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Introduction
Inflammatory bowel disease (IBD), chronic relapsing-remitting conditions of  the gastrointestinal tract 
encompassing Crohn’s disease (CD) and ulcerative colitis (UC), is increasing in incidence and prevalence 
(1). IBD has a long natural history requiring a range of  pharmaceutical interventions and regular admission 
to the hospital, with significant numbers of  patients progressing to surgical intervention (2, 3). Current ther-
apeutic strategies seek to provide symptom control, but more recent evidence suggests that mucosal healing 
is a key end point to validate disease remission and successful therapeutic response in IBD (4–6). Indeed, 
achieving mucosal healing in IBD has been shown to improve quality of  life and reduce complications, 
including hospitalizations and the need for surgical intervention (7, 8). When considering mucosal heal-
ing, the most critical component of  the intestinal mucosal barrier being assessed is the intestinal epithelial 
cell layer (8). Increased permeability of  the epithelial barrier and significant damage to the epithelial layer, 
including ulceration, are observed in IBD patients (9–13). This is also observed in animal models of  IBD, 
where increased intestinal permeability is an early hallmark of  disease (14–17). In addition, several studies 
suggest that IBD occurs due to disruption of  the intestinal epithelial barrier; this leads to increased bacterial 
contact with the mucosal immune system, resulting in proinflammatory cytokine production and uncon-
trolled tissue inflammation in genetically predisposed individuals (18). Given the primary role of  epithelial 
barrier dysfunction in disease and the correlation between barrier restitution and therapeutic response, there 
is great interest in identifying new therapies to restore epithelial barrier function in IBD (reviewed in ref. 19).

Intestinal epithelial barrier repair is vital for remission in inflammatory bowel disease (IBD). 
Extracellular adenosine signaling has been implicated in promoting restoration of epithelial 
barrier function. Currently, no clinically approved agents target this pathway. Adenosine signaling 
is terminated by uptake from the extracellular space via equilibrative nucleoside transporters 
(ENTs). We hypothesized that ENT inhibition could dampen intestinal inflammation. Initial 
studies demonstrated transcriptional repression of ENT1 and ENT2 in IBD biopsies or in murine IBD 
models. Subsequent studies in mice with global Ent1 or Ent2 deletion revealed selective protection 
of Ent2–/– mice. Elevated intestinal adenosine levels in conjunction with abolished protection 
following pharmacologic blockade of A2B adenosine receptors implicate adenosine signaling as 
the mechanism of gut protection in Ent2–/– mice. Additional studies in mice with tissue-specific 
deletion of Ent2 uncovered epithelial Ent2 as the target. Moreover, intestinal protection provided 
by a selective Ent2 inhibitor was abolished in mice with epithelium-specific deletion of Ent2 or 
the A2B adenosine receptor. Taken together, these findings indicate that increased mucosal A2B 
signaling following repression or deletion of epithelial Ent2 coordinates the resolution of intestinal 
inflammation. This study suggests the presence of a targetable purinergic network within the 
intestinal epithelium designed to limit tissue inflammation.
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It was recently reported that adenosine signaling to the colonic epithelium improves epithelial barrier 
function in experimental colitis (20). Adenosine is an endogenous nucleoside that is rapidly produced at 
the extracellular surface through the breakdown of  ATP by the membrane-bound enzymes ectonucleoside 
triphosphate diphosphohydrolase 1 (CD39) and ecto-5′-nucleotidase (CD73), which convert ATP to AMP 
and on to adenosine (21). The process of  enzymatic production of  extracellular adenosine is dramatical-
ly increased under inflammatory or hypoxic conditions — such as occurs during intestinal inflammation 
(22–24). Adenosine can signal through 4 different transmembrane G protein–coupled receptors (A1, A2A, 
A2B, and A3 receptors; gene names, Adora1, Adora2a, Adora2b, Adora3) (25). Indeed, studies in IBD patients 
highlight that nonfunctional mutations of  CD39 are associated with a higher incidence of  IBD, suggesting 
that extracellular adenosine production and signaling play a role in an endogenous protective pathway that 
dampens intestinal inflammation (26). This is supported by studies demonstrating that signaling through 
the A2A (27–30), A2B (20, 31, 32), or A3 (33) receptors is protective in experimental colitis. Most of  these 
studies show a broad antiinflammatory effect of  adenosine signaling using whole-body knockout of  the 
receptors or receptor agonist and/or antagonist treatments (27–29, 33). Using a tissue-specific approach 
we recently demonstrated that deletion of  the A2B receptor on the intestinal epithelium was particularly 
deleterious in acute colitis and highlighted its critical function in mucosal healing (20).

Adenosine signaling events are terminated via uptake of  adenosine from the extracellular toward the 
intracellular compartment through equilibrative nucleoside transporters — particularly ENT1 and ENT2 
(34–40). These channels allow adenosine to freely cross the extracellular membrane along a concentra-
tion gradient. As discussed above, extracellular adenosine production from precursor nucleotides is dra-
matically increased during intestinal inflammation. Therefore, conditions of  hypoxia or inflammation are 
associated with a transcellular adenosine gradient directed from the extracellular toward the intracellular 
compartment. Based on these considerations, we examined the possibility that blocking ENT-dependent 
adenosine uptake — either pharmacologically or via specific genetic deletion — would enhance extracellu-
lar adenosine signaling and thereby mediate adenosine-dependent intestinal protection. Indeed, our studies 
reveal that mucosal adenosine transporters of  the “ENT2 type” can be targeted to enhance intestinal epi-
thelial A2B signaling and thereby promote mucosal barrier restitution in IBD.

Results
Ent1 and Ent2 expression is decreased in IBD patients and in experimental colitis. In order to address a functional 
role of  ENTs in IBD, we first examined expression levels of  both adenosine transporters (ENT1 and ENT2) 
during conditions of  intestinal inflammation. Previous studies in the intestine (39) and lung (37, 40) had 
demonstrated that Ent1 and Ent2 expression is downregulated during tissue hypoxia and inflammation via 
the actions of  hypoxia-inducible factor 1-alpha (HIF-1α) and NF-κB. Both transcriptional pathways are active 
in the inflamed intestine in IBD (41, 42). Therefore, we hypothesized that Ent1 and Ent2 expression could 
be downregulated in IBD biopsies and experimental colitis. Our studies revealed a decrease in ENT1 mRNA 
expression in biopsies from either CD or UC patients that did not reach significance compared with controls 
(Figure 1A). Interestingly, ENT2 mRNA expression was significantly decreased in both CD and UC com-
pared with controls (Figure 1B). These findings were mirrored at the level of  the whole colon in the dextran 
sulfate sodium (DSS) model of  murine colitis (Figure 1, C and D). DSS colitis injury is primarily localized 
to the mucosal surface of  the distal colon (43); therefore we tested whether there were regional differences in 
proximal or distal mucosal expression of  the Ent transporters during DSS. We performed colonic mucosal 
scrapings following DSS exposure to isolate the mucosal layer, which is enriched for intestinal epithelial cells. 
We observed that Ent1 mRNA expression was not significantly altered in the proximal colon mucosal scrap-
ings, whereas in the distal colon mucosal layer, Ent1 mRNA expression decreased by approximately 70% by 
day 6 of  DSS (Figure 1E). Similarly, Ent2 mRNA expression was not significantly diminished in the proximal 
colon mucosal scrapings but was decreased by almost 80% by day 6 of  DSS in the distal colonic mucosal layer 
(Figure 1F). Taken together, these studies demonstrate that both ENT1/Ent1 and ENT2/Ent2 mRNA expres-
sion levels are decreased in the inflamed colonic mucosal layer in IBD and in murine colitis. These findings 
implicate ENT repression as an endogenous response during intestinal inflammation.

