB2hi cells in healthy 

subjects (CTRL) and long-standing T1D individuals (T1D+ESRD). C, D, E. Bar graphs 

depict results of flow cytometric analysis of EphB2hi+, EphB2hi+LGR5+ and EphB2+h-

TERT+ cells in freshly isolated crypts (n=10 CTRL and n=10 T1D+ESRD). F, G, H. Bar 

graphs depict expression data of CoSC markers EphB2, LGR5, h-TERT as normalized 

mRNA expression measured by quantitative RT-PCR on isolated intestinal crypts. All 

samples were run in triplicate and normalized to expression of the housekeeping gene ACTB 

(ΔΔCt). I. Scatter plot represents the CoSC signature markers and stem cell transcriptome 

profiling examined in freshly isolated intestinal crypts of n=10 healthy subjects (CTRL) and 

n=10 long-standing T1D individuals (T1D+ESRD). J1-J2. Representative images of mini-

guts cultured for 8 days in vitro obtained from previously isolated crypts of long-standing 

T1D individuals (T1D+ESRD) and healthy subjects (CTRL). 10X magnification. Scale bar 

50 micron. K. Bar graph depicts the % of developed mini-guts of the total at 8 days of 
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culture of freshly isolated intestinal crypts from n=10 CTRL and n=10 T1D+ESRD 

individuals. L1-L4. Representative images of mini-guts obtained from previously isolated 

crypts of healthy subjects (CTRL) and cultured for 8 days in the following conditions: 

L1=normal (FBS) serum+normal glucose (5 mM); L2=T1D+ESRD serum+normal glucose; 

L3=normal serum+high glucose (35 mM); L4=T1D+ESRD serum+high glucose. 10X 

magnification. Scale bar 50 micron. M. Bar graph grouping % of developed mini-guts of the 

total at 8 days of culture from freshly isolated intestinal crypts cultured with the following 

conditions: normal (FBS) serum+normal glucose (5 mM); T1D+ESRD serum+normal 

glucose; normal serum+high glucose (35 mM); T1D+ESRD serum+high glucose. Statistical 

significance has been calculated within each group (normal glucose+normal serum, medium

+high glucose, medium+long-standing T1D serum, high glucose+long-standing T1D serum) 

by comparing different culturing conditions. Comparison in the bar graph refers to all 

conditions vs. normal serum+normal glucose. N. Transcriptome profiling depicting CoSC 

signature markers expression in isolated crypts obtained from healthy subjects and cultured 

with/without high glucose and/or long-standing T1D serum. n=10 subjects per group were 

evaluated. Data are expressed as mean ± standard error of the mean (SEM) unless differently 

reported. *p<0.01; **p<0.001; ***p<0.0001. See also Figure S1.

Abbreviations: CoSC, colonic stem cell; T1D, type 1 diabetes; ESRD, end stage renal 

disease; CTRL, healthy subjects; EphB2, Ephrin B receptor 2; LGR5, leucine-rich repeat 

containing G protein-coupled receptor 5; RT-PCR, real-time polymerase chain reaction; 

ACTB, beta actin; FBS, fetal bovine serum.
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Figure 3. Circulating IGF-I and IGFBP3 are altered in long-standing T1D and its manipulation 
in vitro induces profound effects on CoSCs growth and self-renewal
A. Heat map represents the proteomic profile in long-standing T1D (T1D+ESRD) as 

compared to healthy subjects (CTRL). The complete dataset of identified and quantified 

proteins was subjected to statistical analysis (p<0.01). Significantly differentially expressed 

proteins were further analyzed through hierarchical clustering. Sera of n=10 CTRL and 

n=10 T1D+ESRD individuals were analyzed. B. Bar graph depicts LFQ intensity for a 

single protein extrapolated from the untargeted proteomic analysis, insulin-like growth 

factor binding protein 3 (IGFBP3). C1-C2. Representative images (40X magnification) of 

IGFBP3 expression in the liver. IGFBP3 is mildly and diffusely expressed in the liver 

parenchyma from healthy subjects (C1), while it is more zonally positive in long-standing 

diabetic individuals (C2). D. Bar graph represents IGFBP3 levels measured by ELISA in the 

supernatants of immortalized human hepatoma cell line (HuH-7) cultured for 5 days at 

different glucose concentrations (35 mM: high glucose; 20 mM: intermediate glucose; 5 

mM: normal glucose). Experiments were performed in triplicate. E. Bar graph represents 

insulin-like growth factor 1 (IGF-I) levels measured by ELISA in serum of healthy subjects 
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and long-standing T1D (T1D+ESRD). F. Western blot analysis (cropped blots) confirmed 

