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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.
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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 
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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 
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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.

future science group

Generation of a tubular artificial intestine    Research Article

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.

Financial & competing interests disclosure
This  work  was  funded  by  a  Hartwell  Biomedical  Collab-

orative  Research  Award  to  DJ  Hackam  and  JC  March.  DJ 

Hackam is supported by R01GM078238 and RO1DK08752. 

The authors have no other  relevant affiliations or financial 

involvement with  any  organization  or  entity with  a  finan-

cial  interest  in or financial conflict with  the subject matter 

or materials  discussed  in  the manuscript  apart  from  those 

disclosed.

No writing assistance was utilized in the production of this 

manuscript.

Ethical conduct of research
All  mice  experiments  were  approved  by  the  Animal  Care 

and Use Committee of the University of Pittsburgh. All hu-

man tissue was obtained with approval from the University 

of Pittsburgh Institutional Review Board and in accordance 

with  the  University  of  Pittsburgh  anatomical  tissue  pro-

curement  guidelines.  Tissue  was  obtained  from  discarded 

pathological  specimens  at  the  time  of  surgery  and  there-

fore  informed  consent was  not  obtained  from patients  as 

no undo harm was expected to the de-identified patients. 

The  authors  have  followed  the  principles  outlined  in  the 

Declaration of Helsinki for all human or animal experimental 

investigations.  In  addition,  for  investigations  involving  hu-

man subjects, informed consent has been obtained from the 

participants involved.

Supplementary data
To view the supplementary data that accompany this paper 

please visit the journal website at: http://www.futuremedi-

cine.com/doi/full/10.2217/RME.15.70



60 Regen. Med. (2016) 11(1) future science group

Research Article    Shaffiey, Jia, Keane et al.

References
Papers of special note have been highlighted as: • of interest;  
•• of considerable interest

1 Belchior GG, Sogayar MC, Grikscheit TC. Stem cells and 
biopharmaceuticals: vital roles in the growth of tissue-engineered 
small intestine. Semin. Pediatr. Surg. 23(3), 141–149 (2014).

2 Levin DE, Sala FG, Barthel ER et al. A “living bioreactor” for 
the production of tissue-engineered small intestine. Methods Mol. 
Biol. 1001, 299–309 (2013).

•	 Methodology	paper	explaining	the	use	of	the	murine	omentum	
as	a	source	for	vital	nutrients	and	vascularization	for	the	
growth	of	intestinal	progenitor	cells	into	small	intestinal	
epithelium.

3 Brugmann SA, Wells JM. Building additional complexity to in 
vitro-derived intestinal tissues. Stem Cell Res. Ther. 4(Suppl. 1), 
S1 (2013).

4 Spurrier RG, Speer AL, Grant CN, Levin DE, Grikscheit 
TC. Vitrification preserves murine and human donor cells for 
generation of tissue-engineered intestine. J. Surg. Res. 190(2), 
399–406 (2014).

5 Grant CN, Grikscheit TC. Tissue engineering: a promising 
therapeutic approach to necrotizing enterocolitis. Semin. Pediatr. 
Surg. 22(2), 112–116 (2013).

6 Torashima Y, Levin DE, Barthel ER et al. Fgf10 overexpression 
enhances the formation of tissue-engineered small intestine. 
J. Tissue Eng. Regen. Med. doi:10.1002/term.1720 (2013) (Epub 
ahead of print).

7 Gupta A, Vara DS, Punshon G, Sales KM, Winslet MC, 
Seifalian AM. In vitro small intestinal epithelial cell growth 
on a nanocomposite polycaprolactone scaffold. Biotechnol. 
Appl. Biochem. 54(4), 221–229 (2009).

8 Lahar N, Lei NY, Wang J et al. Intestinal subepithelial 
myofibroblasts support in vitro and in vivo growth of 
human small intestinal epithelium. PLoS ONE 6(11), e26898 
(2011).

•	 Key	original	article	describing	the	importance	of	intestinal	
myofibroblasts	in	coculture	with	enteroids	serving	as	a	vital	
niche	component	by	providing	important	growth	factors.

9 Costello CM, Hongpeng J, Shaffiey S et al. Synthetic 
small intestinal scaffolds for improved studies of intestinal 
differentiation. Biotechnol. Bioeng. 111(6),1222–1232 (2014).

10 Lee J, Kaletunc G. Evaluation of the heat inactivation of 
Escherichia coli and Lactobacillus plantarum by differential 
scanning calorimetry. Appl. Environ. Microbiol. 68(11), 
5379–5386 (2002).

11 Bondow BJ, Faber ML, Wojta KJ, Walker EM, Battle MA. 
E-cadherin is required for intestinal morphogenesis in the 
mouse. Dev. Biol. 371(1), 1–12 (2012).

12 Afrazi A, Branca MF, Sodhi CP et al. Toll-like receptor 
4-mediated endoplasmic reticulum stress in intestinal crypts 
induces necrotizing enterocolitis. J. Biol. Chem. 289(14), 
9584–9599 (2014).

13 Ying W, Cheruku PS, Bazer FW, Safe SH, Zhou B. 
Investigation of macrophage polarization using bone marrow 

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 

characteristics as the native colonic mucosa.
Conclusions
•	 An intestinal epithelium can be engineered to grow on a tubular scaffold with an architecture that resembles 

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.



www.futuremedicine.com 61future science group

Generation of a tubular artificial intestine    Research Article

derived macrophages. J. Vis. Exp. (76), doi:10.3791/50323 
(2013).

14 Costello CM, Sorna RM, Goh YL, Cengic I, Jain NK, 
March JC. 3D intestinal scaffolds for evaluating the 
therapeutic potential of probiotics. Mol. Pharm. 11(7), 
2030–2039 (2014).

15 Good M, Sodhi CP, Ozolek JA et al. Lactobacillus rhamnosus 
HN001 decreases the severity of necrotizing enterocolitis 
in neonatal mice and preterm piglets: evidence in mice for 
a role of TLR9. Am. J. Physiol. Gastrointest. Liver Physiol. 
306(11), G1021–G1032 (2014).

16 Nigro G, Rossi R, Commere PH, Jay P, Sansonetti PJ. 
The cytosolic bacterial peptidoglycan sensor Nod2 affords 
stem cell protection and links microbes to gut epithelial 
regeneration. Cell Host Microbe 15(6), 792–798 (2014).

17 Sato T, Vries RG, Snippert HJ et al. Single Lgr5 stem cells 
build crypt-villus structures in vitro without a mesenchymal 
niche. Nature 459(7244), 262–265 (2009).

••	 Groundbreaking	original	research	describing	the	ability	
to	culture	isolated	intestinal	crypt	cells	in	a	mesenchymal-
free	culture	to	generate	intestinal	structures	mimicking	
the	native	intestinal	architecture.

18 Barker N, Van Es JH, Kuipers J et al. Identification of 
stem cells in small intestine and colon by marker gene 
Lgr5. Nature 449 1003–1007 (2007). 

••	 Original	article	describing	the	breakthrough	finding	of	a	
rapidly	cycling	intestinal	stem	cell	marker	identified	by	
the	Wnt	target	gene	LGR5	through	a	series	of	elegant	and	
novel	experiments.