Nonspecific pharmacologic ENT inhibition is protective in acute experimental colitis. Previous studies demon-
strate an antiinflammatory role for ENT inhibition (37, 39, 40), and having observed ENT repression 
during intestinal inflammation above, we hypothesized that ENT blockade could be protective in IBD. To 
address this hypothesis, we treated mice with dipyridamole (5 mg/kg), an inhibitor of  ENT1 and ENT2 
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transporters during DSS colitis (44). Dipyridamole-treated mice demonstrated significantly less weight loss 
and colonic shortening compared with vehicle-treated controls (Figure 2, A and B). Treatment with dipyr-
idamole decreased flux of  orally gavaged FITC-labeled dextran into the serum by almost 50% compared 
with vehicle treatment (Figure 2C). Blinded histologic analysis showed a significant reduction in tissue 
injury and inflammation in mice treated with dipyridamole compared with vehicle (Figure 2D). Taken 
together, our studies show that dipyridamole treatment is beneficial in acute murine colitis by decreasing 
mucosal barrier permeability and injury.

Genetic loss of  Ent1 does not alter the outcome of  DSS colitis. Based on the above findings showing that dipyr-
idamole treatment provided robust protection to the colon during DSS colitis, we next pursued studies to 
address the individual contributions of  Ent1 or Ent2 — the main intestinal adenosine transporters (39, 45). 

Figure 1. Ent 1 and Ent2 expression is repressed in IBD and 
murine colitis. (A and B) cDNA from control, active Crohn’s 
disease, or ulcerative colitis biopsies (Origene) was probed with 
specific primers (QuantiTect, QIAGEN) for human ENT1, ENT2, 
and β-actin. ENT1 and ENT2 levels were normalized to β-actin 
and are expressed as fold change relative to control biopsies.  
n = 5 control, n = 17–21 Crohn’s disease, and n = 18–20 ulcerative 
colitis patients. (C–F) Sex-, age-, and weight-matched C57BL/6 
mice were exposed to DSS. After 3, 6, or 7 days, whole-colon (C 
and D) or mucosal scrapings from the proximal and distal colon 
(E and F) were harvested, and total RNA was extracted. TaqMan 
RT-PCR for Ent1, Ent2, and 18s was performed. (C–F) mRNA 
transcript levels were calculated relative to 18s and are expressed 
as the fold change compared with water-treated (H2O) mice. In 
all cases data are displayed as mean ± SEM. Results in C and D 
represent n = 5–10 mice/group from 2 independent experiments. 
Results in E and F represent 6–8 mice/group from 2 independent 
experiments. One-way ANOVA with post hoc Dunnett’s multi-
ple-comparisons test was performed to determine statistical 
differences compared with control or water. *P < 0.05.
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Therefore, we next performed studies in mice with genetic deletion of  Ent1 (Ent1–/–) (36) or Ent2 ( Ent2–/–) (37) 
to determine their individual contributions during acute colitis. Studies utilizing real-time PCR (RT-PCR) for 
individual adenosine transporters demonstrated abolished Ent1 expression in the colon, while the expression 
of  Ent2, Ent3, or Ent4 channels was unaltered during acute colitis in Ent1–/– mice (Supplemental Figure 1;  
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.121521DS1). 
Subsequent functional studies in Ent1–/– mice failed to demonstrate any difference in the degree of  weight 
loss, colonic shortening, or colonic histologic damage when comparing Ent1-deficient mice with WT controls 
(Ent1+/+) during DSS colitis (Figure 3, A–C). Taken together, these findings suggest that the absence of  Ent1 
function provides no benefit in acute experimental colitis.

Genetic loss of  Ent2 provides robust protection during DSS colitis. Having observed a beneficial effect of  
global Ent inhibition with dipyridamole (Figure 2) that was not recapitulated by genetic deletion of Ent1 
(Figure 3), we proceeded to investigate a potential role for Ent2 channels in murine colitis through studying 
mice with genetic deletion of  Ent2 (Ent2–/–) (37). Ent2–/– mice had abolished expression of  Ent2 mRNA in 
the colon, while there was no compensatory alteration in the expression of  the other Ent channels, Ent1, 
Ent3, or Ent4, when comparing Ent2–/– mice and WT controls during DSS colitis (Supplemental Figure 2). 
In functional studies, Ent2–/– mice exhibited considerably less weight loss and colonic shortening compared 
with their WT controls (Ent2+/+) in DSS colitis (Figure 4, A and B). The FITC-dextran concentration in 
the serum was reduced by greater than 50% in Ent2–/– mice compared with Ent2+/+ mice following DSS 
exposure (Figure 4C). RT-PCR demonstrated a 3-fold decrease in expression of  inflammatory cytokines 
in colonic tissue of  Ent2–/– mice compared with WT mice in DSS colitis (Figure 4D). Blinded histologic 
analysis showed significantly diminished colonic tissue damage in Ent2–/– mice compared with their WT 

Figure 2. Ent1 and Ent2 inhibition is protective in acute experimental colitis. Sex-, age-, and weight-matched C57BL/6 
WT mice were treated with dipyridamole (combined Ent1 and Ent2) inhibitor, 5 mg/kg, i.p., or vehicle 2–3 times daily 
from 1 day prior to exposure to DSS. (A) Daily weight measurements were obtained for each group of mice and are 
displayed as percentage of the body weight average from day 0–3. (B) Following sacrifice, colons were harvested and 
measured. (C) Mice were administered FITC-dextran by oral gavage (0.6 mg/g at 100 mg/ml) 4 hours prior to sacrifice on 
day 7. Serum was harvested at sacrifice, and fluorescence measurement was used to determine FITC levels. n = 7 mice/
group from 1 independent experiment. (D) Blinded histological analysis of whole colon from each group following DSS 
exposure. Representative histological sections from whole colon harvested on day 7 after DSS (scale bars: 100 μm;  
images acquired at ×10). Unless otherwise stated, results of 2 independent experiments are presented as mean ± SEM 
(n = 4–17 mice/group). Two-way ANOVA with post hoc Bonferroni’s t test was used to determine statistical weight 
change. Two-way ANOVA with post hoc Tukey’s multiple comparison test was used to determine statistical colon 
length change. In all other cases, unpaired Student’s t test was used. *P < 0.05.
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controls (Figure 4, E and F). These findings demonstrate improved barrier function and reduction in colon-
ic inflammation in mice lacking Ent2 during colitis, suggesting that inhibition of  Ent2 function is protective 
in murine colitis.