IGF-IR and TMEM219 expression on the intestinal crypt surface. Evaluation of total IGF-IR 

expression by WB includes the detection of IGF-IRα, a subunit of IGF-IR whole 

protein.G1-G2. Representative pictures of TMEM219 in situ hybridization (G1 negative 

control, G2 TMEM219 staining) performed on rectal mucosa biopsy samples obtained from 

CTRL. 20X magnification. H. Bar graph depicts normalized mRNA expression of 

TMEM219 (IGFBP3 receptor) using the ΔΔCt method. n=5 subjects per group were 

evaluated. I. Bar graph grouping % of developed mini-guts of the total obtained from long-

standing T1D individuals in different conditions and showing the effect of IGF-I, IGFBP3 

and anti-IGF-IR. The p values are relative to baseline conditions and addition of IGF-I to 

culture. J. Bar graph representing normalized mRNA expression of Caspase 8 and 9 in 

crypts isolated from healthy subjects cultured in the presence of IGFBP3 and IGF-I

+IGFBP3, performed in triplicate. K. Bar graph grouping % of developed mini-guts of the 

total at 8 days of culture, obtained from healthy subjects and cultured in the presence of a 

Pan-Caspase inhibitor, selective inhibitors of Caspases 8, 9 and 3, and IGFBP3. Assay was 

performed in triplicate. L. Bar graphs grouping % of developed mini-guts of the total 

obtained from healthy subjects and cultured in different conditions (normal glucose+normal 

serum, high glucose+normal serum, T1D+ESRD serum+normal glucose, T1D+ESRD serum

+high glucose) and showing the effect of IGF-I, IGFBP3 and anti-IGF-IR. The p values are 

relative to baseline condition (medium alone, medium+high glucose, medium+long-standing 

T1D serum, high glucose+long-standing T1D serum). Additional p values have been 

calculated to compare the difference in mini-gut growth among the following conditions: 

medium alone vs. medium+high glucose, vs. medium+high glucose+long-standing T1D 

serum). Assay was performed in triplicate. M. Bar graph grouping % of developed mini-guts 

of the total obtained from healthy subjects, cultured for 8 days, exposed to TMEM219 

targeting with siRNA and finally compared to TMEM219-expressing crypts in medium 

alone and in medium+high glucose+long-standing T1D serum. Assay was performed in 

triplicate. Data are expressed as mean ± standard error of the mean (SEM) unless differently 

reported. *p<0.01; **p<0.001; ***p<0.0001. See also Figure S1 and S2.

Abbreviations: IGF-I, insulin-like growth factor 1; IGFBP3, insulin-like growth factor 

binding protein 3; IGF-IR, insulin-like growth factor 1 receptor; CoSC, colonic stem cell; 

T1D, type 1 diabetes; ESRD, end stage renal disease; CTRL, healthy subjects; RT-PCR, 

real-time polymerase chain reaction; ACTB, beta actin; LFQ, Label-free quantitation; SEM, 

standard error of the mean; siRNA, small RNA interference; inhib, inhibitor.
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Figure 4. Effects of the peripheral IGF-I/IGFBP3 dyad on single-cell derived in vitro mini-guts 
and on caspase cascade. Manipulating the peripheral IGF-I/IGFBP3 dyad alters the progression 
of diabetic enteropathy in a preclinical model of diabetic enteropathy, while the treatment of 
long-standing T1D with simultaneous pancreas-kidney transplantation (SPK) ameliorates 
intestinal symptoms, motility and morphology
A. Bar graph representing normalized mRNA expression of TMEM219, LRP1, TGF-β type I 

and II, in EphB2+ sorted single cells obtained from crypts of healthy subjects. Experiments 

were performed in triplicate. B. Bar graphs showing % of developed single cell-derived 

mini-guts (of the total) obtained from EphB2+ cells sorted from freshly isolated crypts of 

healthy subjects and cultured in different conditions (normal glucose+normal serum, high 

glucose+normal serum, T1D+ESRD serum+normal glucose, T1D+ESRD serum+high 

glucose) and showing the effect of IGF-I and IGFBP3. The p values are relative to baseline 

conditions. C, D. Scatter plot representing the apoptosis transcriptome profiling examined in 

freshly isolated intestinal crypts of healthy subjects (CTRL) and long-standing T1D 

individuals (T1D+ESRD) cultured with/without IGFBP3 and IGF-I. Experiments were 

performed in triplicate. E, F, G. Line graphs reporting the number of crypts (E), depth of 

crypts (F) and width of crypts (G) assessed on intestinal lower tract sections harvested at 

baseline and after 8 weeks from STZ-treated B6 mice developing diabetic enteropathy 
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(B6+STZ), naïve B6 (B6), and naïve B6 treated with IGFBP3 (B6+IGFBP3). STZ: 

streptozoticin-treated. n=3 mice per group were evaluated. H. Bar graph representing the 

number of Aldh+ cells/mm2 in immunostained sections of STZ-treated B6 mice developing 

diabetic enteropathy, B6, and naïve B6 treated with IGFBP3 (B6+IGFBP3). I1-
I6.Representative images of intestinal crypts on H&E sections of B6, B6+STZ mice 

developing diabetic enteropathy, and naïve B6 treated with IGFBP3 (B6+IGFBP3). 

