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Aims: To investigate the growth and differentiation of intestinal stem cells on a 
novel tubular scaffold in vitro and in vivo. Materials & methods: Intestinal progenitor 
cells from mice or humans were cultured with myofibroblasts, macrophages and/or 
bacteria, and evaluated in mice via omental implantation. Mucosal regeneration was 
evaluated in dogs after rectal mucosectomy followed by scaffold implantation. Results: 
Intestinal progenitor cells differentiated into crypt-villi structures on the scaffold. 
Differentiation and scaffold coverage was enhanced by coculture with myofibroblasts, 
macrophages and probiotic bacteria, while the implanted scaffolds enhanced 
mucosal regeneration in the dog rectum. Conclusion: Intestinal stem cell growth and 
differentiation on a novel tubular scaffold is enhanced through addition of cellular 
and microbial components, as validated in mice and dogs.
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Significant challenges exist in the develop-
ment of an engineered small intestine [1–4]. 
These include coordinating the differentia-
tion of various epithelial cell types that must 
line its surface, and the need to create a struc-
ture that has an adequate absorptive surface 
area [5]. Previous investigators have demon-
strated the successful ability to grow intesti-
nal progenitor cells into structures that bear 
similarities to the intestinal mucosa using flat 
scaffolds or Matrigel [1,2,6–8], suggesting the 
possibility that the development of a scaffold 
with an adequate surface area for absorption 
may provide additional benefit. We have 
developed a serial mold fabrication technique 
to create a 3D tubular scaffold that matches 
the intricate topography of the small intes-
tine, and which has significant absorptive 
capacity in vitro [9], and have now tested the 
ability of this tubular scaffold to support the 
growth of intestinal progenitor cells isolated 
from mouse and human intestine. We now 

demonstrate that this novel in vivo bioreactor 
system can form an intact epithelial lining in 
vitro and in vivo that bears remarkable simi-
larities to the native intestine. In order to fur-
ther understand the steps required for opti-
mization of the growth and differentiation 
of intestinal stem cells on this novel scaffold, 
we now test the hypothesis that the addition 
of various cellular components of the intes-
tinal stem cell niche, namely macrophages 
and myofibroblasts, will enhance the growth 
and differentiation of intestinal progenitor 
cells upon it. Finally, we evaluate the ability 
of this 3D scaffold to support the growth of 
intestinal progenitor cells in both a murine 
model and a dog model. Taken together, 
the current findings provide evidence that a 
novel tubular scaffold with topologic prop-
erties that mimic the native small intestine 
can be optimized to support the growth and 
differentiation of intestinal progenitor cells 
when important cellular components that are 
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normally present in the intestinal stem cell niche are 
incorporated.

Materials & methods
Reagents, antibodies & animals
Lactobacillus rhamnosus was from ATCC (VA, USA; 
Strain:GG, ATCC#53103). E. coli (strain DH5a) 
was obtained from ATCC and was heat-inactivated 
at 68°C for 45 min as described [10]. The sources of 
the antibodies used in this study include: Invitrogen: 
chromogranin A, F4/80, α-smooth muscle actin, 
desmin, green fluorescent protein; Abcam: Ki‐67, 
CD146, anti-Mac; Santa Cruz: lysozyme, Muc-II, 
proliferating cell nuclear antigen (PCNA), sucrose-
isomaltase; Dako: von Willebrand Factor; Thermo 
Scientific: MPO; Sigma: DHE; Millipore: Anti-NG2; 
Roche: TUNEL kit. The epithelial marker E-cadherin 
(Invitrogen) was used as a reliable surrogate marker for 
enterocytes and has shown to be required for intestinal 
morphogenesis [11].

All mouse experiments performed at the Univer-
sity of Pittsburgh were approved by the University 
of Pittsburgh via Protocol #12070649 and Protocol 
#12040382. All mouse experiments performed at 
Johns Hopkins University were approved via Protocol 
#MO14M362. All dog studies were performed at the 
University of Pittsburgh via Protocol #13011355.

C57BL-6, NOD/SCID γ-chain-deficient mice, Lgr5‐
EGFP-IRES-creERT2, Gt(ROSA)26Sortm4(ACTB-
tdTomato,-EGFP)-Luo reporter (mT/mG) mice were 
from Jackson Research Laboratory. Generation of Lgr5 
lineage tracing reporter mice (Lgr5Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP) was reported previously [12].
Primary intestinal crypt cultures (enteroids) were 

isolated and maintained in culture on Matrigel 
according to the methods of Sato et al. Following 
isolation, crypts were counted and added to Matrigel 
at 500 crypts/50 μl. Intestinal subepithelial myofi-
broblasts (ISMF) were isolated according to the tech-
nique of Lahar et al. [8]. Bone marrow macrophages 
were isolated from the femur and tibia of 14-day-old 
C57Bl/6 mice, cultured them in 15-cm dishes in 
RPMI 1640 supplemented with 10% heat-inactivated 
fetal bovine serum, 100 U/ml penicillin, 100 μg/ml 
streptomycin, 2 mM L-glutamine, 10 mM Hepes (all 
Gibco, Invitrogen) and 15% L‐929 cell-conditioned 
medium (LCM) containing M-CSF for 8 days, then 
induced their differentiation toward an intestinal M2 
phenotype by treating for 24 h with IL-4 (20 ng/ml, 
Peprotech) and IL-10 (10 ng/ml, R&D Systems). 
Flow cytometry was then performed to assure the 
intestinal (M2) phenotype using markers for CD206 
and CD163 [13]. Cocultured enteroids with niche 
components performed on three separate experi-

ments with at least ten different enteroids evaluated 
per experimental group.