Ent2–/– mice experience attenuated disease activity in TNBS colitis. To assess the importance and reproduc-
ibility of  our finding that loss of  Ent2 was protective in DSS colitis (Figure 4), we subsequently performed 
TNBS (2,4,6-trinitrobenzenesulfonic acid) colitis studies in mice with genetic deletion of  Ent2 (Figure 5). 
TNBS administration leads to excessive Th1 cell–mediated inflammation characterized by CD4+ T cell 
infiltration, excessive weight loss, and diarrhea with enhanced mucosal permeability (46). This model 
closely represents the pathology of  Crohn’s colitis (46, 47) and was used to determine whether our findings 
with DSS are applicable to an alternative IBD model with mucosal damage. Similar to our findings in DSS 
colitis (Figure 4), we observed that Ent2–/– mice were significantly protected from colitic injury in this mod-
el compared with WT controls (Ent2+/+) as measured by weight loss (Figure 5A). TNBS colitis is charac-
terized by infiltration of  the colonic lamina propria with pathogenic CD4+ Th1 cells, which we define here 
as CD4+T-bet+ T cells (48). The frequency of  these pathogenic CD4+ T cells in the colonic lamina propria 
of  Ent2–/– mice was significantly reduced (6%± 0.8%) compared with control mice (12% ± 1.8%) following 
TNBS administration (Figure 5B). Blinded histologic analysis revealed a dramatic reduction in tissue injury 
in Ent2–/– mice compared with WT controls (Figure 5, C and D). Thus, loss of  the Ent2 nucleoside trans-
porter significantly reduces intestinal inflammation in an alternative model of  experimental IBD, speaking 
to a broader significance of  our findings. Taken together, our results provide a strong rationale for targeting 
ENT2 as a novel mechanism for gut protection.

Loss of  intestinal epithelial Ent2 expression protects the colon during acute colitis. Previous studies suggest that 
Ent2 is expressed at a high level on the cell membrane of  intestinal epithelial cells (39). In order to study 
whether Ent2 functions in a tissue-specific fashion at the level of  the intestinal epithelium, we generated 
an Ent2 flox mouse (Supplemental Data and Supplemental Figure 3). Subsequently, transgenic mice with 
a floxed Ent2 gene (Ent2fl/fl) were crossed with an intestinal epithelium–specific Cre mouse (VillinCre) in 
order to generate a mouse strain with intestinal epithelium–specific deletion of  Ent2 (Ent2fl/flVillinCre+; 
see Methods). RT-PCR on whole colon was performed to confirm deletion of  Ent2 in Cre-positive mice 
(Supplemental Figure 4A). An almost 90% reduction in Ent2 mRNA expression was noted in Ent2fl/flVil-
linCre+ mice compared with WT controls (Ent2fl/flVillinCre–) at baseline (Supplemental Figure 4A). Further 
analysis determined that there was no significant difference in expression of  other adenosine transporters 
(Ent1, Ent3, Ent4) or adenosine receptors (Adora1, Adora2a, Adora2b, Adora3) in the colon of  Ent2fl/flVil-
linCre+ mice compared with WT controls at baseline (Supplemental Figure 4A). Furthermore, during DSS 
colitis, a significant reduction in colonic Ent2 expression was maintained in Ent2fl/flVillinCre+ mice com-
pared with Ent2fl/flVillinCre– mice, but no significant alterations in Ent1, Ent3, or Ent4 were noted between 
the 2 strains (Supplemental Figure 4B). Ent2fl/flVillinCre+ mice had greatly reduced weight loss and colon 
shortening compared with littermate controls (Figure 6, A and B, respectively). Histologic damage was 

Figure 3. Loss of Ent1 does not protect the colonic mucosa during experimental colitis. Ent1-deficient mice (Ent1–/–) 
or C57BL/6 WT controls (Ent1+/+) matched by sex, age, and weight were exposed to water or DSS. (A) Weight measure-
ments were obtained for each group of mice and are displayed as percentage of body weight on day 0. (B) Following 
sacrifice, colons were harvested and measured. (C) Representative histological sections from whole colon harvested on 
day 7 after DSS (scale bars: 200 μm; images acquired at ×10). Results of 3 independent experiments are shown as mean 
± SEM (n = 6–24 mice/group). Two-way ANOVA with post hoc Bonferroni’s t test was used to determine statistical 
weight change. Two-way ANOVA with post hoc Tukey’s multiple comparison test was used to determine statistical 
colon length change. P < 0.05.
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also significantly improved in Ent2fl/flVillinCre+ mice compared with their littermates during colitis (Figure 
6, C and D). Intestinal epithelial permeability as measured by FITC-dextran flux was reduced by 50% in 
Ent2fl/flVillinCre+ compared with littermate controls in DSS (Supplemental Figure 5). Taken together, our 
findings suggest that inhibition of  Ent2 expressed on the intestinal epithelium protects the colonic barrier 
and reduces tissue injury during acute inflammation.

Ent2–/– mice have elevated extracellular adenosine levels in the colonic lumen during acute colitis. In order to ascer-
tain whether the functional role of  Ent2 during acute inflammation involves the transport of  adenosine at 
the colonic luminal surface, colonic lavage was performed on WT (Ent2+/+) and Ent2–/– mice following acute 
colitis (Figure 7A). HPLC analysis demonstrated an approximately 3-fold increase in adenosine concentra-
tion in the colonic lavage of  Ent2–/– mice compared with WT controls during DSS colitis (Figure 7A). These 
data suggest that loss of  Ent2 results in enhanced adenosine availability at the colonic epithelial surface.

Adenosine A2B receptor signaling is protective in Ent2–/– mice. Previous studies have demonstrated a tis-
sue-protective effect of  adenosine signaling through its endogenous receptors during acute colitis (20, 27–
31, 33). Having observed enhanced mucosal levels of  adenosine in Ent2–/– mice during acute colitis (Figure 
7A), we tested the hypothesis that adenosine signaling was responsible for the amelioration of  acute colitis 
in Ent2–/– mice. In particular, the A2B receptor has been shown to be a key adenosine receptor involved 
in protecting colonic barrier function (20). Since we have seen preservation of  colonic barrier function 
in experimental colitis as a result of  the loss of  Ent2 function (Figures 2 and 4), we pursued the role of  
A2B receptor signaling in mediating tissue protection in Ent2–/– mice. For the purpose of  these studies, 

Figure 4. Deletion of Ent2 protects from inflammation and injury in DSS colitis. Matched Ent2-deficient mice 
(Ent2–/–) or WT controls (Ent2+/+, mice on a B6/129 background) were exposed to DSS. (A) Weights were obtained 
for each group of mice and are displayed as percentage of body weight on day 0. (B) Following sacrifice, colons were 
harvested and measured. (C) Mice were administered FITC-dextran by oral gavage (0.6 mg/g at 80 mg/ml) 4 hours 
prior to sacrifice on day 7. Serum was harvested at sacrifice, and fluorescence measurement was used to determine 
FITC levels. n = 5–7 mice/group from 1 independent experiment. (D) Following sacrifice on day 7, whole colonic tissue 
was snap frozen. Total RNA was extracted and RT-PCR. performed. mRNA transcript levels were calculated relative 
to β-actin and are expressed as fold change compared with DSS-treated WT mice. Data represent 5–8 mice per group 
from 1 independent experiment. (E) Representative histological sections from whole colon harvested on day 7  
after DSS (scale bars: 100 μm; images acquired at ×10). (F) Histological analysis of whole colon harvested on day 7 
after DSS provided by a pathologist blinded to the groups and the study. Unless otherwise stated, there were n = 
7–9 mice/group. presented are representative of at least 3 independently performed experiments. Graphs show data 
as the mean ± SEM. Two-way ANOVA with post hoc Bonferroni’s t test was used to determine statistical weight 
change; in all other cases, unpaired Student’s t test was used. *P < 0.5, **P < 0.001.
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Ent2–/– mice were treated with a specific A2B receptor antagonist (PSB 1115, 1 mg/kg) or vehicle during 
acute colitis (Figure 7, B–D). A2B receptor antagonism resulted in increased weight loss (Figure 7B) and 
an approximately 50% increase in histological damage in Ent2–/– mice during acute colitis compared with 
vehicle-treated controls (Figure 7, C and D). These data suggest that the protected phenotype of  Ent2–/– 
mice can be abolished via treatment with an A2B adenosine receptor antagonist. In sum, these findings 
demonstrate that elevated mucosal adenosine levels and A2B signaling events are mediating the protected 
phenotype of  Ent2–/– mice during intestinal inflammation.