19 Erlandsen SL, Parsons JA, Taylor TD. Ultrastructural 
immunocytochemical localization of lysozyme in the Paneth 
cells of man. J. Histochem. Cytochem. 22(6), 401–413 
(1974).

20 Fre S, Huyghe M, Mourikis P, Robine S, Louvard D, 
Artavanis-Tsakonas S. Notch signals control the fate 
of immature progenitor cells in the intestine. Nature 
435(7044), 964–968 (2005).

21 Winterford CM, Walsh MD, Leggett BA, Jass JR. 
Ultrastructural localization of epithelial mucin core 
proteins in colorectal tissues. J. Histochem. Cytochem. 47(8), 
1063–1074 (1999).

22 Varndell IM, Lloyd RV, Wilson BS, Polak JM. 
Ultrastructural localization of chromogranin: a potential 
marker for the electron microscopical recognition of 
endocrine cell secretory granules. Histochem. J. 17(9), 
981–992 (1985).

23 Ozerdem U, Grako KA, Dahlin-Huppe K, Monosov E, 
Stallcup WB. NG2 proteoglycan is expressed exclusively by 
mural cells during vascular morphogenesis. Developmental 
Dynamics 222(2), 218–227 (2001).

24 Russell KC, Tucker HA, Bunnell BA et al. Cell-surface 
expression of neuron-glial antigen 2 (NG2) and melanoma 
cell adhesion molecule (CD146) in heterogeneous cultures 
of marrow-derived mesenchymal stem cells. Tissue Eng. A 
19(19–20), 2253–2266 (2013).

25 Grant CN, Mojica SG, Sala FG et al. Human and mouse 
tissue-engineered small intestine both demonstrate digestive 
and absorptive function. Am. J. Physiol. Gastrointest. Liver 
Physiol. 308(8), G664–G677 (2015).

26 Yu J, Peng S, Luo D, March JC. In vitro 3D human small 
intestinal villous model for drug permeability determination. 
Biotechnol. Bioeng. 109(9), 2173–2178 (2012).

•	 The	initial	description	of	the	novel	3D	villous	scaffold	
used	in	the	current	manuscript	with	assessment	showing	
close	similarities	to	absorptive	profile	of	the	native	
intestine.

27 Clevers H, Loh KM, Nusse R. Stem cell signaling. An 
integral program for tissue renewal and regeneration: Wnt 
signaling and stem cell control. Science 346(6205), 1248012 
(2014).

28 Cosin-Roger J, Ortiz-Masia D, Calatayud S et al. M2 
macrophages activate WNT signaling pathway in epithelial 
cells: relevance in ulcerative colitis. PLoS ONE 8(10), e78128 
(2013).

•	 Original	article	describing	the	importance	of	M2	
macrophages	in	the	colon	as	drivers	of	Wnt	signaling	and	
LGR5	intestinal	stem	cells.

29 Ciorba MA, Riehl TE, Rao MS et al. Lactobacillus probiotic 
protects intestinal epithelium from radiation injury in a 
TLR-2/cyclo-oxygenase-2-dependent manner. Gut 61(6), 
829–838 (2012).

•	 Original	article	evaluating	the	protective	role	of	
Lactobacillus	from	intestinal	damage	through	the	pattern	
recognition	protein	TLR2	and	improves	crypt	survival.

30 Sodhi CP, Shi XH, Richardson WM et al. Toll-like 
receptor–4 inhibits enterocyte proliferation via impaired 
beta-catenin signaling in necrotizing enterocolitis. 
Gastroenterology 138 185–196 (2010).

•	 Original	description	of	the	role	of	bacterial	receptor	TLR4	
in	the	regulation	of	gut	mucosal	homeostasis.

31 Neal MD, Sodhi CP, Jia H et al. Toll-like receptor 4 
is expressed on intestinal stem cells and regulates their 
proliferation and apoptosis via the p53 up-regulated 
modulator of apoptosis. J. Biol. Chem. 287(44), 
37296–37308 (2012).

32 Sodhi CP, Neal MD, Siggers R et al. Intestinal epithelial 
Toll-like receptor 4 regulates goblet cell development 
and is required for necrotizing enterocolitis in mice. 
Gastroenterology 143(3), 708–718 e701–705 (2012).

33 Brower-Sinning R, Zhong D, Good M et al. Mucosa-
associated bacterial diversity in necrotizing enterocolitis. 
PLoS ONE 9(9), e105046 (2014).

34 Lelouard H, Fallet M, De Bovis B, Meresse S, Gorvel JP. 
Peyer’s patch dendritic cells sample antigens by extending 
dendrites through M cell-specific transcellular pores. 
Gastroenterology 142(3), 592–601 e593 (2012).

35 Chieppa M, Rescigno M, Huang AY, Germain RN. 
Dynamic imaging of dendritic cell extension into the small 
bowel lumen in response to epithelial cell TLR engagement. 
J. Exp. Med. 203(13), 2841–2852 (2006).



81Regen. Med. (2016) 11(1), 81–90 ISSN 1746-0751

part of

Special Report

10.2217/rme.15.83 © 2016 Future Medicine Ltd

Regen. Med.

Special Report 2015/12/30
11

1

2016

Military personnel who survive combat injuries frequently have large soft tissue 
wounds complicated by concomitant injuries and contamination. These devastating 
wounds present a therapeutic challenge to not only restore the protective skin 
barrier but also to preserve tendon and muscle excursion, provide protective 
padding around nerves and restore adequate joint motion. Accordingly, regenerative 
medicine modalities that can accomplish these goals are of great interest. The use 
of bioartificial dermal regeneration templates (DRT), such as Integra DRT (Integra 
Lifesciences Corporation, Plainsboro, NJ, USA), in the management of complex soft 
tissue injuries has an important role in the reconstruction of war wounds. These DRTs 
provide initial wound coverage and help establish a well-vascularized wound bed 
suitable for definitive soft tissue coverage.
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Blast-related exposures have caused the 
majority of battlefield injuries during the 
conflicts in Iraq and Afghanistan [1]. The 
explosive devices employed by enemy forces 
have ranged from large, commercially pro-
duced artillery and tank ordinance to small, 
homemade devices derived from ammo-
nium nitrate fertilizer and other makeshift 
chemicals/materials (improvised explosive 
devices [IEDs]). These weapons produce a 
diverse spectrum of blunt, penetrating and 
thermal injuries depending on the ordi-
nance yield, placement, construction and 
victim armoring or personal protective gear 
[2]. Wounds produced from explosive blasts 
generally have extensive zone of injuries 
with multiple anatomical sites of involve-
ment. They often involve composite-type 
injuries (i.e., have concomitant bone and 
associated soft tissue involvement) and are 
highly contaminated [2–4].