Histology magnification, 200X I1-I3, 400X I4-I6. J1-J3. Representative images of Aldh+ 

cells on immunostained sections of intestinal lower tract harvested from STZ-treated B6 

mice developing diabetic enteropathy, B6, and naïve B6 treated with IGFBP3 (B6+IGFBP3). 

Histology magnification, 400X. K. Schematic attempt to represent the effect of circulating 

IGF-I and IGFBP3 on CoSCs. L, N, P.Bar graphs report the measurement of MIB1+ and 

Aldh+ cells, and EphB2+ expression (intensity score 0-5) in the four groups of subjects 

(n=20 CTRL, n=30 SPK, n=K+T1D and n=60 T1D+ESRD). M1-M2, O1-O2, Q1-Q2. 

Representative images of MIB1+ and Aldh+ cells, and EphB2+ expression in immunostained 

rectal mucosa bioptic samples of T1D+ESRD who underwent kidney alone (K+T1D) or 

simultaneous pancreas-kidney (SPK) transplantation at 8 years of follow-up. Histology 

magnification, 400X in M1-M2 and O1-O2, 20X in Q1-Q2. Scale bar 80 micron. Data are 

expressed as mean ± standard error of the mean (SEM) unless differently reported. *p<0.01; 

**p<0.001; ***p<0.0001. See also Figure S3, S4 and S5.

Abbreviations: STZ, streptozoticin-treated; B6, C57BL/6J mice; IGF-I, insulin-like growth 

factor 1; IGFBP3, insulin-like growth factor binding protein 3; IGF-IR, insulin-like growth 

factor 1 receptor; CoSC, colonic stem cell; T1D, type 1 diabetes; ESRD, end stage renal 

disease; CTRL, healthy subjects; SPK, simultaneous kidney-pancreas transplantation; K

+T1D, kidney transplantation alone in type 1 diabetes; H&E, hematoxylin and eosin; MIB1, 

antibody against Ki67; EphB2, Ephrin B receptor 2; Aldh, Aldehyde dehydrogenase; SEM, 

standard error of the mean.
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Figure 5. Treatment of long-standing T1D with SPK replenishes CoSCs and restores the CoSC 
signature profile and mini-gut development through restoration of circulating IGF-I and 
IGFBP3
A, B, C. Bar graphs depict results of flow cytometric analysis of EphB2hi+, 

EphB2hi+LGR5+, EphB2+h-TERT+ cells obtained from isolated crypts in long-standing T1D 

(Baseline), T1D+ESRD who underwent kidney pancreas (SPK) or kidney alone (K+T1D) 

transplantation at 8 years of follow-up. n=10 subjects per group were evaluated. D, E, F. Bar 

graphs depict normalized mRNA expression of intestinal stem cell markers EphB2, LGR5, 

h-TERT, measured by quantitative RT-PCR on isolated intestinal crypts obtained from long-
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standing T1D (Baseline), T1D+ESRD who underwent kidney pancreas (SPK) or kidney 

alone (K+T1D) transplantation at 8 years of follow-up. All samples were run in triplicate 

and normalized to expression of the housekeeping gene ACTB using the ΔΔCt method. n=10 

subjects per group were evaluated. G. Western blot analysis depicts the expression of 

EphB2, LGR5, h-TERT in isolated intestinal crypts of the four groups at 8 years of follow-

up. n=5 subjects per group were evaluated. H. Bar graph depicts the % of developed mini-

guts of the total at 8 days of culture of freshly isolated intestinal crypts obtained from long-

standing T1D individuals (Baseline), SPK and K+T1D subjects at 8 years of follow-up. 

n=10 subjects per group were evaluated. I. Heat map represents the CoSC signature marker 

transcriptomic profiling examined in freshly isolated intestinal crypts of CTRL, long-

standing T1D individuals (T1D+ESRD), SPK and K+T1D subjects at 8 years of follow-up. 

n=10 subjects per group were evaluated. J. Bar graph represents IGF-I levels measured by 