Specific pharmacologic targeting of  Ent2 is tissue protective during acute colitis. Combining our insights 
from pharmacologic (Figure 2) and genetic (Figures 4–6) studies targeting Ents, we postulated that 
specific inhibition of  Ent2 could be protective in experimental colitis. To address this hypothesis, we 
next pursued studies utilizing a novel nucleoside transport inhibitor with described selectivity for ENT2 
(soluflazine; Figure 8A) (49–51). The ENT2 inhibitor or vehicle was delivered via subcutaneous osmot-
ic pump allowing for steady-state, continuous delivery of  treatment during the course of  our stud-
ies (Figure 8, B–D). Mice receiving soluflazine during DSS colitis experienced significantly decreased 
weight loss, colon shortening, and histologic injury compared with vehicle-treated controls (Figure 8, 
B–D). These studies demonstrate that specific inhibition of  the Ent2 transporter can protect the colon 
during acute inflammation.

Increased IL-10 expression and decreased neutrophil accumulation are not responsible for tissue protection fol-
lowing Ent2 deletion or inhibition. Having observed that blockade of  the A2B adenosine receptor reversed 
protection in Ent2–/– mice (Figure 7, B–D) we performed studies to investigate the role of  A2B receptor 
signaling following genetic or pharmacologic inhibition of  Ent2 in colitis. A2B receptor signaling has 

Figure 5. Loss of Ent2 results in a marked reduction in the severity of TNBS colitis. Matched Ent2-deficient mice 
(Ent2–/–) or WT controls (Ent2+/+, mice on B6/129 background) were given a TNBS (2,4,6-trinitrobenzenesulfonic acid) 
enema 7 days following skin sensitization. (A) Weights for each group of mice are presented as percentage of body 
weight on day 0. (B) Lamina propria leukocytes were isolated from mouse colon 7 days after TNBS enema. Flow cyto-
metric analysis of CD4+T-bet+ cells was performed. Left: Percentage of CD4+T-bet+ cells in the colonic lamina propria in 
each group. Right: Representative zebra plots of the percentage of CD4+T-bet+ cells in the colonic lamina propria. IgG 
served as an antibody control for antibody staining. Data represent n = 4 mice per group. (C) Representative histological 
sections from distal colon harvested on day 7 after TNBS (scale bars: 200 μm; images acquired at ×10). (D) Histological 
analysis of distal colon harvested on day 7 after TNBS enema provided by a pathologist blinded to the groups and the 
study. Results are displayed as mean ± SEM; n = 7–11 mice/group from 1 independent experiment. Two-way ANOVA 
with post hoc Bonferroni’s t test was used to determine statistical weight change; in all other cases, unpaired Stu-
dent’s t test was used. *P < 0.05
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been suggested to inhibit neutrophil migration to protect the inflamed colon in colitis (31). We mea-
sured the level of  myeloperoxidase (MPO) in the tissue of  mice following DSS exposure as a marker 
of  neutrophil content (Figure 9, A and B). We observed no significant difference in the concentration 
of  MPO in the colon in Ent2–/– mice compared with controls (Figure 9A) or following specific phar-
macologic inhibition of  Ent2 (Figure 9B). This suggests that suppression of  neutrophil migration to 
the inflamed intestine is not responsible for the tissue protection observed following genetic or phar-
macologic Ent2 inhibition. In addition, A2B receptor signaling has been implicated in inducing the 
pro-resolution cytokine IL-10 to mediate tissue protection during colitis (32). However, we observed a 
significant decrease in IL-10 protein concentration in the colon of  Ent2–/– mice compared with controls 
in DSS colitis (Figure 9C) that was mirrored in mice treated with the ENT2-specific inhibitor compared 
with vehicle during DSS (Figure 9D). These findings indicate that enhanced IL-10 expression is not 
responsible for tissue protection following genetic or pharmacologic Ent2 inhibition.

Protective effects of  specific ENT2 inhibition are abolished following intestinal epithelial Ent2 or Adora2b dele-
tion. The above studies demonstrate that utilizing an ENT2-specific inhibitor of  adenosine transport (solu-
flazine) is associated with intestinal protection during experimental colitis (Figure 8). To demonstrate in 
proof-of-principle studies that soluflazine protects during IBD via inhibition of  epithelial Ent2 and atten-
uated mucosal A2B signaling, we next attempted treatment studies in genetic models. First, we treated 
mice with intestinal epithelial deletion of  Ent2 (Ent2fl/flVillinCre+) with soluflazine. Indeed, treatment of  
Ent2fl/flVillinCre+ mice with an Ent2 inhibitor did not affect the outcome of  DSS compared with vehicle 
treatment, as measured by weight loss (Figure 10A), colon shortening or histologic injury (Supplemental 
Figure 6, A–C). This suggests that the beneficial effect of  ENT2 inhibitor treatment in colitis occurs via 
inhibition of  intestinal epithelial Ent2 function. Next we performed therapeutic studies with soluflazine  

Figure 6. Ent2 expression on the intestinal epithelium is detrimental during experimental colitis. Mice with Ent2 
deletion in the intestinal epithelium (Ent2fl/flVillinCre+) or matched WT littermates (Ent2fl/flVillinCre–) were given water or 
DSS. (A) Weights for each group are presented as percentage of bodyweight on day 0. (B) On day 7 following DSS, mice 
were sacrificed. Colons were harvested, and length was measured. (C) Histological analysis of distal colon harvested on 
day 7 after DSS. Scores were provided by a pathologist blinded to the groups and the study. (D) Representative histological 
sections from distal colon harvested on day 7 after DSS (scale bars: 200 μm; images acquired at ×10). Results are displayed 
as mean ± SEM. In A and B, results represent n = 6–32 mice/group from 3 independent experiments. In C and D, results 
represent n = 20–21 mice/group from 2 independent experiments. Two-way ANOVA with post hoc Bonferroni’s t test was 
used to determine statistical weight change. Two-way ANOVA with post hoc Tukey’s multiple comparison test was used 
to determine statistical colon length change. In all other cases, unpaired Student’s t test was used. *P < 0.05.
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in mice with deletion of  the A2B receptor on the intestinal epithelium (Adora2bfl/flVillinCre+/+) (20).  
A previous study highlighted adenosine signaling through this receptor as an endogenous mechanism for 
colonic barrier protection in experimental colitis (20). These mice were treated with the ENT2 inhibitor 
or vehicle during acute colitis (Figure 10B and Supplemental Figure 7, A–C). No difference in weight loss 
(Figure 10B), colon shortening, or histologic injury (Supplemental Figure 7, A–C) was observed between 
ENT2 inhibitor–treated and vehicle-treated animals. Taken together, these findings demonstrate that the 
therapeutic effect of  Ent2 inhibition requires Ent2 on the intestinal epithelium as a target and functions 
via enhancing A2B receptor signaling on the intestinal epithelium in colitis.