Due to innovations such as improved vehi-
cle armoring, better personal protective body 
equipment as well as deployment of surgical 
teams ever closer to the point of battlefield 
injury, a higher proportion of combat-injured 
personnel are surviving than in any previ-
ous war [1]. The complexity of war wounds 
requires reconstructive surgeons to employ a 
variety of techniques to optimize reconstruc-
tive outcomes, often employing all aspects 
of the reconstructive ladder in combination 
with regenerative medicine therapies. Bioar-
tificial dermal regeneration templates (DRT) 
have shown promise in augmenting tradi-
tional soft tissue reconstructive techniques 
in their ability to provide a vascularized soft 
tissue bed and/or in creating a ‘neodermis’ 
or dermal regenerate [5]. These products are 
typically composed of sheets of acellular col-
lagen with or without a semipermeable outer 
layer to control heat and/or moisture loss. 
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When placed on a full thickness wound, a specific 
sequence of cellular invasion and graft incorporation 
occurs; resulting in formation of a vascularized dermal 
regenerate, or ‘neodermis’ that may be skin grafted or 
allowed to heal by secondary intention [6,7]. The use 
of negative pressure wound therapy (NPWT) over 

the DRT has been shown to facilitate neovasculariza-
tion [8,9] as well as decrease bacterial colonization [10] 
and has been utilized in our practice for treating com-
bat wounds [11].

While described extensively in the treatment of 
burns, fewer reports exist on the use of DRT in trauma 

Figure 1. Number of irrigation and debridement procedures after arrival and prior to bioartificial dermal 
regeneration template grafting procedure. 
DRT: Dermal regeneration template; I&D: Irrigation and debridement.
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Figure 2. Days from bioartificial dermal regeneration template grafting to definitive closure. 
DRT: Dermal regeneration template; DPC: Delayed primary closure; FLAP: Wound coverage with a vascularized 
flap; FTSG: Full-thickness skin graft; STSG: Split- thickness skin graft.
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care or combat casualty care. These regenerative 
modalities have several potential benefits in the treat-
ment of such wounds, including: coverage of exposed 
tendons, nerves, blood vessels and/or bone; decreasing 
or eliminating the need for more morbid procedures 
such as tissue transfers; promotion of a well-vascular-
ized bed in at-risk or hypovascular wounds; lessening 
the need for shortening of amputated extremities by 
providing more stable soft tissue coverage and dura-
bility and contouring of soft tissue defects to improve 
cosmesis, function and/or comfort with prosthetic 
wear [11,12].

Most previous studies of DRT in the treatment of 
traumatic wounds are limited to series of mainly civilian 
trauma. Only two studies have examined the use of DRT 
in the treatment combat injuries, both involving cohorts 
of less than 20 patients [11,13]. Our institution has exten-
sively utilized these regenerative products over many 
years in the treatment of war casualties from Iraq and 
Afghanistan. The purpose of this study was to describe 
our experience with the use of a bioartificial DRT in cov-
erage of full thickness traumatic wounds as an adjunct to 
traditional soft tissue reconstructive procedures.

Patients & methods
Following approval from our Institutional Review 
Board, we performed a retrospective review of all 
patients treated with the most common bioartificial 
DRT used in our practice – Integra DRT (Integra 
Lifesciences Corporation, NJ, USA) for combat-related 
traumatic wounds from November 2009 through July 
2013. Our computerized surgical scheduling system 
was searched for all patients during the study period 
treated with this specific bioartificial DRT, and medi-
cal records were screened. Patients were included if they 
were treated for traumatic wounds sustained during 
deployment to Operations Iraqi Freedom or Enduring 
Freedom. Patients were excluded if they were treated 
for nontraumatic injuries such as diabetic ulcers and 
necrotizing soft tissue infections.

For each included patient, data were collected 
on patient demographics, injury circumstances and 
characteristics, surgical treatment details and final 
wound outcome. Definitive closure was defined as a 
treatment after which no further coverage procedures 
would be expected or necessary and included: split-
thickness skin grafting (STSG), full-thickness skin 

Table 1. Chronology of wound treatment.

Anatomical Site Injury to arrival 
(days) 

Arrival to DRT 
(days) 

I&D procedures 
procedures (days) 

DRT to DC 
(days) 

Injury to DC 
(days) 

Upper extremities 5 (2–38) 8 (1–66) 3 (0–14) 14 (0–57) 34 (11–82)

Lower extremities 5 (2–47) 8 (1–53) 3 (0–19) 15 (0–37) 35 (9–101)

Nonextremity 5 (3–9) 13 (3–59) 8 (1–18) 16 (14–56) 64 (24–105) 

Days from injury to arrival at our facility, days from arrival to bioartificial dermal regeneration template grafting procedure (DRG), number of 
I&D procedures after arrival and prior to DRG, days from DRG to DC, days from injury to DC. All values are given as median (range).
DC: Definitive closure; DRT: Dermal regeneration template; I&D: Irrigation and debridement.

Figure 3. Left lower residual limb Injury and reconstruction. (A) Left lower extremity above knee amputation 
with significant soft tissue avulsion injury and skin defect. (B) Same injury after placement of dermal regeneration 
template for residual limb length preservation. (C) Same injury after dermal regeneration template incorporation 
and application of split-thickness skin grafting salvaging residual limb length and restoring soft tissue/skin defect.
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grafting (FTSG), flap coverage, delayed primary clo-
sure (DPC), amputation of the injured extremity with 
immediate closure or revision of an existing amputa-
tion to a higher level with immediate closure. For pur-
poses of this study, skin grafts and flaps were catego-
rized as either ‘good take’ (≥90% healing) or ‘failed’ 
(<90% healing, requiring additional procedures to 
achieve definitive coverage). Wounds treated by DPC 
were considered successful if no record of additional 
procedures or wound breakdown was found in the 
medical record. Wounds with incomplete documenta-
tion were counted as failures; healing rates for patients 
with complete records only are also reported separately. 
Wounds that resulted in amputation or revision of an 
existing amputation to a more proximal level were uni-
formly considered treatment failures, even if the reason 
for amputation was not related to failure of the DRT. 

Procedures performed prior to arrival in our facility 
(e.g., in a combat hospital or en route to a tertiary care 
facility in the USA) were not included in the analysis 
due to inconsistent availability of documentation.

The primary outcome of the study was healing of 
the wound following DRT placement, as measured by 
successful take or stable definitive coverage with sec-
ond stage skin grafting, flap procedure or in the cases 
of DPC, healing of the closed wound. Secondary out-
comes measured included number of irrigation and 
debridement procedures prior to DRT placement, time 
from arrival to DRT placement, time from DRT place-
ment to definitive closure and overall time from injury 
to definitive closure.

Results
All patients in our series had undergone primary surgi-
cal evaluation and stabilization measures at in-theater 
military medical treatment facilities in either Iraq or 
Afghanistan prior to medical evacuation to our stateside 
medical center in Bethesda, MD, USA. This medical 
care generally consisted of point of care treatment admin-
istered at time of injury by self or other soldiers/marines 
(‘buddy-aid’) or Navy corpsman/Army medics and 
consisted of tourniquet and dressing placement, ±splint-
ing and field treatment of life-threatening injuries until 
the patient could be transported to the next echelon of 
care. Wounds were debrided as soon as practicable and 
then every 24–72 h depending on patient condition and 
anticipated transport to the next level of care.

Upon arrival at our facility, patients were immedi-
ately assessed and typically taken to the operating room 
the following morning for wound exploration, irriga-
tion and debridement, cultures and other procedures 
as dictated by the specific pattern of injury. Wound 
management was at the discretion of the treating sur-
geon however, wounds were surgically debrided and 
examined every 48–72 h. We routinely used NPWT 
over the wounds. The KCI V.A.C. (Kinetic Concepts, 
Inc., TX, USA) was the most frequently used sys-
tem. Settings were surgeon dependent, but in general 
125 mmHg low-continuous suction was employed.