Enteroid & niche component seeding on a 
polylactic-glycolic acid scaffold
Polylactic-glycolic acid (PLGA)-rich synthetic scaf-
folds were prepared according to our recently described 
study [9,14], sterilized with 70% ethanol for 24 h, then 
coated with Matrigel (BD Biosciences, CA, USA), 
diluted 1 to 10 in crypt cell media, followed by polym-
erization at 37°C for 45 min. Polymer design was aided 
first by statistical software (Stat-Ease Inc., MN, USA), 
which allowed for comparisons of different formulations 
in silico, and gave us a basis for the rational design and 
selection of the materials. In keeping with the architec-
ture of the native mouse intestine, the height from the 
base to the villus tip was 500 microns with a thickness of 
100 microns at the base. To select pore size, we measured 
the overall porosity of the scaffolds using an ethanol dis-
placement method. To evaluate the effects of prolonged 
culture in a fluidic environment, the scaffolds were 
placed in media for 4 weeks to further evaluate poros-
ity and evaluation of surface architecture using scanning 
electron microscopy. Intestinal crypt suspensions were 
then seeded onto the 3D scaffolds for 3 h at 37°C. Unat-
tached crypts were then removed by washing, and sam-
ples were incubated with crypt culture growth media 
containing added growth factors (500 ng/ml Rspondin, 
200 ng/ml WNT3a, 200 ng/ml Noggin and 50 ng/ml 
EGF, all from Invitrogen). Crypts were then cultured 
for 7 days on the scaffolds and assessed by upright con-
focal microscopy. For coculturing, the enteroids with 
niche components (n = 6/group), 102 cfu/ml live bac-
teria or 105 cfu/ml for heat-killed bacteria and 104/ml 
for myofibroblasts and M2 macrophages added in the 
culture 24 h after initiation of the enteroid culture on 
the apical side of the scaffold. Microbial cultures were 
stopped following 3 days of coculture to prevent bac-
terial overgrowth, whereas myofibroblasts and macro-
phages were cocultured for 5 days prior to being stopped 
for i mmunohistochemistry.

Implantation of enteroid-seeded tubularized 
PLGA scaffold into the omentum of mice
PLGA scaffolds on which enteroids had been seeded 
for 5 days were tubularized, then implanted into the 
omentum of immune-deficient NOD/SCID mice 
under isofluorane anesthesia through a mid-line lapa-
rotomy. The omentum was delivered and used to wrap 
the enteroid-loaded tubularized 3D scaffold which was 
then secured using a 5–0 monofilament suture placed 
around the omentum and scaffold itself. The omen-
tum was then replaced within the abdomen and the 
incision was closed in layers with 4–0 vicryl sutures, 
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and the implanted scaffold with the attached cells was 
incubated in the host animal for 14, 28 or 35 days.

Growth of enteroids from human intestine
All human tissues were obtained with approval from 
the University of Pittsburgh Institutional Review 
Board and in accordance with the University of Pitts-
burgh anatomical tissue procurement guidelines. 
Intestinal samples and stool were obtained from 
human neonates undergoing resection for necrotizing 
enterocolitis (NEC) – a severe disorder that causes the 
destruction of the intestine in premature infants. Con-
trol intestinal tissue was obtained from infants under-
going surgery at the time of stoma closure as previously 
described [15]. Intestinal stem cells were then harvested 
and grown in Matrigel or on the scaffold in the same 
manner as the mouse cells.

PCR from human enteroids
Human enteroids from normal and diseased intestine 
were isolated and cultured in Matrigel (BD Biosci-
ences, CA, USA) on 24-well plate for 3–6 days fol-
lowed by addition of 0.5 ml Trizol reagent to each well 
to isolate total RNA according to manufacture’s pro-
tocol. PCR was performed using the following prim-
ers: GAPDH, human, 5́ ‐TCTCCTCTGACTTCA-
ACAGCGACA‐3´ (forward) and 
5´‐CCCTGTTGCTGTAGCCA A ATTCGT‐3´ 
(reverse); PCNA, human, 5́ GAAGCACCA 
AACCAGGAGAA‐3´ (forward), 5́ ‐TCTCG 
GCATATACGTGCAAA‐3´ (reverse); LGR5, human, 
5́ ‐ACCTGAAAGCCCTTCATTCA‐3´ (forward), 
5́ ‐TGCTATGGTCC ACACTCCAA‐3´ (reverse); 
lysozyme, human, 5́ CCTGCAGTGCTTTGCT-
GCAAGAT A‐3´ (forward), 5́ ‐TCTCCATGC-
CACCCATGCTCTAAT‐3´ (reverse); muc2, human, 
5´‐AGGTGCTGATC A AGACCGTGC ATA‐3´ 
(forward), 5́ ‐ATGTCCACCACGTAGT TGAT-
GCCA‐3´ (reverse); chromogranin A, human, 5́ ‐
GAGGAGGGCAGCGCAAAC CG‐3´ (forward), 
5́ ‐GGTGTCTCAGCCCCGCCGTA‐3´ (reverse).

Implantation of tubularized PLGA scaffold into 
the intestine of dogs after mucosectomy
In order to assess the ability of the scaffold to support 
intestinal mucosal growth in a large animal model as 
a potential precursor to future use in humans, tubu-
larized 3D scaffolds without seeding of enteroids were 
implanted into mongrel dogs (weight: 18–25 kg). The 
mucosa of the rectum and distal sigmoid colon was 
first removed using a transanal approach. This pro-
vided a platform for the implantation of the tubular-
ized scaffold, and also provided access for repeated 
evaluation of the implanted scaffold using colonos-

copy. Under general anesthesia, each dog was placed 
in the supine position and after aseptic preparation of 
the anus and rectum, a mucosectomy was performed 
using blunt and sharp dissection for a distance of 4 cm 
using electrocautery to achieve hemostasis. In control 
animals (n = 2), mucosectomy was performed with-
out implantation of the scaffold. In the experimental 
group (n = 2), a 4-cm length of 3D tubularized scaf-
fold was implanted into the mucosal defect using fine 
vicryl sutures. Dogs were then closely monitored for 
weight loss, bloody stools and rectal bleeding and 
underwent colonoscopy at 2, 4, 6 and 8 weeks postop-
eratively with imaging, biopsy and visual evaluation of 
the rectal mucosa, from the distal anus to proximal to 
the most proximal suture line. At the time of necropsy, 
the entire distal colon was resected en bloc including 
the anus, the rectum along with the entire length of 
the mucosectomy defect marked by proximal and dis-
tal nonabsorbable sutures. The tissue was then serially 
sectioned to encompass the mucosa proximal and dis-
tal to the mucosectomy site, with careful attention to 
maintaining proper circumferential and axial orienta-
tion. These steps significantly minimized any potential 
effect that the sampling error could cause.