Discussion
In the present study, we examined the contribution of  adenosine transporters to the resolution of  intestinal 
inflammation, such as occurs during IBD. Initially we examined transcriptional expression of  adenosine 
transporters in intestinal biopsies obtained from IBD patients or in the colon of  mice during experimental 
colitis. These studies demonstrated repression of  ENT1/Ent1 and ENT2/Ent2 during ongoing intestinal 
inflammation. Based on previous studies showing that ENT repression may serve as an endogenous pro-
tective pathway that can be enhanced pharmacologically (37, 39, 40), we subsequently performed pharma-
cologic and genetic studies that implicate ENT2 as a suitable target for IBD treatment. Indeed, selective 
pharmacologic inhibition of  ENT2 was associated with colonic protection. Similarly, mice with global or 

Figure 7. Adenosine generation and signaling play a central role in the protective effect of Ent2 loss in experimental 
colitis. (A) Sex-, age-, and weight-matched Ent2-deficient mice (Ent2–/–) or WT controls (Ent2+/+, mice on a B6/129 back-
ground) were exposed to DSS for 6 days, followed by water for 24 hours. Colonic lavage was performed on terminally 
anesthetized mice with nucleoside preserving cocktail. Adenosine concentration in the lavage fluid was determined by 
HPLC and normalized to protein content. Results are shown as mean ± SEM, n = 6 mice/group, and are representative 
of 2 independent experiments. (B–D) Sex-, age-, and weight-matched Ent2-deficient mice (Ent2–/–, mice on a B6/129 
background) were treated with an A2B receptor–specific antagonist (PSB 1115, 1 mg/kg/mouse, oral gavage) on days –1, 
0, 2, 4, and 6 of DSS colitis. (B) Mice were weighed daily. Results are presented as percentage of bodyweight on day 0.  
(C) Histological analysis of whole colon harvested on day 7 after DSS. Scores were provided by a pathologist blinded to 
the groups and the study. (D) Representative histological sections from whole colon harvested on day 7 after DSS (Bar 
represents 100 μm; images acquired at ×10). Results are presented as mean ± SEM, n = 7–8 mice/treatment group, 
from 1 independent experiment. Two-way ANOVA with post hoc Bonferroni’s t test was used to determine statistical 
weight change; in all other cases, paired Student’s t test was used. *P < 0.05.
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mucosal Ent2 deletion were protected in models of  IBD. Additional pharmacologic and genetic studies of  
A2B signaling implicated elevated adenosine levels and A2B signaling events in the observed protection. 
Taken together, these results suggest that pharmacologic inhibition of  Ent2 on intestinal epithelia functions 
to enhance extracellular adenosine, which can engage the intestinal epithelial A2B receptor to protect the 
colonic barrier during acute colitis (Figure 10C).

Several previous studies have implicated extracellular adenosine signaling in mucosal protection during 
IBD (21). Adenosine signals via G protein–coupled receptor A1, A2A, A2B, or A3 to mediate its cellular 
response (25). Limited data suggest a protective role for A1 and A3 receptor signaling in inflammation 
(33, 52–56). In contrast, the role of  A2A and A2B receptor function during tissue inflammation is better 
understood. In a landmark study using both pharmacologic and genetic approaches, it was demonstrated 
that A2A adenosine receptors play a nonredundant role in attenuating tissue inflammation and injury in 
multiple in vivo models (57). Subsequent studies have identified that the A2A receptor is the dominant 
adenosine receptor expressed on a broad range of  immune cells and suppresses proinflammatory respons-
es of  these cells (reviewed in ref. 58). In the context of  tissue inflammation, pharmacologic and genetic 
studies reveal that the A2B receptor plays a substantial antiinflammatory role in multiple models in vivo by 
signaling on both hematopoietic and non-hematopoietic cells (25, 59). Recent studies have sought to define 
the contribution of  adenosine receptor signaling to intestinal inflammation as observed in IBD. Studies 
suggest that A2A receptor activation is a protective mechanism in IBD (27–30), in part by suppressing  
T cell cytokine production (29, 30). A2B signaling is particularly relevant to IBD, as the A2B receptor is the 
predominant receptor expressed on intestinal epithelial cells and A2B expression is upregulated in biopsies 
from IBD patients as well as in experimental colitis (32, 60). Studies using experimental models suggest 
a tissue-protective role for the A2B receptor in murine colitis via induction of  the pro-resolution cytokine 
IL-10 (32) or suppression of  neutrophil chemotaxis (31). To date, these studies demonstrate a broad antiin-
flammatory effect of  adenosine signaling using whole-body knockout of  the receptors or receptor agonist 
and/or antagonist treatments (27–29, 31–33). In order to study cell-specific effects of  A2B signaling in the 

Figure 8. Specific pharmacological inhibition of Ent2 ameliorates experimental colitis. Sex-, age-, and weight-
matched C57BL/6 WT mice were treated with soluflazine (Ent2 inhibitor, 7.7 μg/kg, Alzet pump) or vehicle 1 day prior 
to exposure to DSS. (A) Chemical structure of Ent2 inhibitor (soluflazine). (B) Each group of mice was weighed daily. 
Weights are presented as percentage of body weight on day 0. (C) Following sacrifice, colons were harvested and mea-
sured. (D) Histological analysis of whole colon from each group following DSS. Scores were provided by a pathologist 
blinded to the groups and the study. Representative histological sections from whole colon harvested on day 7 after 
DSS (scale bars: 200 μm; images acquired at ×10). Results of 2 independent experiments are presented as mean ± SEM 
(n = 2 mice/water group and n = 10 mice/DSS group). Two-way ANOVA with post hoc Bonferroni’s t test was used to 
determine statistical weight change; in all other cases, unpaired Student’s t test was used. *P < 0.05.
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context of  IBD, we recently employed tissue-specific genetic deletion of  the A2B receptor in murine colitis 
(20). These studies demonstrate that A2B receptor signaling on the intestinal epithelium promotes intes-
tinal epithelial barrier repair during colitis (20). Specifically, mice with intestinal epithelial deletion of  the 
A2B receptor experienced earlier loss of  epithelial barrier function during experimental colitis compared 
with control mice (20). Agonist treatment or genetic deletion studies showed that A2B receptor signaling 
promoted epithelial barrier repair in vitro and in vivo (20). It was demonstrated that the A2B receptor 
mediated its barrier-protective effects through cAMP -induced phosphorylation of  vasodilator-stimulated 
phosphoprotein (VASP) in intestinal epithelial cells in vitro and in vivo (20). Upon phosphorylation, VASP 
colocalizes with the tight protein zonula occludens 1 (ZO-1) to facilitate closure and repair of  intestinal 
epithelial junctions (61). Therefore, signaling via the A2B receptor at the intestinal epithelial surface during 
colitis drives phosphorylation of  VASP, which moves to the epithelial cell junctions to promote closure of  
the damaged epithelium and drive mucosal protection in IBD.