Placement of an Integra DRT was pursued once 
the wound beds were deemed stable and healthy; this 
technique has been previously described [11]. Following 
DRT placement NPWT was typically used; V.A.C. 
dressings were changed under anesthesia approximately 
every 3 days. For wounds (particularly those on the 
hands/fingers) less amenable to placement of NPWT 
dressings, sterile dressings were employed. Splints 
were utilized based on clinical picture to minimize 
shear stresses. Following incorporation of the DRT, 
autologous skin grafting was pursued where indicated. 
NPWT was also frequently utilized following autolo-

Figure 4. Left lower extremity injury and 
reconstruction. (A) Left lower extremity wound from 
blast trauma after lateral gastrocnemius flap for 
coverage of open knee joint. (B) Salvaged extremity 
2 years after hybrid reconstrctuion with flap, dermal 
regeneration template and split-thickness skin 
grafting. Patient has full range of motion of knee and 
ambulating on successful limb salvage via traditional 
and regenerative therapies in combination.
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gous skin grafting, although this was surgeon and 
wound dependent. This dressing was typically taken 
down at 5 days. For wounds closed via DPC, an inci-
sional NPWT dressing set at 75 mmHg was frequently 
employed to decrease shear stress at the incision site.

A total of 190 patients with 280 wounds were treated 
with an Integra DRT during the study period (see 
Supplementary Table 1 for total patient dataset and out-
comes). Mean age was 23.5 years (range: 19–48 years) 
and 189/190 patients were male. Wounds were most 
commonly located on the extremities with a small per-
centage (<10%) on the torso and head and neck. In 
total, 29 wounds had incomplete documentation: data 
on method of closure were unavailable for 21 wounds, 
and on degree of graft-take in an additional eight. All 
were treated as treatment failures in the analysis.

Among the 251 wounds for which treatment and 
outcome information was available, there was one 
death following DRT placement but prior to definitive 
closure; mortality was not the result of DRT failure 
or associated wound complication. Two regeneration 
templates were completely lost due to infection. Of the 
remaining 248 wounds, 198 (80%) were treated with 
STSG, 15 (6%) were treated with FTSG, 16 (6%) were 
covered with a local or free tissue flap, 11 (4%) were 
treated with DPC and eight (3%) limbs required ampu-

tation or revision of the amputation to a higher level. 
For the wounds definitively covered with flaps, in eight 
instances the DRT was used at the time of, or subse-
quent to, flap placement, frequently to cover flap edges 
and then typically skin-grafted. In other cases, where 
the DRT was used prior to flap coverage it was fre-
quently done to cover vital structures and those prone 
to desiccation, often as a temporizing measure to allow 
wounds to evolve over multiple debridements, establish 
hemodynamic stability off pressors and permit overall 
stabilization of the clinical picture prior to free tissue 
transfer. In no instances in our series was the decision 
for flap coverage based on loss of the DRT.

Overall a total of 78% (217/280) of these combat 
wounds healed after the first attempt at definitive clo-
sure following Integra treatment. When wounds with 
incomplete documentation are excluded, the success 
rate was 86% (217/251).

The median time from injury to arrival was 5 days 
(range: 2–47 days). Patients underwent a median of 
three irrigation and debridement procedures (range: 
0–19 procedures) prior to DRT placement over a 
median of 8 days (range: 1–66 days) (see Figure 1). 
Overall, the median time from DRT placement to 
definitive closure (STSG and FTSG, DPC and flap 
coverage) was 15 days (range: 0–57 days). The median 

Figure 5. Left upper extremity and reconstruction. (A) Left upper extremity injury with complex soft 
tissue injury and fractures from blast-related exposure. (B) Same injury after free flap transfer and dermal 
regeneration template to complete first stage reconstruction and prior to split-thickness skin grafting placement. 
(C) Reconstructed extremity 2 years after hybrid reconstruction with flap, dermal regeneration template and split-
thickness skin grafting showing ability to extend upper extremity. (D) Same extremity showing ability to perform 
flexion of salvaged upper extremity.
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time from injury to definitive closure was 35 days 
(range: 9–105 days) (see Figure 2 & Table 1).

Discussion
There are multiple different varieties of bioartificial 
DRTs and substitutes available, but this series includes 
only patients treated with an Integra DRT, as this 
product has been the most commonly utilized at our 
institution (see Figures 3–6 for example cases). Integra 
DRT is a porous matrix of cross-linked bovine tendon 
collagen and shark glycosaminoglycan (chondroitin-
6-sulfate) integrated with a semipermeable polysilox-
ane (silicone) layer [14]. The bilaminar structure of this 
DRT is well suited for large-area and wound applica-
tions such as those frequently encountered with blast 
wounds and high-velocity ballistic projectiles. In addi-
tion to providing an inner layer of regenerative scaffold 
that facilitates migration and in-growth of fibroblasts, 
macrophages, lymphocytes and capillaries and enables 
formation of a vascularized neodermis for second stage 
skin grafting or other soft tissue coverage options, 
the temporary outer layer of semipermeable silicone 
serves as an artificial epidermis which may protect 

from infection and helps to regulate moisture and heat 
loss/retention [5,14].

In the burn and trauma literature, bioartificial 
DRTs have been used for reconstruction of large com-
plex wounds, degloving injuries and wounds with 
exposed bone, tendon, nerve or vascular structures 
(with and without accompanying peritenon, peri-
osteum, perineurium or perivascular structures). In 
matched case–control series of 88 patients (44 each 
group), Jeng et al. report their 7 years of experience 
using DRT to manage complex soft tissue wounds, 
often with significant volume loss and threatened 
extremities as the result of tendon, joint or bone expo-
sure. They utilized these DRT for coverage of fourth-
degree burns, necrotizing fasciitis, pit-viper envenom-
ations and total abdominal wall avulsion injuries. Soft 
tissue defects were filled using serial DRT applications 
to restore surface contours or for coverage over exposed 
tendons, bones and joints. In their series Integra DRT 
allowed for the unexpected salvage of several threat-
ened extremities and significantly decreased the ampu-
tation rate from 31.5% in the control group to 5.7% in 
the treatment group [12].

A case series of seven pediatric patients highlighted 
the use of Integra DRT and NPWT in grade IIIB tibia 
fractures – in all cases the soft tissue healed without need 
for flap or amputation. Complications included two 
superficial graft complications and one nonunion [15]. In 
another series, use of Integra DRT followed by autolo-
gous skin grafting allowed complete graft take and 
excellent functional results in nine of 10 patients who 
sustained traumatic degloving injuries to an extrem-
ity [16]. In a series of 15 patients with traumatic mixed 
upper and lower extremity full-thickness injuries, use of 
a dermal substitute enabled healing in all cases: six of 
15 required a second application of the dermal substi-
tute, and five patients required skin grafting to complete 
healing. Infection was reported in one case [17].