Statistical analysis
Data for quantification were obtained by counting 
of positively stained cells identified by Metamorph 
software (Molecular Devices Corp) using imaging 
algorithms and computer learning to identify positive 
cells. Manual confirmation of positive staining was 
confirmed prior to analysis, and quantification was 
expressed as a percentage of positive cells compared 
with all nucleated cells by investigators blinded to the 
study group. All experiments were repeated at least 
in triplicate with more than 100 cells/high power 
field. For determination of the volume and surface 
area of the enteroids and villi, Z-stacks of each image 
were obtained via confocal microscopy, and analyzed 
using ImageJ using the 3D object counter plugin. 
Color thresholds were then set for measurement of 
each cell based upon total cellular fluorescence before 
the analysis and the volume and surface area were 
determined using an average of the number of colors 
incorporated into the immunostaining. For enteroids 
cultured on scaffold, the volume and surface area 
were also determined by the number of villi appear-
ing in each field of view; five fields were counted in 
each group. For in vivo studies, omental implanta-
tion occurred in ten mice/groups per time point. 
Dog mucosectomy occurred with  two dogs per 
group. Statistical analysis was performed using Stata 
13.0 software. Statistical analysis included mean and 
standard deviation, using a two-tailed unpaired stu-
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Figure 1. The coculture of mouse-derived enteroids with intestinal myofibroblasts and M2 macrophages 
enhances their growth and differentiation in matrigel. (A) Representative confocal images of control intestinal 
enteroids (Ai & Bi) derived from mouse ileum stained for the goblet cell marker muc–2, the enterocyte marker 
E-cadherin (E-cad), the paneth cell marker lysozyme and the nuclear marker DAPI. (Continued on facing page).
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Figure 1. The coculture of mouse-derived enteroids with intestinal myofibroblasts and M2 macrophages 
enhances their growth and differentiation in matrigel (cont.). Slides were also stained for the fibroblast marker 
smooth muscle actin (SMA) and the macrophage marker F480. Enteroids were cultured along with macrophages 
(Aii & Bii), intestinal subepithelial myofibroblasts (Aiii & Biii) and both intestinal myofibroblast and macrophages 
(Aiv & Biv). (C) Quantification of the total number of cells (i), and the percentage of goblet cells (ii) or paneth 
cells (iii). (Di–ii) Quantification of volume (i) and surface area (ii) of the enteroids within the indicated groups. 
*Denotes significant difference between control and experimental group (p < 0.05); representative of three 
separate experiments with at least five enteroids/group. Data show all individual data points with average. 
Size bar = 100 μm.
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dent’s t-test for evaluation of two groups, ANOVA for 
greater than two groups.  Statistical significance was 
defined as p < 0.05.

Results
Effect of the addition of cellular & bacterial 
components on the growth & differentiation 
of enteroids
We first sought to define the contribution of stem cell 
niche components on the growth and differentia-
tion of enteroids, both in vitro and in vivo. As shown 
in Figure 1, under control conditions, intestinal crypts 
grew and developed into highly organized structures 
containing cells that expressed markers of enterocytes 
(E-cadherin), goblet cells (Muc2) and paneth cells 
(lysozyme). Interestingly, adding the stem cell niche 
components macrophages or intestinal myofibro-
blasts [8,16,17] to the crypt cultures significantly altered 
the general appearance of the cultures, which sig-
nificantly increased in size (volume and surface area) 
(Figure 1Aii–iv, Bii–iv, Ci & Di), yet which were not found 
to act synergistically (Figure 1Aiv, Biv, Ci–iii & Di–ii). Given 
that intestinal crypts grow and differentiate within an 
environment that is rich in microbes, we next assessed the 
effects of clinically relevant bacterial cultures on crypt 
growth and differentiation. As shown in Figure 2, there 
was no effect on the rate of enterocyte proliferation – as 
measured by the expression of Ki-67 – after the addition 
of live or heat-killed E. coli or after the addition of stool 
obtained from an infant with NEC (Figure 2Ai–iv & Bi). 
By contrast, the addition of pure cultures of the probi-
otic bacteria L. rhamnosus caused a striking increase in 
enteroid proliferation (Figure 2Aiv & Bi). The addition of 
either live E. coli (Figure 2Avii & xii) or heat-killed E. coli 
(Figure 2Aviii & Axiii) or the addition of stool from an 
infant with NEC (Figure 2Ax & Axv) had subtle effects 
on enteroid differentiation (Figure 2Bii & Biii). These 
effects were characterized by a reduction in goblet cells 
for E. coli and a significant increase in goblet cells in the 
presence of stool from patients with NEC. Strikingly, 
the addition of L. rhamnosus significantly increased the 
degree of paneth cell differentiation (Figure 2Axiv & Biii).
Based upon the above studies, we next sought to evalu-
ate whether intestinal stem cells isolated from human 
tissue could grow and differentiate into enteroids, and 
to assess the expression of clinically relevant genes that 