In the present study, we were interested in the expression and function of  adenosine transporters in the 
context of  IBD. Adenosine is hydrophilic, and therefore its availability at the extracellular surface is depen-
dent on specific transporters that allow movement of  adenosine across cell membranes (62). The equilibrative 
nucleoside transporters (ENT/Ent) are passive transporters that allow bidirectional movement of  adenosine 
across the cell membrane to normalize adenosine concentrations (reviewed in ref. 62). Currently, this fam-
ily comprises 4 isoforms, Ent1, Ent2, Ent3, and Ent4 (62). Ent1 and Ent2 were originally defined based on 
their sensitivity to the nucleoside transport inhibitor S-(4-nitrobenzyl)-6-thioinosine (NBTI/NBMPR) (34, 
35). Ent3 and Ent4 were discovered more recently, and less in known about their biological roles (62). There 
is a range of  nucleoside transporter inhibitors that can target Ent1 and/or Ent2 channels, and have been 
shown to prevent the clearance of  adenosine from the extracellular space and enhance adenosine signaling in 
models of  inflammation and alcohol intoxication (36–40). Our studies focused on Ent1 and Ent2 transporters 
for a number of  reasons. ENT1 and ENT2 are expressed in the gastrointestinal tract (45, 63). The presence 
of  functional Ent1 and Ent2 transporters in human intestinal epithelial cell lines has been demonstrated (39, 
64–66). As described above, Ent1 and Ent2 expression is decreased during intestinal hypoxia (38, 39) and 
lung inflammation (37, 40), with inhibition of  Ent1 and/or Ent2 activity eliciting a tissue-protective response 
in these studies. Importantly, an inhibitor targeting both Ent1 and Ent2 (dipyridamole) is used clinically as a 
vasodilator for stress echocardiography and as an inhibitor of  platelet aggregation, suggesting that Ent1 and/
or Ent2 inhibition could be safely progressed to the clinic as a therapeutic option in IBD (67, 68). In contrast, 
little is understood about the biological role of  Ent3 or Ent4, and they display low sensitivity to available 
nucleoside inhibitors, making them unattractive targets for our study (69, 70).

Figure 9. Genetic or pharmacologic Ent2 inhi-
bition does not affect neutrophil migration or 
increase IL-10 expression in DSS colitis. Matched 
Ent2-deficient mice (Ent2–/–) or WT controls 
(Ent2+/+, mice on a B6/129 background) were 
exposed to DSS (A and C), or C57BL/6 WT mice 
were treated with soluflazine (Ent2 inhibitor, 
7.7 μg/kg, Alzet pump) or vehicle 1 day prior to 
exposure to DSS for 7 days (B and D). Following 
sacrifice, colons were harvested. (A and B) Whole 
colon was homogenized and myeloperoxidase 
(MPO) activity measured by specific ELISA. (C and 
D) Whole colon was placed in cell culture media 
for 24 hours (C, ex vivo culture) or whole colon was 
homogenized (D). Media from ex vivo culture or 
tissue lysate were loaded onto a Meso Scale assay 
plate for specific detection of mouse IL-10. Data in 
A, B, and C are presented relative to tissue weight. 
Data in D are relative to protein concentration as 
determined by BCA. Data represent 7–8 mice per 
group (A), 8 mice per group (B), 7–9 mice per group 
(C), and 10 mice per group (D), from 1 independent 
experiment. Results are displayed as mean ± 
SEM. Unpaired Student’s t test was used to test 
for statistical changes. *P < 0.05.
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Consistent with other studies in inflamed tissues (37, 40), we observed a decrease in ENT1 and ENT2 
mRNA expression in mucosal biopsies from CD or UC patients, as well as in the whole colon of  mice 
during the course of  DSS colitis. Interestingly, while the decrease in ENT1 expression was not significant, 
we observed a profound decrease in ENT2 mRNA expression in CD and UC biopsies as well as in the 
whole murine colon in DSS colitis. When we studied the injured colonic mucosal layer (distal colon) in 
isolation in our murine colitis model, we observed a comparable decrease in Ent1 and Ent2 expression 
during DSS colitis compared with controls. The reason for the nonsignificant decrease in Ent1 expression 
in whole colonic samples may be the fact that Ent1 is expressed on many cell types, with Ent2 being sug-
gested to have a more restricted expression profile (71). Therefore, we hypothesize that we did not observe 
a significant loss of  Ent1 expression in our biopsy or whole-colon studies because there is a broader expres-
sion profile of  Ent1 in these tissues compared with our murine mucosal scrapings. In contrast, a previous 
study indicated that ENT1 and ENT2 expression is upregulated in IBD biopsies compared with control 
(63). However, in a previous publication, this group failed to detect ENT1 in normal human biopsies (45), 
calling into question how their findings would relate to IBD. In addition, ENT expression analysis was 
done relative to Villin-1 expression and thus does not take into account overall expression in the samples, 
which is likely to account for the differences between our studies (63). In summary, in all intestinal samples 
studied, Ent1 and Ent2 mRNA expression was decreased compared with controls during inflammation. 
Our observations correspond to other studies in which Ent1 and Ent2 expression is downregulated during 
inflammation (37, 39, 40). We have demonstrated a consistent and significant reduction in Ent2 expression 

Figure 10. Ent2 and the A2B receptor on the colonic intestinal epithelium provide a targetable signaling network to protect 
the inflamed colon. Matched mice with (A) Ent2 deletion on the intestinal epithelium (Ent2fl/flVillinCre+) or (B) A2B receptor 
deletion on the intestinal epithelium (Adora2bfl/flVillinCre+) were treated with soluflazine (Ent2 inhibitor, 7.7 μg/kg, Alzet 
pump) or vehicle 1 day prior to exposure to DSS or water. Mice were weighed, and results are presented as percentage of body 
weight on day 0. Two-way ANOVA with post hoc Bonferroni’s t test was used to determine statistical weight change. n = 6–8 
mice/group from 1 independent experiment. (C) Schematic of functional consequence of Ent2 inhibition in colitis. Intestinal 
inflammation as observed in IBD is associated with decreased intestinal epithelial Ent2 expression, which leads to increased 
extracellular adenosine that can signal through the epithelial A2B adenosine receptor to protect the mucosal barrier.
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in the colonic mucosa in IBD and murine colitis. This may suggest a more prominent or tissue-specific role 
for Ent2 during intestinal inflammation.

Our current study and evidence from others supports the concept that amplifying endogenous adenos-
ine signaling pathways may be a critical next step in controlling mucosal inflammation in IBD (26, 72–76). 
Indeed consistent with other studies (37, 39, 40), we observed that blocking the adenosine transporters Ent1 
and Ent2 using dipyridamole treatment supported mucosal barrier function and suppressed tissue injury 
in murine colitis. This provides proof  of  concept that there is a potential for off-label use of  dipyridamole 
for IBD. Our findings in mice with genetic deletion of  Ents demonstrated that Ent1 does not play a role 
in intestinal inflammation as observed in IBD. However, genetic deletion or pharmacologic inhibition of  
Ent2 revealed that Ent2 inhibition plays a prominent role in protecting the mucosal barrier in IBD. Given 
that Ent1 and Ent2 function to clear adenosine from the extracellular space, it may be surprising that Ent1 
deletion had no effect in our studies. However, this could be explained by the fact that Ent1 has been shown 
to be ubiquitously expressed to high levels in many cell types and tissues of  the body, with the expression 
profile of  Ent2 being more limited (71). Indeed studies suggest that Ent2 may be expressed to an even 
greater degree in the colon than Ent1 (39, 45). Therefore, use of  dipyridamole may be undesirable due 
to nonspecific effects on Ents, which could result in inhibition of  platelet function or even hypotension. 
Given the possible off-target effects of  a nonspecific Ent inhibitor and having demonstrated a specific role 
for genetic deletion of  Ent2 in supporting mucosal barrier function during murine colitis, we propose that 
directly targeting ENT2 may be a highly specific therapeutic approach in IBD. We identified a compound 
known as soluflazine that has been demonstrated to have 20- to 100-fold increased specificity for ENT2 
relative to ENT1 in vitro (49–51). In vivo studies demonstrate that soluflazine is efficacious via increasing 
extracellular adenosine (77). Continuous delivery of  soluflazine mimicked the protective effect observed 
with dipyridamole treatment in murine colitis. However, soluflazine treatment was not as effective as genet-
ic deletion of  Ent2. This may be due to issues of  concentration or bioavailability of  the drug. Future studies 
in animal models would need to focus on dose and route of  administration to determine the potential effi-
cacy of  soluflazine as a clinical agent.