DRTs have been successfully used despite bacterial 
colonization and local ischemia in various reports. 
Muangman et al. reported a series of 29 burn patients, 
with a mean wound size of 43% total body surface 
area. In their cohort, 90% of wounds showed bacterial 
growth on quantitative cultures, with 31% demon-
strating >105 colony-forming units. Despite this, suc-
cessful take of the DRT occurred in 83%, with suc-
cessful delayed skin grafting in 92% of these wounds. 
Among highly colonized wounds, they reported suc-
cessful takes of 78 and 86% for the DRT and second 
stage autograft, respectively [18].

More recently, Michot et al. reported the use of 
DRT over exposed vascular structures following femo-
rotibial arterial bypass surgery with uneventful heal-
ing of the wound. They hypothesized that DRT may 

Figure 6. Right upper extremity injury and 
reconstruction. (A) Right upper extremity injury with 
complex soft tissue injury and fractures from blast-
related exposure after dermal regeneration template 
placement. (B) Salvaged extremity after dermal 
regeneration template and split-thickness skin grafting 
placement showing early results. Patient has nearly 
full use of this arm, can perform pull-ups and push-ups 
with this extremity illustrating functional capacity and 
range of motion.
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be less demanding in terms of the vascular wound bed 
and the degree of oxygenation than a conventional 
skin graft [19].

Combat injuries share many characteristics with 
the injuries described in the preceding studies as they 
are often traumatic degloving injuries, with associated 
open fractures, heavy contamination, often with large 
zones of injury and concomitant tissue ischemia due 
to vascular injury and tourniquet use [20–22]. Despite 
this, there are few reports of DRT use in combat 
trauma and military populations. We were only able 
to identify two series in the surgical literature. Hel-
geson et al., reported a case series of 16 complex blast 
wounds with exposed bone and/or tendon treated 
with DRT and negative-pressure wound therapy fol-
lowed by skin grafting: successful definitive cover-
age was achieved in 15 of 16 wounds [11]. In the UK, 
Foong et al. reported on the use of DRT in the treat-

ment of IED blast injuries in seven patients – appli-
cations included both upper and lower extremities as 
well as amputated limbs, with successful closure of 
all wounds by delayed skin grafting following DRT 
placement [13]. Our substantially larger series validates 
these earlier findings, demonstrating the excellent 
results that can be obtained with this adjunctive treat-
ment: we achieved a rate 78% successful initial closure 
of 280 wounds following DRT placement; this rate 
increases to 86% if wounds with incomplete data are 
excluded, which is consistent with previously reported 
results (see Figures 3–7 for case examples and flowsheet 
of treated wounds).

There are several important limitations to this study. 
As a retrospective series it relies on existing records 
and suffers from the usual biases and incomplete data 
of any record review. While we were able to identify 
280 wounds in 190 patients, complete data were only 

Figure 7. Flowsheet outlining outcomes of 280 wounds in the 190 patient series. 
DPC: Delayed primary closure; DRT: Dermal regeneration template; FTSG: Full-thickness skin graft;  
STSG: Split-thickness skin graft.

1 death during
treatment

2 DRT lost to 
infection 

251 wounds with
complete records

29 wounds with 
incomplete records

Initial dataset: 280 wounds /190 patients

21 wounds: unknown method 
of closure

8 wounds: unknown take 
of skin grafts

248 wounds

198 STSG
179 ≥90%

15 FTSG
12 ≥90%

16 FLAP
15 ≥90%

11 DPC
11/11 good

8 amputation
or revision
0/8 good
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available for 251. There were 29 records with incom-
plete data or 10% of the total dataset. Further, the 
search method utilized only captured patients where 
the search terms were included in the surgical book-
ing system. There may be instances where an Integra 
DRT was utilized, but was not included in the surgical 
booking system: these patients would not have been 
included in our dataset.

Assessment of the ‘take’ of both skin grafts and tis-
sue flaps was performed by multiple treating surgeons 
and residents; accordingly, there may be discrepancies 
between observers. We attempted to mitigate this by 
categorizing take in a binary manner and setting 90% 
take as the low-cutoff for the ‘good’ grouping. In 
truth, many of the wounds with 70–90% take healed 
with bedside measures and local wound care (no fur-
ther operative procedures), however for the purposes 
of this study, due to take of less than 90%, they were 
considered treatment failures. We reported two cases 
of complete regeneration template loss; however, par-
tial loss is difficult to calculate as a result of the same 
interobserver variability described above and limited 
documentation in the electronic medical record. 
However, we found no cases were possible partial loss 
contributed to wound closure failure or failed recon-
struction, so partial loss of a DRT is likely of limited 
clinical significance.

Despite these limitations, we feel we have demon-
strated a substantial benefit to utilizing a bioartificial 
regeneration template such as Integra DRT in augment-
ing traditional soft tissue reconstructive procedures 
for combat-injured patients. Some of the strengths of 
this study are that it is the largest series of traumatic 
wounds treated with bioartificial DRT to date, and the 
healing rate reported is all the more impressive given 
that these were primarily blast wounds with heavy con-
tamination at time of injury. Although in our popula-
tion, IED blast injuries are typically confined to active 
duty service members, this is not the case at other insti-
tutions and we believe that the results of this study are 
applicable to similar civilian injuries.

Conclusion
Bioartificial DRTs such as Integra DRT have played 
an increasing role in the treatment of traumatic war 
wounds having significant skin defects. Utilizing the 
beneficial structural aspects of these materials, our 
reconstructive surgeons have successfully achieved 
stable, closed wounds despite many of these wounds 
having been complicated by significant infectious 
burden, hypo- or avascular tissue, as well as full-
thickness skin defects with exposed vital structures. 
The use of DRTs for skin restoration have been 
shown to aid in the functional properties of skin 

via the DRTs’ ability to re-create a well vascularized 
neodermis that can accept definitive second stage 
and even primary stage epidermal coverage. Fur-
thermore, application of DRTs permit the reconsti-
tution of the skin’s inherent barrier functions, aids 
in a ‘cushoning effect’ in protecting the underlying 
anatomical structures in which it covers, while also 
permits adequate glide and motion functions of the 
underlying tendons and muscle units. However, 
long-term functional outcomes are still pending and 
further investigation is necessary to truly evaluate 
the utility of these products beyond combat casualty 
care and correlate their use with civilian traumatic 
and oncologic reconstructions. DRTs have a signifi-
cant role in not only the treatment of burn and com-
bat related wounds, but also in civilian trauma and a 
variety of nontrauma applications.

Future perspective
As further research and clinical experiences is gained 
within DRTs and skin substitutes, the potential for 
restorative techniques to improve the functional and 
aesthetic aspects of cutaneous and soft tissue wounds 
will be transformative to reconstructive, burn, and 
wound care. Such future work will lead to better 
options for addressing cutaneous, soft tissue, and 
composite type defects, will aid in improving patient 
clinical outcomes, and will likely be integral compo-
nents in applications to other tissue replacement areas 
and via novel tissue engineering approaches. Next 
steps will include combining DRTs and skin substi-
tutes with cellular therapies to further improve and 
recapitulate the functional aspects of skin and its con-
tents such as hair bearing elements, sebaceous glands, 
and sensory organelles which will more realistically 
replicate the anatomical components of skin. Cur-
rent DRTs and subtitutes available clinically lack the 
ability to restore these specialty functions of skin and 
primarily serve as a dermal regenerate or replacement 
rather than a fully functioning skin replacement.
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Executive summary

•	 War wounds are often complex composite defects devoid of well-vascularized tissue in critically ill patients. 
These injuries require serial surgical debridements to remove necrotic, contaminated and compromised tissue.