ELISA in serum of the four groups of subjects at 8 years of follow-up. n=10 subjects per 

group were evaluated. K. Bar graph depicts IGFBP3 levels measured by ELISA in serum of 

the four groups of subjects. n=20 subjects per group were evaluated. L, M Correlation 

between IGFBP3 serum levels and intestinal symptoms assessed using the GSRS 

questionnaire (0-7) in n=20 subjects of K+T1D (L) and SPK (M) group. Analysis was 

conducted using ANOVA (p<0.05) in comparing all groups. Data are expressed as mean ± 

standard error of the mean (SEM) unless differently reported. *p<0.01; **p<0.001; 

***p<0.0001. See also Figure S5 and S6.

Abbreviations: CoSC, colonic stem cell; T1D, type 1 diabetes; ESRD, end stage renal 

disease; CTRL, healthy subjects; SPK, simultaneous kidney-pancreas transplantation; 

EphB2, Ephrin B receptor 2; LGR5, leucine-rich repeat containing G protein-coupled 

receptor 5; RT-PCR, real-time polymerase chain reaction; ACTB, beta actin; K+T1D, kidney 

transplantation alone in type 1 diabetes; IGF-I, insulin-like growth factor 1; IGFBP3, 

insulin-like growth factor binding protein 3; SEM, standard error of the mean.
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Figure 6. Treatment with the newly generated recombinant protein ecto-TMEM219 (ecto-
TMEM219) abrogates IGFBP3-mediated mini-gut destruction and preserves CoSCs in a 
preclinical model
A. Bar graph grouping % of developed mini-guts of the total obtained from healthy subjects 

in different conditions and showing the effect of ecto-TMEM219 at various concentrations 

(1:2, 1:1 and 2:1 molar ratio as compared to IGFBP3) in IGFBP3-treated mini-guts and in 

those exposed to high glucose. The p values are relative to baseline conditions. B. Bar graph 

representing normalized mRNA expression of EphB2 in crypts isolated from healthy 

subjects cultured in the presence of IGFBP3 and ecto-TMEM219+IGFBP3, performed in 

triplicate. C, D. Bar graphs representing normalized mRNA expression of Caspases 8 and 9 

in crypts isolated from healthy subjects cultured in the presence of IGFBP3 and ecto-

TMEM219+IGFBP3, performed in triplicate. E, F, G. Line graphs reporting the number of 

crypts (E), depth of crypts (F) and width of crypts (G) assessed on intestinal lower tract 

sections harvested at baseline and after 8 weeks from STZ-treated B6 mice developing 

diabetic enteropathy (B6+STZ), naïve B6 (B6), and STZB6 mice treated with ecto-

TMEM219. STZ: streptozoticin-treated. n=3 mice per group were evaluated. H. Line graph 
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reporting the weight at baseline and after 8 weeks of STZ-treated B6 mice developing 

diabetic enteropathy (B6+STZ), naïve B6 (B6), and of STZ-treated B6 mice developing 

diabetic enteropathy treated with ecto-TMEM219. STZ: streptozoticin-treated. n=3 mice per 

group were evaluated. I. Bar graph representing results of flow cytometric analysis of 

EphB2+ cells isolated from intestinal samples collected from naïve B6 mice, STZ-treated B6 

mice and in STZ-B6 mice treated with ecto-TMEM219 at 8 weeks. J. Representative flow 

histograms of EphB2+ cells isolated from crypts isolated from naïve B6 mice, STZ-treated 

B6 mice and in STZ-B6 mice treated with ecto-TMEM219 at 8 weeks. n=3 to 5 mice per 

group were evaluated. K. Bar graph representing normalized mRNA expression of EphB2 in 

intestinal samples collected from naïve B6 mice, STZ-treated B6 mice and in STZ-B6 mice 

treated with ecto-TMEM219 at 8 weeks. L, M. Bar graph representing normalized mRNA 

expression of Caspase 8 (L) and Caspase 9 (M) in intestinal samples collected from naïve 

B6 mice, STZ-treated B6 mice and in STZ-B6 mice treated with ecto-TMEM219 at 8 

weeks. N. Line graph representing murine IGFBP3 circulating levels measured in naïve B6 

mice (B6) and STZ-treated B6 mice (B6+STZ) and in B6+STZ mice treated with ecto-

TMEM219 at baseline and after 8 weeks. n=3 to 5 mice per group. Data are expressed as 

mean ± standard error of the mean (SEM) unless differently reported. *p<0.01; **p<0.001; 

***p<0.0001. See also Figure S6.

Abbreviations: STZ, streptozoticin-treated; B6, C57BL/6J mice; IGF-I, insulin-like growth 

factor 1; IGFBP3, insulin-like growth factor binding protein 3; CoSC, colonic stem cell; 

H&E, hematoxylin and eosin; EphB2, Ephrin B receptor 2; SEM, standard error of the 

mean, T1D, type 1 diabetes; ESRD, end stage renal disease; CTRL, healthy subjects; RT-

PCR, real-time polymerase chain reaction; ACTB, beta actin.
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