Our current findings using genetic and pharmacologic approaches illustrate a specific role for Ent2 
inhibition in protecting the colonic barrier in murine colitis. We have demonstrated that enhanced extra-
cellular adenosine signaling via the A2B receptor is responsible for the tissue protection observed in Ent2–/– 
mice. We investigated pathways known to be mediated by A2B signaling, including IL-10 production and 
suppression of  neutrophil migration, to assess their role in tissue protection mediated by Ent2 genetic or 
pharmacologic inhibition. We observed a nonsignificant trend toward a decrease in MPO in Ent2–/– mice, 
suggesting that specific inhibition of  neutrophil migration was not responsible for tissue protection in these 
mice. We observed a significant decrease in IL-10 expression following genetic or pharmacologic Ent2 
inhibition, indicating that an A2B-mediated increase in IL-10 was not responsible for the tissue protection 
observed. Indeed, this significant reduction in IL-10 expression correlates with decreases in other tissue 
cytokines measured (Figure 4D), suggesting a nonspecific decrease in tissue inflammation in Ent2–/– mice. 
To further explore the role of  A2B receptor signaling, we used mice with intestinal epithelium–specific 
deletion of  the A2B receptor. Recent studies highlight a colonic barrier–protective role for the intestinal 
epithelial A2B receptor in colitis (20). Selective Ent2 inhibitor treatment of  mice with intestinal epithelial 
deletion of  the A2B receptor was ineffective. Therefore, we propose that Ent2 inhibition enhances extracel-
lular adenosine, which signals through the epithelial A2B receptor to protect the colonic barrier.

Our study has addressed the tissue-specific role of  Ent2 in colitis using mice with intestinal epithelial 
Ent2 deletion (Ent2fl/flVillinCre+). We observed marked improvement in the outcome of  DSS colitis in 
Ent2fl/flVillinCre+ mice compared with controls, suggesting a significant protective role for intestinal epi-
thelial Ent2 in the inflamed colon. However, the protective effect of  intestinal epithelial deletion of  Ent2 
was not as pronounced as that observed in mice with whole-body Ent2 knockout during colitis. Fur-
thermore, barrier permeability studies failed to demonstrate a significant difference in epithelial barrier 
permeability in Ent2fl/flVillinCre+ mice compared with controls during DSS, which had been observed in 
whole-body knockouts. These data could be explained by the fact that the strains of  mice are on different 
genetic backgrounds, with potentially different susceptibilities to DSS. It may also suggest that there is 
a role for Ent2 expression on other cell types during colitis that we cannot rule out. Furthermore, Ent2 
inhibition may play a role in dampening tissue inflammation through a mechanism that does not involve 
protecting barrier permeability that has yet to be identified. However, the fact that the ENT2 specific 
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inhibitor was ineffective in Ent2fl/flVillinCre+ mice supports our findings that intestinal epithelial Ent2 
plays a key role in protecting the colonic barrier in colitis.

In summary, our studies in mice with intestinal epithelium–specific deletion of  Ent2 and the A2B 
receptor demonstrate a significant effect of  intestinal epithelial Ent2 inhibition and A2B receptor signaling 
in protecting the colonic mucosal barrier. Therefore, we suggest that a coordinated network of  adenosine 
transport and signaling between Ent2 and the A2B receptor exists at the epithelial surface that can be phar-
macologically targeted for therapeutic benefit in colitis (Figure 10C).

Methods
Study design. This study was designed to investigate the role of  equilibrative nucleoside transporters in IBD. 
To do this, we used mice with genetic deletion of  Ent1 and Ent2 as well as mice with intestinal epithelial 
deletion of  Ent2 or the A2B receptor (described below in Experimental animals). Mice were age, weight, and 
sex matched prior to commencement of  our studies. Mice between the ages of  8 and 14 weeks were used, 
and both male and female mice were used. Based on previous experience, a minimum of  5 mice per colitis 
group were used per study, and studies were repeated up to 3 times, as indicated in individual figure legends 
(20, 31). Mice were numbered at sample collection to blind researchers to the study and processed in sub-
sequent analysis as numbered samples only. The pathologist was provided with numbered slides and was 
blinded to the study and the experimental groups.

Experimental animals. All experimental animals were bred and housed at the University of  Colo-
rado Anschutz Medical Campus. C57BL/6 mice were purchased from the Jackson Laboratory and 
bred in-house. C57BL/6 mice were used in expression and therapeutic studies and also served as WT 
controls for Ent1–/– mice. Mice with whole-body Ent1 deletion (Ent1–/–) were donated by Doo-Sup Choi 
(36). Ent2–/– mice and their B6/129 control strain were purchased from Taconic. Ent2 flox mice were 
generated by Ozgene. The flox strategy involved flanking exon 2 of  Ent2 with loxP sites to achieve gene 
deletion by Cre-mediated recombination (see Supplemental Data and Supplemental Figure 3). These 
mice were bred with VillinCre mice (B6.Cg-Tg[Vil-cre]997Gum/J, The Jackson Laboratory) to achieve 
mice with intestinal epithelium–specific deletion of  Ent2. At least 3 rounds of  backcrossing were per-
formed to generate homozygous flox Cre-positive (Ent2fl/flVillinCre+) mice. Homozygous flox Cre-neg-
ative littermates were used as controls for our studies (Ent2fl/flVillinCre–). Genotyping PCR performed 
on tails was used to determine Cre and flox expression as well as ensure specific deletion of  the floxed 
area of  Ent2 by testing for null PCR (GeneTyper; Supplemental Figure 8). Mice with intestinal epithe-
lium-specific deletion of  the A2B receptor (Adora2bfl/flVillinCre+/+) were previously described (20). All 
mice were bred and housed in standard conditions.