a differentiated intestine would be expected to express. 
To do so, we obtained intestinal resection samples from 
infants either under control conditions (Figure 3A), or 
as part of the surgical treatment of NEC (Figure 3C), 
and assessed for their ability to grow and differenti-
ate on Matrigel. Samples from five individual patients 
were analyzed. As shown in Figure 3, enteroids that 
were harvested from control human tissue were found 
to differentiate into goblet cells (Figure 3Aii), paneth 
cells (Figure 3Aiii) and enteroendocrine (Figure 3Aiv) 
cells, which was confirmed via PCR for cell-specific 
markers, including the proliferation gene PCNA, the 
intestinal stem cell gene LGR5 [18], the paneth cell 
gene lysozyme [19,20], the goblet cell gene MUC2 [21] 
and the enteroendocrine gene chromogranin A [22] 
(Figure 3B). Importantly, the enteroids that were grown 
from tissue obtained from infants undergoing surgery 
for NEC displayed the development of enteroids that 
were smaller and more spherical, but were capable of 
differentiation into all relevant intestinal cell-type lin-
eages (Figure 3C), and to express relevant intestinal-spe-
cific genes (Figure 3D). Taken together, these findings 
illustrate that mouse and human enteroids can grow 
and differentiate in vitro, and lay the groundwork for 
cultures on a clinically relevant biological scaffold.

Growth & differentiation of mouse-derived 
intestinal progenitor cells on a novel 3D 
scaffold in vitro
We have now developed a novel scaffold that bears the 
3D shape and surface area that is similar to the native 
small intestine including the presence of villi [9,14]. In 
order to extend the above findings to a physiologically 
relevant in vivo model, we next sought to determine 
whether this novel scaffold could support the growth 
of mouse-derived intestinal progenitor cells, and if so, 
to determine the effects of niche components or bac-
terial cultures on intestinal growth and differentiation. 
As shown in Figure 4A–C, after 7 days of culture, intes-
tinal crypt cultures (enteroids) were observed to cover 
the entire synthetic villus from the base to the tip as 
revealed by scanning electron microscopy (Figure 4Ai). 
The intestinal progenitor cells were observed not only to 
cover the villi but to also differentiate into goblet cells 
(Figure 4Aii) and paneth cells (Figure 4Aiii). For contex-
tual purposes, a schematic of the surface of the scaffold 
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Figure 2. The effects of the addition of E. coli, the probiotic bacterium Lactobacillus, or stool from an infant with necrotizing 
enterocolitis on the growth and differentiation of enteroid cultures in matrigel. (A) Representative confocal images of enteroids 
derived from mouse intestine that were cultured for 4 days under control conditions (Ai, vi, xi) or with the addition of live E. coli (Aii, 
vii, xii), heat-killed E. coli(Aiii, viii, xiii), Lactobacillus (Aiv, ix, xiv) or stool from an infant with necrotizing enterocolitis (Av, x, xv) 
after 3 days of culture. As shown, slides were stained for the proliferation marker Ki67 (Ai–v), the goblet cell marker Muc2 (Avi–x) 
or the paneth cell marker lysozyme (Axi–xv). (B) Quantification of Ki-67+ve cells (i), goblet cells (ii) and paneth cells (iii) in indicated 
groups. *Denotes significant difference between the control and experimental group (p < 0.05). Graphs representative of three 
separate experiments with at least five enteroids per group. Data mean + SEM. Scale bars as listed on imaging.
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Figure 3. Growth and differentiation enteroids derived from normal and diseased human intestine. (Ai & Ci) 
Representative micrographs of enteroid isolated from healthy (Ai) neonatal small intestine at the time of 
ostomy closure and from the intestine removed from an infant with necrotizing enterocolitis (NEC) (Ci). (Aii–iv, 
Cii–iv) Representative confocal micrographs of enteroids stained for muc2 (Aii & Cii), lysozyme (Aiii & Ciii) and 
chromogranin A (Aiv, Civ) under the indicated conditions. Representative of over 50 similar enteroids from 
three independent patient samples per group. (B & D) rt-PCR performed for expression of the proliferation 
marker (PCNA), intestinal stem cells (LGR5), goblet cells(muc–2), paneth cells (lysozyme), enteroendocrine cells 
(chromogranin A) and housekeeping gene (GAPDH) in tissue obtained from control patients (B) or patients with 
NEC (D).
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on which the intestinal cells are growing is shown, in 
which the dimensions are indicated (Figure 4Aiv). It is 
noteworthy that the addition of either intestinal myo-
fibroblasts (Figure 4Bii) or macrophages (Figure 4Biii), 
or the combination of the two (Figure 4Biv) increased 
the growth of enteroids on the scaffolds, as revealed by 
whole mount confocal microscopy. The volume and 
surface area of cell covered villi is shown in Figure 4D, 
revealing that the presence of macrophages and myofi-
broblasts increase the degree of coverage by epithelial 
cells, as compared with villi in which macrophages and 
myofibroblasts were not added. Importantly, the tubu-
larized scaffold was also able to support the growth of 
enteroids in the presence of bacterial cultures, includ-
ing live E. coli, L. rhamnosus and cultures obtained from 
infant stool (Figure 4C). Taken together, these findings 
raise the possibility that these scaffolds may be clinically 
relevant in the development of an artificial intestine.