•	 Bioartificial dermal regeneration templates (DRTs) are typically composed of bovine, porcine, ovine or human 
collagen matrix which facilitates vascularization and formation of a neodermis.

•	 Bioartificial DRTs utilized in conjunction with traditional soft tissue coverage techniques play a role in the 
reconstruction of combat wounds.

•	 Integra DRT can provide wound stabilization, via a temporary mechanical barrier that lessens evaporative 
losses and help to achieve definitive staged wound closure.

•	 In our series Integra DRT had an 86% success rate in the treatment of traumatic injuries, even in highly 
contaminated wounds with large zones of injury.

•	 Use of Integra DRT may decrease the need for flap procedures or repeat autologous skin grafting.
•	 Future prospective studies are needed to compare the use Integra DRT to traditional soft tissue procedures 

and to elucidate the potential costs or savings associated with its use.
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Hematopoietic stem cells (HSCs) have been shown recently to hold much promise 
in curing autoimmune diseases. Newly diagnosed Type 1 diabetes individuals 
have been successfully reverted to normoglycemia by administration of 
autologous HSCs in association with a nonmyeloablative regimen (antithymocyte 
globulin + cyclophasmide). Furthermore, recent trials reported positive results by using 
HSCs in treatment of systemic sclerosis, multiple sclerosis and rheumatoid arthritis 
as well. Early data suggested that HSCs possess immunological properties that may 
be harnessed to alleviate the symptoms of individuals with autoimmune disorders 
and possibly induce remission of autoimmune diseases. Mechanistically, HSCs may 
facilitate the generation of regulatory T cells, may inhibit the function of autoreactive 
T-cell function and may reshape the immune system.
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Autoimmune diseases (ADs) are character-
ized by aberrant activation of the immune 
system, leading to inability to control self-
reactivity and to maintain tolerance. They 
are classified as ‘organ-specific ADs’ and as 
‘diffuse or systemic ADs’ with an either pre-
dominantly autoimmune or autoinflamma-
tory component [1,2]. Current systemic thera-
pies relying on chronic immunosuppression 
are responsible for high treatment-related 
morbidity and continue to be associated with 
significant disease- and treatment-related 
mortality. Supported by studies performed 
in animal models of ADs and early clinical 
trials, hematopoietic stem cell transplanta-
tion (HSCT) has become an emerging cell 
therapy for ADs [2].

Autologous hematopoietic stem cell trans-
plantation (AHSCT) represents a well-
established cell therapy approach [3], which has 
now been extended to treat several nonhema-
tological disease conditions including genetic 
disorders and ADs [4]. The use of HSCs to 

treat severe ADs was first established with a 
consensus statement in 1995 [5]. To date, more 
than 1500 HSC transplants, mainly autolo-
gous, have been performed worldwide to treat 
systemic ADs, such as multiple sclerosis (MS), 
systemic sclerosis (SSc), rheumatoid arthritis 
(RA), systemic lupus erythematosus (SLE), 
juvenile idiopathic arthritis (JIA), hemato-
logic immune cytopenia and Crohn’s dis-
ease [5]. The encouraging results of past pilot 
trials suggested that autologous HSC-based 
treatment may be a relevant alternative thera-
peutic option to immunosuppressive drugs in 
the treatment of autoimmune disorders. More 
recently, it has been reported that HSC-based 
therapy has also been successful in new-onset 
Type 1 diabetes (T1D), with the achievement 
of insulin independence in nearly 60% of 
treated subjects at 6 months [6]. The rationale 
behind the use of HSC-based approach lies 
in their immunoregulatory properties, which 
may facilitate the recovery of peripheral toler-
ance toward pancreatic β cells [7] and prevent 
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T-cell infiltration of targeted organs [8]. Interestingly, 
infusion of autologous HSCs is not associated with the 
development of tumors, such as has been observed for 
other immunomodulatory stem cells including mes-
enchymal stem cells (MSCs) [9–11], although HSC 
treatment usually requires combined administration 
of immunosuppressive drugs and of a conditioning 
regimen, often burdened by toxic effects [12]. Despite 
this, HSCs have been effective and safely used to treat 
hematological and nonhematological malignancy [4,13] 
and more recently have been used in combination with 
solid organ transplantation to achieve stable immune 
allograft tolerance in the long term [14]. The recent dis-
covery that a pre-established suicide genetic system may 
control survival and prevent toxicity of HSCs undergo-
ing genetic modifications will implement their use in 
clinical settings, rendering HSCs easier to manipulate as 
a cell therapy-based approach in immune-mediated dis-
orders [15]. While there have been significant advances 
in the last decade in the efficiency of isolation of HSCs 
ex vivo for infusion [16], expansion of HSC subsets still 
raises unanswered questions. Identification of cyto-
kines and growth factors capable of recreating the HSC 
niche milieu in vitro is now being explored in regen-
erative medicine research and several small molecules 
are undergoing testing [17,18] in order to further expand 
immunomodulatory subsets of HSCs and exploit their 
immunosuppressive properties. Hence, this may provide 
indication for the use of an immunoregulatory HSC-
based approach to treat ADs, particularly T1D, with-
out the occurrence of drug-mediated toxic effects. In 
this review we will document the most recent progress 
observed in the use of HSC-based immunotherapeutic 
approaches in preclinical models and in clinical appli-
cations, focusing on their potential as a new cell-based 
therapeutic strategy to treat ADs and diabetes.

HSC characteristics & immunoregulatory 
properties
HSCs are self-renewing cells that have the ability to 
differentiate into all blood lineages and repopulate the 
hematopoietic system following transplant. During 
development, the first definitive HSCs appear in the 
aorta–gonad–mesonephros region of the embryonic 
mesoderm followed by the yolk sac, fetal liver and thy-
mus [19]. Later in gestation, HSCs migrate to the develop-
ing bone marrow (BM) within the trabecular region of 
long bones, where they reside in the adult organism [20]. 
Within the BM, HSCs represent a very small fraction 
(∼0.1%) of the overall cell content and can be identi-
fied by their cell surface marker profile: the presence of 
CD34, the absence of CD38 and blood lineage mark-
ers (Lin-) defines human HSCs, and Sca1+c-Kit+Flk2-