DSS colitis and pharmacological treatments. DSS (36,000–50,000 MW, MP Biomedicals) was added to 
mouse drinking water (3%–4%), followed by monitoring of  mice over 7 days, as previously described 
(31). The ENT inhibitor dipyridamole (5 mg/kg, Sigma-Aldrich) or vehicle (2% DMSO, 10% ethanol, 
88% corn oil) was administered by i.p. injection 2–3 times daily from 1 day prior to DSS exposure to 
day 6 of  DSS. A2B receptor antagonist (PSB 1115: 1 mg/kg, Tocris Bioscience) or vehicle (sterile water) 
was administered by oral gavage 1 day prior to DSS and once on days 0, 2, 4, and 6 of  DSS. Ent2 inhibi-
tor (soluflazine, 7.7 μg/kg; supplied by Janssen Pharmaceuticals) or vehicle (sterile water) was delivered 
by subcutaneous osmotic pump (Alzet) implanted 1 day prior to DSS. Mice were weighed daily, and 
changes in weight were calculated relative to initial body weight. On completion of  DSS treatment, 
mice were euthanized and colons harvested for measurement and processing. Whole colons were fixed 
in 10% buffered formalin, paraffin embedded, and stained with H&E. For expression studies, strips of  
whole colon or scrapings from the proximal or distal colon were snap frozen in liquid nitrogen. Histo-
logical scoring was performed by a board-certified pathologist blinded to the study using the following 
scoring system, as previously described (20). The inflammation index gives 0 points for no lamina 
propria inflammation, 1 point for increased lamina propria inflammatory cells, 2 points for confluence 
of  inflammatory cells extending into the submucosa, and 3 points for transmural inflammation. The 
injury index gives 0 points for no crypt damage, 1 point for partial (up to 50%) crypt drop-out, 2 points 
for partial to complete (50%–100%) crypt drop-out, and 3 points for complete (100%) crypt drop-out. 
The score from each category is then multiplied by 1 for 1%–25% of  intestinal length involved, 2 for 
25%–50% of  intestinal length involved, 3 for 50%–75% of  intestinal length involved, or 4 for 75%–100% 
of  intestinal length involved. It is also noted whether the section is from the proximal or distal colon. 
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The resulting products for each category are then added for an overall score of  0–24. The total histolog-
ical index encompasses both injury and inflammation scores as described above. Representative images 
were selected based on histologic scores. Images were acquired at ×10 using an Olympus BX51 with an 
Olympus DP72 camera and cellSens imaging software (version 1.6).

TNBS colitis. TNBS colitis involves skin sensitization of  mice with the haptenating agent TNBS 1 week 
prior to single rectal administration to mice of  TNBS in ethanol (46). When TNBS couples with proteins 
with high molecular weight, it presents them as immunogenic to the host immune system (47). Mice were 
sensitized by epicutaneous application of  TNBS (1% in 100% ethanol, Sigma-Aldrich) or vehicle (100% 
ethanol) 1 week prior to rectal instillation of  TNBS (5% in 40% ethanol) or vehicle (40% ethanol), as pre-
viously described (46). Weight changes in mice were monitored for 1 week, and tissue was collected and 
processed as described for DSS colitis.

Intestinal permeability. FITC-labeled dextran (4 kDa, Sigma-Aldrich) was administered to mice by oral 
gavage (0.6 mg/g) as previously described (31). Blood was collected 3–4 hours later and plasma separated. 
FITC levels were measured at 485 nm using a BioTek Synergy 2 and calculated using a standard curve of  
the gavaged FITC-dextran solution.

RT-PCR. A cDNA array plate of  human control, CD, and UC biopsies (Origene) was probed with spe-
cific human ENT1, ENT2, and β-actin primers (QuantiTect primer assays, QIAGEN) in an RT-PCR protocol 
using Sybr Green (PowerSybr, Applied Biosystems). For murine studies, RNA isolation, cDNA synthesis, and 
RT-PCR from flash-frozen whole colonic tissue or mucosal scrapings were performed as previously described 
(31). Sybr Green–based (PowerSybr, Applied Biosystems) RT-PCR assays were performed for IL-6, IL-1β, 
IFNγ, Ent1, Ent2, Ent3, Ent4, and the internal control β-actin (QuantiTect primer assays, QIAGEN). In some 
instances TaqMan RT-PCR assays were also performed for Ent1, Ent2, Ent3, Ent4, Adora1, Adora2a, Adora2b, 
Adora3, and the internal control 18s (Applied Biosystems, Thermo Fisher Scientific). The 2–ΔΔCt method was 
used to calculate relative changes in gene expression based on the internal control.

Flow cytometry. Lamina propria leukocytes were harvested as previously described (31, 78). Briefly, 
following removal of  intraepithelial lymphocytes and epithelial cells, whole colonic tissue was collagenase 
digested and cell viability assessed prior to staining. Cells were incubated with a fluorescent viability dye 
(LIVE/DEAD, Invitrogen) and fluorescent antibodies against CD45.2 (clone 30.F11, eBioscience), CD4 
(clone RM4-5, eBioscience), and T-bet (clone 4B10, BD Biosciences). Stained cells were analyzed using the 
FACSCanto II system. Post-analyses were performed using FlowJo software. Percentage of  live total cells 
of  each population were calculated.

Adenosine measurement. Following DSS exposure mice, were terminally anesthetized and colons 
exposed by blunt dissection. The proximal colon was ligated at the cecal junction and the colonic lumen 
flushed with a nucleoside preserving cocktail (10 μM dipyridamole, 10 μM adenosine 5′-[α,β- methy-
lene] diphosphate, and 10 μM 5′-deoxycoformycin). Samples were pelleted, and the concentration of  
adenosine was measured by HPLC. The protein concentration in the sample was determined by Brad-
ford assay (Thermo Fisher Scientific). Data are displayed as adenosine concentration normalized to 
protein content of  the sample.

MPO assay. Flash-frozen whole colonic tissue collected from DSS-treated mice was weighed and 
homogenized using a hand-held tissue homogenizer (Tissue Master 125, Omni International) in MPO lysis 
buffer as per the manufacturer’s instructions (Mouse MPO Kit, Hycult Biotech). MPO activity was deter-
mined in the samples according to the kit instructions. Absorbance at 450 nm was determined using BioTek 
Synergy 2. MPO concentration in each sample was determined from the provided standard curve and was 
normalized to the weight of  tissue.

Meso Scale assay. Following DSS colitis, flash-frozen whole colon was homogenized in Tris lysis buf-
fer containing protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific), using a hand-held 
tissue homogenizer. Alternatively, a small piece of  fresh colonic tissue (approx 1 cm2) was incubated in 1 
ml RPMI (Invitrogen, ex vivo culture). After overnight incubation, tissue and media were frozen at –80°C. 
IL-10 concentration was determined in tissue lysate or in ex vivo culture media using the V-Plex Mouse 
IL-10 Kit (Meso Scale Discovery) as per the manufacturer’s instructions. Cytokine concentrations were 
determined using a Sector Imager 2400 (Meso Scale Discovery). Total protein concentration in the tissue 
lysate was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific). Cytokine concentra-
tions in tissue homogenates were normalized to total protein. Cytokine concentrations in media from ex 
vivo cultures were normalized to mass of  tissue used in culture.
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Statistics. Data analysis was performed using GraphPad Prism Analysis software (version 6.0). Statisti-
cal changes in weight loss between groups was assessed by 2-way ANOVA with post hoc Bonferroni’s t test. 
For mRNA expression studies, 1-way ANOVA with post hoc Dunnett’s test was performed. For studies 
comparing more than 1 group, 2-way ANOVA with post hoc Tukey’s multiple-comparisons test was used. 
Otherwise, statistical significance was determined by unpaired 2-tailed Student’s t test. Data are displayed 
as mean ± SEM. Statistical significance was set at P < 0.05. Measurements were considered to be outliers 
if  they were greater than 3 SDs from the mean and were identified by the Grubbs’ test (79). These observa-
tions were investigated further to ensure correct data collection, processing, and handling of  the samples.

Study approval. All experiments were performed in accordance with protocols approved by the Univer-
sity of  Colorado Denver Institutional Animal Care and Use Committee, reference numbers B97511(10)1D, 
B97513(10)1D, and B97516(10)1E.
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