Evaluation of the ability of a novel tubularized 
bioscaffold to support the growth of intestinal 
progenitor cells in vivo
Having shown that the novel bioscaffold that bears a 
similarity to the configuration of the native intestine 

can support the growth of enteroids in vitro, we next 
sought to evaluate its ability to support growth and 
differentiation when tubularized and implanted in 
vivo. To do so, we seeded the tubularized scaffold with 
enteroids obtained from mouse ileum and allowed them 
to incubate for 5 days, then implanted the tubularized 
seeded scaffold into the omentum of mice. As shown 
in Figure 5A, a sagittal view obtained after 4 weeks of 
implantation shows the underlying tubularized struc-
ture is largely intact, and shows evidence of the pres-
ence of structures that loosely resemble villi. Further-
more, a top-down view of one such villi (from different 
mice) reveals a cellular monolayer that surrounds the 
villus structure of the scaffold (Figure 5Aiii–iv). Simi-
lar structures were obtained when tubularized scaf-
folds were implanted with crypts from human infants 
(Figure 5Av). Next, we sought to confirm that the tissue 
growth that was observed around the villi was indeed 
from donor derived origin and not host derived. To do 
so, we isolated intestinal crypts from mice that express 
green fluorescence protein on the rapidly cycling LGR5 
intestinal stem cell locus (Lgr5Gt(ROSA)26Sortm4(ACTB-tdTomato,-

EGFP) in order to identify in the recipient mice the origin 
of the stem cells. As shown in Figure 5B, GFP-positive 
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Figure 4. Growth of intestinal progenitor cells on a novel 3D scaffold can be enhanced with the addition of niche 
and microbial components (see facing page). (A) Representative scanning electron microscopic (i) or confocal 
images (ii–iii) or a single synthetic villus upon which murine intestinal progenitor cells had been seeded, allowed 
to grow for 5 days in culture, then stained for the indicated cellular markers. For contextual purposes, a schematic 
of the surface of the scaffold on which the intestinal cells are growing is shown, in which the dimensions are 
indicated (iv). (B) Representative scanning confocal micrograph of individual synthetic villi on which murine 
intestinal progenitor cells had been seeded under control conditions (i) or along with intestinal myofibroblasts 
(ii) or macrophages (iii) or both intestinal myofibroblasts and macrophages (iv); slides were stained with smooth 
muscle actin (i–ii) or macrophages (iii) or both (iv) as shown. Arrows reveal macrophages or myofibroblasts in 
the respective panels. (C) Representative confocal images of synthetic villi upon which enteroids were seeded for 
4 days under control conditions (i) or with live E. coli(Cii), Lactobacillus rhamnosus(Ciii), and stool from an infant 
with necrotizing enterocolitis (Civ). Representative of over 50 synthetic villi from three independent experiments. 
(Di–ii) Quantification of volume (i) and surface area (ii) of the villi within the indicated groups. *Denotes 
significant difference between control and experimental group (p < 0.05); representative of three separate 
experiments with at least five villi per group.

future science group

Generation of a tubular artificial intestine    Research Article

E-cadherin-positive cells were obtained within the scaf-
fold, indicating that cells were identified within the 
recipient mice that were donor derived, and that could 
be differentiated into an epithelial lineage. Importantly, 
the scaffold was capable of supporting viable, prolif-
erating cells within the omentum of mice, as demon-
strated by the finding of relatively few apoptotic cells 
(Figure 5Ci–ii, arrows) and a high number of prolifer-
ating cells (Figure 5Ciii–iv, arrows) within the newly 
formed intestinal epithelium. Taken together, these 
findings support the ability of the novel 3D PLGA scaf-
fold to foster epithelial growth from intestinal enteroids 
using an in vivo omental implantation model in mice.

Effect of the novel tubularized bioscaffold on 
the induction of blood vessels & inflammatory 
cells in underlying matrix in mice
We next sought to further characterize the biologic 
properties of the scaffold, and in particular, to deter-
mine the degree to which implantation of the scaffold 
influenced angiogenesis and the influx of inflamma-
tory cells within the underlying matrix. As shown in 
Figure 6, implantation of the tubularized scaffold which 
contained enteroids resulted in the influx of blood ves-
sels into the scaffold, as detected by immunostaining 
for Von Willebrand Factor (vWF) that was seen both 
14 (Figure 6Aii) and 28 days (Figure 6Aiii). The enteroids 
themselves had some effect on the presence of the blood 
vessels, as these were not seen to the same degree in mice 
in whom implantation of scaffold alone was performed 
(Figure 6Ai). The effect of the scaffold on angiogenesis 
was confirmed by the detection of CD146/NG2‐posi-
tive pericyte progenitor cells [23,24], which were detected 
in the underlying matrix of mice in which the scaffold 
containing enteroids had been implanted for either 14 
(Figure 6Bii) or 28 days (Figure 6Biii), and to a lower extent 
in mice in which the scaffold had been implanted with-
out enteroids (Figure 6Bi), consistent with the staining 
for the endothelial cells themselves (Figure 6Ai–iii). The 
presence of enteroids at 14 or 28 days resulted in a signif-
icant increase in the degree of immunostaining for vWF, 

when quantified using ImageJ (normalized pixels/high 
power field: empty scaffold: 5 × 103 ± 1 × 103, scaffold + 
enteroids 14 days: 4 × 104 ± 2 × 103, scaffold + enteroids 
28 days: 4 × 104 ± 2 × 103, p < 0.05 by ANOVA). The 
implantation of the scaffold did result in the influx 
of macrophages, as revealed by immunostaining for 
F4/80 (Figure 6Ci–iii), and neutrophils (Figure 6Di–iii), 
as revealed by immunostaining for myeloperoxidase, 
which were seen in mice implanted with empty scaffold 
as well as scaffold containing the enteroids at both 14 
and 28 days. It is noteworthy that the combination of 
inflammatory cells resulted in the generation of free oxy-
gen radicals within the underlying matrix that was seen 
at 28 days in mice in which empty scaffold had been 
implanted (Figure 6Ei), and also in mice in which scaf-
fold containing enteroids had been implanted for 14 days 
(Figure 6Eii), which became somewhat less prominent at 
28 days (Figure 6Eiii & Supplementary Figure 1). Taken 
together, these findings indicate that the novel bioscaf-
fold can induce the growth of blood vessels as well as 
inflammatory cells in the subscaffold matrix in mice.