CD34-Lin- is the phenotype that characterizes mouse 

HSCs [21,22]. Although still debated, HSCs are thought 
to reside in two distinct niches within the BM: the end-
osteal (close to the inner surface of the bone) and the 
sinusoidal (highly vascularized central portion of the 
BM) niches, which are both composed of a multitude 
of cells including osteolineage cells, endothelial cells, 
pericytes, MSCs, sympathetic neurons and Schwann 
cells [19,23]. Osteoblasts in the endosteal niche produce 
an HSC retention signal (SDF-1), which together with 
the hypoxic environment of the niche, promotes the 
maintenance of primitive quiescent long-term HSCs 
capable of unlimited self-renewal [21,24]. Exit from the 
quiescent state is accompanied by migration of prolifer-
ating HSCs into the sinusoidal (or perivascular) niche, 
which is enriched in short term HSCs that have limited 
self renewal and can only maintain hematopoiesis for a 
limited period in vivo [25,26]. This niche also contains 
vascular endothelium, reticular cells and megakaryo-
cytes, and provides more immediate access to the blood 
circulation as well as an oxygen-rich environment that 
favors the proliferation/differentiation of HSCs [27]. The 
regulation of HSC self-renewal, survival and differentia-
tion within the niche is also regulated by direct cell–cell 
contact via Notch signaling as well as through soluble 
factors, such as Wnt, TGF, Hedgehog, stem cell factor, 
thrombopoietin and noradrenaline [21,28]. Trafficking 
of HSCs not only occurs between the BM niches but 
also into the blood circulation. Some of these circulat-
ing HSCs re-engraft into the BM and contribute to the 
maintenance of hematopoietic homeostasis [29], while 
others travel to peripheral tissues and the lymphatic 
system [30]. During their patrol of the periphery, HSCs 
have been shown to differentiate into immune and 
inflammatory effector cells following activation of TLR 
signaling and under conditions of disease or injury [31]. 
The first step in the trafficking of HSCs from BM is 
the release of these cells from their anchoring within 
the stem cell niche. This anchoring is mediated pre-
dominantly by two pathways: VCAM1 and CXCR4; 
CXCL12 [23]. Despite continuous BM retention signals, 
approximately 1% of BM HSCs enter the blood circu-
lation every day [32]. This process of mobilization can 
be greatly enhanced by cytokines (e.g., G-CSF), che-
mokines and small molecules, which trigger a signaling 
cascade that reduces the expression of anchoring signal 
components (CXCL12 in stromal cells), and increases 
the expression of proteolytic enzymes (MMP9 in stro-
mal cells or the dipeptidase CD26 in HSCs), resulting 
in the proteolytic degradation of HSC anchors [23,33–34]. 
Interestingly, the mobilization of HSCs has also been 
shown to follow circadian patterns. These are medi-
ated by the sympathetic neurons innervating the HSC 
niche, which secrete norepinephrine and downregulate 
the expression of CXCL12 [35]. The mechanisms under-
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lying HSC trafficking from the circulation to nonmy-
eloid peripheral tissues remains incompletely under-
stood, but it is clear that HSCs (ranging from the most 
primitive stem cells to lineage-committed progenitors) 
are found in liver, lung, intestine and kidneys, and it is 
also well established that tissue damage facilitates hom-
ing of HSCs to the site of injury [25]. CXCL12 plays a 
central role in this process and has been shown to be 
upregulated in a variety of tissues under stress condi-
tions [36,37]. Ischemia following myocardial infarction 
or stroke has also long been known to result in sub-
stantial mobilization of HSCs, with the infarct milieu 
attracting circulating CXCR4-expressing HSCs via 
secretion of CXCL12 [38]. Recent published reports 
described a novel property of HSCs to control their own 
fate, by converting danger signals into versatile cyto-
kine signals for regulation of stress hematopoiesis [39]. 
In this regard, many investigators have provided direct 
and indirect evidence of cytokine receptor expression 
in murine HSCs designated as LSK (Lin-c-kit+Sca-1+) 
cells, including IL-6Rα, IFN-γR, TNFR1 and 
TNFR2 [40–42]. HSCs were defined by their ability to 
sense pathogenic infection via TLRs, particularly upon 
stimulation of TLR4 and TLR2, and HSCs produce far 
more cytokines – in both quantity and breadth – than 
mature myeloid and lymphoid cells, although with the 
addition of much stronger stimuli [43]. Furthermore, 
Schurch et al. demonstrated the existence of interplay 
between cytotoxic CD8+ T cells (CTLs) via IFN-γ pro-
duction to induce IL-6 production by stromal MSCs, 
which in turn direct HSCs toward myeloid differen-
tiation and promote clearance of infection [44]. HSCs 
possess potent veto-like activity when added to a mixed 
lymphocyte reaction assay, referring to their ability to 
neutralize and suppress the development of CTLs in an 
HLA-restricted manner, via cell contact and through 
the TNF-α pathway [45–47]. HSCs have been shown 
to be capable of dampening the alloimmune response 
and therefore to prolong allograft survival [48]. Fiorina 
and Jurewicz et al. highlighted this aspect of HSCs and 
demonstrated that targeting the CXCR4/CXCL12 
axis using a CXCR4 antagonist mobilizes HSCs and 
prolongs islet allograft survival [48]. Mechanistic data 
suggested that this feature was associated with HSC 
expression of PD-L1, as HSCs from PD-L1-/- mice did 
not display immunoregulatory properties [48,49] or with 
the expansion of peripheral Foxp3+ regulatory T cells 
through cell–cell contact activation of Notch signaling 
and through soluble factors such as GM-CSF [50].

Preclinical studies
Autologous HSCs have been increasingly utilized 
for the treatment of a spectrum of severe ADs resis-
tant to conventional therapy, alone or in combina-

tion with anti-inflammatory and immunomodulatory 
drugs [51,52], and HSC administration is becoming an 
alternative treatment for many diseases such as SLE, 
MS, JIA, T1D, SSc and RA [51]. HSC treatment of most 
of these diseases was validated in preclinical murine 
models, in which the immunoregulatory properties of 
autologous HSCs successfully eliminated pathogenic 
autoreactive cells and reset the immune system [53,54]. 
In a murine model of lupus, HSCs have been shown to 
transfer pathological features associated with the dis-
ease. Transplantation of HSCs from SLE-prone New 
Zealand black mice into lethally irradiated nonsus-
ceptible strains induced AD, while allogeneic HSCT 
from nonprone mice was shown to cure the disease in 
New Zealand black mice (Table 1) [55–57]. Also in BXSB 
mice that develop spontaneous SLE, the syndrome is 
induced in early life when BM from healthy animals 
is transplanted into lethally irradiated mice [58], while 
transplantation of allogeneic stem cells has induced 
long-lasting complete recovery in mice with an SLE-
like disease [59]. Conversely, in similarly treated mixed 
lymphocyte reaction/lpr mice – another model of 
SLE – the disease recurred after initial remission [60]. 
In other murine models of ADs, such as experimen-
tal autoimmune encephalomyelitis (EAE), adjuvant 
arthritis and T1D, HSC transplantation from diseased 
mice transfers the disease itself [61–64]. HSCs may also 
transfer resistance to ADs to susceptible strains. HSCT 
from disease-resistant allogeneic animals prevented the 
development of SLE, T1D, RA [65] and EAE, adjuvant 
arthritis and myasthenia gravis [66–68]. Recent studies 
have shown that autologous HSCT is a promising new 
approach for the treatment of T1D by reconstitution 
of immunotolerance and preservation of islet β-cell 
function [69]. Allogeneic, but not syngeneic, HSCT 
halts autoimmune progression in diabetic nonobese 
diabetic mice [70], even if few functional islet β cells 
remain in the recipients. Cotransplantation of pan-
creatic β cells with allogeneic HSCs, from the same 
donor, leads to euglycemia [71–73]. By contrast, synge-
neic BM transplantation re-established euglycemia in 
STZ (streptozotocin)-diabetic mice, with an expan-
sion of regulatory cells in the recipients [74]. Syngeneic 
BM transplantation was most successful in the early 
disease stages; achieving a nearly complete reversal of 
disease, while no effect was observed at more advanced 
stages, indicating that tolerance to autoantigens was 
not fully restored [75]. However, even with syngeneic 
BM transplantation, significant relapses have been 
reported, suggesting that tolerance has only temporar-
ily been established. Nasa et al. confirmed that mice 
in which syngeneic BM cells were transferred did not 
show any resistance to EAE induction, while those 
treated with BM cells transduced with the autoantigen 
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myelin oligodendrocyte glycoprotein were resistant to 
the disease. The authors also suggested that the trans-
fer of BM transduced with autoantigen may promote 
antigen-specific tolerance and therefore help to acquire 
disease resistance [76]. The same scenario was reported 
by Chan et al., in which the authors indicated that 
disease relapse was a common feature associated with 
syngeneic BM transplantation in treatment of AD that 
mainly reflected an incomplete resurgence of immune 
tolerance. They further confirmed that ectopic expres-
sion of antigens within the immune system can pro-
mote robust tolerance. Indeed the transfer of BM cells 
transduced with retrovirus encoding myelin oligo-
dendrocyte glycoprotein into a mouse model of EAE 
promoted disease resistance and CD4+ T-cell depletion 
within the thymus [77].