A tubularized PLGA-based bioscaffold can 
support intestinal mucosal growth in a canine 
model
In the final series of studies, we sought to evaluate 
whether a novel PLGA-enriched scaffold could sup-
port mucosal growth in vivo. To do so, we removed the 
mucosa from the rectum and distal colon of four dogs 
over a length of 4 cm using a transanal approach, which 
provided a platform for the placement of a PLGA-rich 
scaffold in two dogs, which was sewn into the site of 
the mucosectomy. In order to evaluate the effects of the 
tubularized scaffold on the growth of native intestinal 
epithelium, no intestinal stem cells were seeded on the 
matrix. In control animals, mucosectomy alone was 
performed. As shown in Figure 7Ai, histologic evalu-
ation confirmed that the mucosectomy removed the 
entire mucosa and submucosa. Colonoscopic evaluation 
revealed that in dogs subjected to mucosectomy alone, 
there was persistent inflammation, tissue friability and 
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ulceration at 2 and 8 weeks from surgery from the loca-
tion of the proximal sutures distally (Figure 7Bi–ii). By 
contrast, in dogs who underwent mucosectomy followed 
by placement of the tubularized PLGA scaffold, the tis-
sue friability that was seen at 4 weeks had largely resolved 
by 8 weeks and complete mucosal coverage was observed 

(Figure 7B iii–iv). Arrows are included to show the loca-
tion of the distal sutures on the colonoscopic image to 
reveal the site of the injury in Figure 7Biii. Additional 
evidence for the ability of the scaffold to support intesti-
nal mucosal growth in vivo was provided histologically, 
which shows that in the absence of the scaffold, a fibrous 
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Figure 5. Implantation of a novel intestinal scaffold into mouse omentum maintains cell growth which is donor 
derived (see facing page). (A) Representative H&E micrographs of the omentum from a NOD/SCID mouse 28 days 
after implantation of synthetic scaffold that had been seeded with mouse-derived progenitor cells showing 
intact villous structure (i); higher magnification of the demarcated area is shown (Aii). (Aiii–iv) Top-down view 
of representative villi that had been seeded with intestinal progenitor cells from two separate mice (iii-iv). 
(Av) Top-down view of scaffold from a NOD/SCID mouse that had been seeded with progenitor cells from human 
intestine. (B) Representative confocal micrograph of the omentum obtained from NOD/SCID mouse that had been 
seeded with enteroids derived from Lgr5–GFP mice stained for GFP and enterocyte marker Ecad (Bi); shown is an 
image at higher magnification from the demarcated area (Bii). Representative of three separate experiments. 
(Ci–ii) Expression of apoptotic cells (cleaved caspase three positive, arrows; panel (ii) represents inset in panel 
(i) at higher magnification) and (iii–iv): proliferating cells (ki67 positive, arrows, panel (iv) represents inset in 
panel (iii) at higher magnification) of the cells growing on the scaffold under conditions shown in Panel A. 
Representative of three separate experiments.
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layer of scar tissue replaces the mucosa, and an intact 
epithelium is not seen (Figure 7Ci–iv). In contrast, histo-
logic evaluation of the distal colon of dogs subjected to 
insertion of the tubularized PLGA-scaffold revealed the 
development of a normal mucosal layer, which resem-
bled the native overlying epithelium (Figure 7Cv–viii), 
which was only seen at the edges in the mucosectomy 
alone controls. The degradation of the scaffold in this 
model compared with the readily visible scaffold in the 
murine omental implantation model is due to frozen sec-
tioning instead of paraffin sectioning, but based upon 
the colonoscopic imaging, appears to be replaced with 
normal colonic mucosa at approximately 3–4 weeks. 
Importantly, in dogs who underwent implantation of 
the scaffold, the colonic mucosa is rich in Alcian-blue-
positive cells (Figure 8Aiii–iv) that were not seen after  
mucosectomy alone (Figure 8Aii), confirming the ability 
of the scaffold to support the growth and differentiation 
of native intestinal mucosa into goblet cells (Figure 8A). 
Moreover, in agreement with the findings observed in 
mice (Figure 6), the implantation of the scaffold in dogs 
resulted in an influx of macrophages that were seen at 
4 weeks (Figure 8Biii), and yet were significantly less 
prominent after 8 weeks (Figure 8Biv) to levels that were 
similar to that observed in the normal colon (Figure 8Bi), 
and which were significantly lower when compared 
with dogs that had undergone mucosectomy alone 
(Figure 8Bii). Quantification of these findings is provided 
in Supplementary Figure 1. Taken together, these find-
ings illustrate that the scaffold can support growth and 
differentiation in the native intestinal environment.

Discussion
In the current study, we report that intestinal crypts 
can grow and differentiate on a novel scaffold which 
bears striking similarities to the native small intes-
tine. These studies advance our understanding of 
the development of a replacement intestine in three 
distinct ways. First, we now show that the growth 
and differentiation of mouse-derived intestinal crypt 
cultures (enteroids) can be optimized through the 
simple addition of components of the native intes-
tine, including macrophages, intestinal myofibro-

blasts and certain microbes (Figures 1 & 2). Second, 
the growth of intestinal crypt cultures along the 
synthetic tubularized 3D villi is an advance over 
prior studies in which intestinal crypts are grown in 
Matrigel or flat scaffolds (Figures 4–5), and reveal 
that the tubularized scaffold induces the growth of 
blood vessels and that the degree of inflammation 
is tempered by the presence of the enteroids them-
selves (Figure 6). Finally, we show that this novel 
tubularized bioscaffold can support the growth of 
native mucosa within an anatomically appropriate 
site, in other words, the distal colon, raising the pos-
sibility that this scaffold can support the ability of 
the host to restore mucosal continuity in the face of 
a large surface loss (Figures 7–8). We note that the 
dogs stooled normally without diarrhea, suggestive of 
intact fluid absorption. While we acknowledge that 
it is known that enteroids can be grown from human 
tissue (e.g., Grant et al. [25]), ours is the first report 
to our knowledge of the ability to successfully grow 
enteroids from diseased intestine (others have shown 
the ability to grow enteroids at the time of stoma clo-
sure, for instance). Moreover, the added novelty of 
this paper lies in the demonstration of the effects of 
niche components on the growth and differentiation 
of enteroids both in vitro and in vivo, and on the role 
of a novel scaffold to support neointestinal growth. 
Taken together, these findings advance our current 
knowledge regarding the optimal properties required 
for intestinal progenitor cell growth, and raise the 
possibility that a synthetic intestine that is seeded 
with intestinal progenitor cells may be developed.

The current work extends our understanding of 
this current-tubularized 3D PLGA-based scaffold, and 
raises the possibility that it may be used as the back-
bone of a replacement small intestine, in particular 
given the enhanced growth of the intestinal crypts that 
was observed in the presence of additional cellular and 
microbial elements. Our study is the first to show the 
effects of using an architecturally relevant scaffold using 
primary intestinal progenitor cells both in vitro and in 
vivo, and to demonstrate that individual crypt stem 
cells can be transferred from one mouse and induced 



56 Regen. Med. (2016) 11(1)

Empty scaffold at 28d Scaffold + enteroids 28dScaffold + enteroids 14d 

NG2
CD 146
Dapi

100mm

100mm

F4/80
Dapi

100mm

MPO
Dapi

DHE
Dapi

vWF
Dapi

100mm

100mm

future science group

Research Article    Shaffiey, Jia, Keane et al.

to form an epithelial monolayer on a scaffold in a dif-
ferent mouse. Prior research from our group has shown 
the importance of maintaining a 3D structure to allow 

for appropriate absorption, differentiation and topo-
graphical bacterial interactions compared with 2D scaf-
folds in vitro [9,14,26]. While the mechanisms by which 



www.futuremedicine.com 57

Figure 6. Characterization of the 3D scaffold following murine implantation (see facing page). (A) Evaluation 
of angiogenesis staining for vascular marker Von Willibrand Factor in an empty scaffold following 28 days 
implantation (Ai) and the scaffold with enteroids at 14 (Aii) and 28 days (Aiii) following implantation. (B) Newly 
formed blood vessels were evaluated using the perivascular stem cell marker NG2 colocalized with blood vessel 
marker CD146 in the groups noted above. (C & D) Evaluation of the inflammatory response of the 3D scaffold for 
macrophages (F4/80) and neutrophils (MPO) in the groups noted. (E) DHE staining performed for evaluation of 
reactive oxygen species in the groups noted. Representative of three separate experiments.
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these niche components enhance enteroid growth are 
not immediately clear, there are several potential clues 
into their mechanisms of action. For instance, secreted 
products of intestinal myofibroblasts may activate Wnt 
and Notch pathways that can regulate cell prolifera-
tion and differentiation, respectively, and which also 
may play a direct role in enterocyte migration, which 
is important in coverage of the bioscaffold [27]. Macro-
phages may also release growth factors and other cyto-
kines that can enhance migration and proliferation of 
adjacent epithelial cells, in part via Wnt signaling [28], 
and these were certainly detected in the underlying 
matrix in the mouse and dog models. Furthermore, the 
addition of bacteria can lead to activation of bacterial 
recognition receptors including TLR2 and 4, which 
could alter stem cell recruitment and survival [29]. Our 
prior research supports this theory. We have shown that 
activation of TLR4 leads intestinal stem cell loss via 
effects on wnt/β-catenin signaling through the down-
stream receptor MyD88 [12,30,31], while developmental 
activation of TLR4 is required for normal intestinal dif-
ferentiation, through effects on TRIF [32]. Additional 
studies are required to discern the precise contributions 
of TLR activation in response to whole bacteria on 
intestinal stem cell growth, differentiation and develop-
ment. While we choose not to specifically characterize 
the microbial diversity of NEC stool in this study, our 
group was previously shown an increase in total bacte-
ria with no distinction in bacterial communities from 
matched controls but did show a decreased diversity 
of Enterobacteriaceae in NEC stool [33]. Moreover, the 
effects of these components on the absorption across 
the engineered mucosal barrier remain to be assessed 
directly.

We readily acknowledge that the addition of myofi-
broblasts and macrophages to the apical surface of epi-
thelial cells on the scaffold may raise concerns regarding 
physiological relevance, as unlike microbes, these cells 
exert their effects largely at the basilar surface. How-
ever, for the purpose of this study, our principle goal 
was to determine the role – if any – of myofibroblasts 
and macrophages on the growth and differentiation of 
intestinal stem cells on a novel scaffold, and we were 
therefore as interested in the potential paracrine effects 
of these cells as in any potential direct cell–cell effects. 
To this end, the application of macrophages and myofi-
broblasts to the apical surfaced provides a ready model 

to assess the effects of macrophages and myofibroblasts 
on the growth and differentiation of intestinal stem 
cells in which paracrine effects could be experimentally 
explored. We are encouraged not only by the observa-
tion of these effects as illustrated in the manuscript but 
also by several studies indicating that myeloid cells can 
exert processes that extend up toward the apical sur-
face, lending additional physiological relevance to the 
current findings, as others have reported [34,35].

A potentially clinically relevant observation from 
the current findings is the determination that a tubu-
larized PLGA-rich scaffold could be used to bridge a 
large mucosal defect – in this case on which was surgi-
cally created – when placed within the anatomically 
appropriate location within the rectum. While the area 
subjected to mucosectomy alone had some spontane-
ous healing at the very edges, this was extremely neg-
ligible and significantly less than that observed in the 
presence of the scaffold.

The findings that the mucosa regenerated in a his-
tologically normal manner could be interpreted to 
reveal that this scaffold could also be used to support 
mucosal growth in the setting of loss of large sections 
of mucosa. Such scenarios could include the transanal 
removal of large sessile polyps. By enhancing the abil-
ity of the body to regenerate the mucosa using this 
scaffold using a simple anastomotic technique, patients 
may benefit from enhanced mucosal regeneration and 
potential avoid the need for a stoma. Further experi-
ments are required in order to determine the potential 
limits of mucosal resection that can be reversed with 
the use of an implanted scaffold.

Conclusion
We now show the beneficial effects of adding appropri-
ate cellular and microbial components on the growth 
and development of intestinal stem cells on a novel 
scaffold system, highlight the ability to grow intesti-
nal stem cells from one mice within the omentum of a 
second mouse on a biologically relevant scaffold, iden-
tify the immunological and vascular consequences of 
scaffold implantation and reveal the benefit of this 
scaffold as a mucosal replacement mechanism in a dog 
model of mucosectomy. These findings offer a foun-
dation for additional studies in testing the absorptive 
and functional capacities of this intestinal cell lined 
structure.
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Figure 7. Evaluation of the ability of a novel tubularized 3D intestinal scaffold to support the growth of the 
colonic mucosa in a canine mucosectomy model. (Ai) Representative H&E micrograph of the mucosectomy 
specimen obtained from the rectum and distal colon of a dog; Aii: H&E image of the entire circumferential 
rectal mucosectomy resection. (B) Representative video images obtained at colonoscopy in dogs that had been 
subjected to mucosectormy of the rectum and distal colon either without (i–ii) or with the implantation of the 
scaffold (iii–iv) at 2, 4 and 8 weeks after surgery as indicated. Arrows reveal sutures at the anastomosis site. 
(C) Representative H&E images of the mucosectomy site in dogs in the absence (i–iv) or presence (v–viii) of the 
implanted scaffold at 2 (i, v), 4 (ii, vi), 6 (iii, vii) and 8 (iv, viii) weeks.
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Future perspective
Until recently, the field of tissue engineering has been 
largely focused on understanding the characteristics 
of individual progenitor cells (i.e., stem cells), and the 
various interactions between these cells and the under-

lying matrix on which their growth and differentiation 
is supported. Now that progenitor cells can be grown 
and genetically manipulated in a fairly straight forward 
manner, the field of tissue engineering is poised to enter 
an entirely new phase, one in which the interactions 
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Figure 8. Evaluation of the ability of a novel 3D intestinal scaffold to support regeneration of colon in a 
canine mucosectomy model. (A) Representative micrographs of tissue sections obtained at the mucosectomy 
site that had been stained for the goblet cell marker Alcian Blue, in the absence of surgery (i), 8 weeks after 
mucosectomy without scaffold (ii) or 4 (iii) or 8 weeks (iv) after mucosectomy with implantation of the scaffold. 
(B) Immunohistochemical evaluation of the inflammatory macrophage response within the dog colonic mucosa 
in normal colon (Bi), 8 weeks following mucosectomy without placement of a scaffold (Bii) and at 4 and 8 weeks 
following mucosectomy with placement of a scaffold (Biii & iv).
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between stem cells and other nonprogenitor cellular 
components that are found within intact tissue can be 
explored. These studies will also enhance our ability to 
understand how native and synthetic tissue can respond 
to various environmental and microbial pressures, and 
the effects of these pressures on stem cell function. It is 
possible that the precise modes of communication and 
the effects of different cell types on various biological 
matrices will be elucidated in some detail, such that the 
ability to design and synthesize functional organs for 
therapeutic purposes is likely to be significantly accel-
erated. It is hoped that the current study, and studies 
like it, may be viewed in this broader context of seek-
ing to understand how various cell components inter-
act in order to achieve the goal of designing a replace-
ment organ that is fundamentally similar to its native 
 counterpart.
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Executive summary

The growth & differentiation of intestinal progenitor cells are modified by cellular & microbial elements 
of the native stem cell niche
•	 The growth and differentiation of intestinal progenitor cells into enteroids is enhanced in the presence of 

myofibroblasts and polarized M2 macrophages.
•	 The addition of the probiotic lactobaccilus leads to improved enteroid enterocyte proliferation and increased 

differentiation into paneth cells.
•	 The presence of bacteria from the stool of infants with severe gut inflammation adversely affects intestinal 

stem cell growth and differentiation.
A tubularized, absorbable bioscaffold with villi projections that resemble the native intestine promotes 
the growth & differentiation of intestinal progenitor cells
•	 The culture of intestinal progenitor cells with and without intestinal niche components can be successfully 

obtained on a novel tubular bioscaffold that bears resemblance to the native small intestine.
Intestinal progenitor cells derived from mouse & human ileum can generate donor-derived epithelial 
structures covering a tubular scaffold following murine omental implantation
•	 Using the murine omentum as a biological bioreactor, murine and human enteroids seeded on a novel 3D 

scaffold generate epithelial structures surrounding the villi of the scaffold.
•	 Immunohistochemistry shows an initial controlled inflammatory reaction which diminishes over time and is 

associated with a robust vascular in growth and increase in proremodeling pericyte stem cells.
Use of the 3D Scaffold in an intestinal mucosal defect without seeded cells is biocompatible & leads to 
neointestinal regeneration in a large animal model
•	 Implantation of a 3D polymer scaffold into a mucosal defect leads to mucosal regeneration with similar 
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Conclusions
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the native intestine including the presence of villous structures, when cultured in the presence of appropriate 
intestinal niche and microbial components, suggesting that a tissue-engineered small intestine may be 
developed for clinical use in patients with short bowel syndrome or intestinal failure.
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