Clinical trials
Completed clinical trials
ASTIS, a major sponsored Phase III, multicenter, 
randomized (1:1), open-label, parallel-group clini-
cal trial conducted between 2001 and 2009 in 156 
patients with early diffuse cutaneous SSc demon-
strated that autologous HSC transplantation was 
associated with increased treatment-related mortality 
during the first year after treatment, but conferred 
a significant event-free survival benefit in the long 
term, as compared with individuals subjected to 
monthly intravenous pulses of cyclophosphamide 
alone [83]. Particularly during the first year, HSC-
infused patients reported more events (defined as 
individual death or organ failure) (n = 13 events, 
including n = 8 treatment-related deaths) as compared 
with the control group (n = 8 events, no treatment-
related deaths). At 2 years of follow-up, n = 14 events 
occurred in the HSC transplant arm versus n = 14 

events among control patients; at 4 years after treat-
ment, n = 15 events were reported among HSC-
transplanted patients as compared with the control 
arm (n = 20 events). Similarly, ASSIST, a Phase II 
trial comparing HSC infusion versus cyclophospha-
mide pulses, further confirmed the positive effects of 
stem cell infusion in all treated patients without any 
treatment-related mortality (while control patients 
exhibited progression of disease), which resulted in 
premature termination of the study due to the sig-
nificant benefit of the treatment arm [84]. Moreover, 
the positive effects of HSC transplantation persisted 
2 years after HSC infusion, with improved modified 
Rodnan skin scores and forced vital capacity. HSC 
transplantation has been studied in the context of 
Crohn’s disease in the ASTIC trial, a multicenter, 
prospective, randomized Phase III study, which eval-
uated the effect of mobilization and early or delayed 
immunoablation with HSC infusion [85]. Results 
are only available comparing mobilization alone or 
after transplantation at 1 year. Individuals treated 
with HSC transplantation showed normalization 
or strong reduction in the Crohn’s Disease Activity 
Index, (HSC transplantation: baseline = 324 [inter-
quartile range (IQR): 229–411] vs 12 months = 161 
[IQR: 85–257], compared with mobilization alone: 
baseline = 351 [IQR: 287–443] vs 12 months = 272 
[IQR: 214–331]), C-reactive protein (HSC trans-
plantation: baseline = 16.6 [IQR: 6.7–32.0] vs 
12 months = 6.5 [IQR: 3.5–12.5] mg/l, com-
pared with mobilization alone: baseline = 14 [IQR: 
8.0–27.0] vs 12 months = 9.0 [IQR: 2.0–23.4] mg/l) 
and Crohn’s Disease Endoscopic Index of Severity 
(HSC transplantation: baseline = 18 [IQR: 10–25] 
vs 12 months = 5 [IQR: 1–11], compared with 
mobilization alone: baseline = 14 [IQR: 12–16] vs 

Table 1. Preclinical studies on autologous hematopoietic stem cells in autoimmune diseases.

Disease Species Source Evidence Ref.

EAE Buffalo rats BMT Remission of EAE [68,78]

EAE SJL/J mice BMT Delay onset and mark regression in the 
incidence and severity of EAE

[63,79]

EAE Mice BMT Ameliorate the disease severity in acute 
phase

[80]

Myastenia gravis Lewis rats BMT Eliminate the immune responses and 
reconstitute the immune system in its 
original state

[66]

Adjuvant arthritis Buffalo rats BMT Remission induction of AA [64,67,81]

CIA Mice BMT Suppress the progression of CIA [82]

Type 1 diabetes STZ-diabetic mice BMT Euglycemia, increase of regulatory cells [74]

AA: Adjuvant arthritis; BMT: Bone marrow transplantation; CIA: Collagen-induced arthritis; EAE: Experimental autoimmune 
encephalomyelitis; STZ: Streptozotocin.



www.futuremedicine.com 399future science group

The use of hematopoietic stem cells in autoimmune diseases    Review

12 months = 9 [IQR: 4–22]). Serious adverse events 
were common, with episodes requiring or prolonging 
hospitalization and the approach was thus consid-
ered potentially suitable for only a limited number of 
patients [85]. AHSCT has been used for the treatment 
of MS in a multicenter, Phase II, randomized trial, 
which included individuals with secondary progres-
sive or relapsing-remitting MS, with increase on the 
Expanded Disability Status Scale in the last year [86]. 
Patients received heavy immunosuppression followed 
by autologous HSC transplantation or mitoxantrone 
for 6 months. HSC therapy reduced the number of 
new T2 lesions by 79% upon magnetic resonance 
imaging examination over 4 years of follow-up 
(HSC = 2.5 [IQR: 0–8] vs mitoxantrone = 8 [IQR: 
2–34], also reducing gadolinium-positive lesions 
and annualized relapse rate, but was not successful 
in controlling progression of disability, as compared 
with mitoxantrone [86] In T1D, a trial conducted by 
Voltarelli et al. in 2007 achieved encouraging results 
and paved the way for the use of HSC in the treatment 
of new-onset T1D. Three other clinical trials fol-
lowed the Brazilian trial, and the results pooled and 
analyzed in a recent study by our group demonstrated 
that HSC infusion in n = 65 individuals with T1D 
provided insulin independence in 59% of the cases, 
with improvement of β-cell function as measured 
by C-peptide production (baseline = 0.54 ± 0.06 
vs 6 months = 1.22 ± 0.10 ng/ml) within the first 
6 months after therapy. Moreover, HSC-infused T1D 
patients showed levels of C-peptide above 1.15 ng/ml 
through the entire follow-up period, with 32% of 
them maintaining insulin independence as well [8]. 
Interestingly, a correlation was found between dura-
tion of the disease and insulin independence: indi-
viduals treated within 6 weeks from diagnosis became 
insulin independent in 82% of cases compared with 
subjects whose treatment was initiated at a later time 
point (40%) [8]. More recently, Haller et al. studied 
the effect of antithymocyte globulin (ATG) and mul-
tiple pegylated G-CSF infusions (known to mobi-
lize HSCs) on the preservation of β-cell function in 
17 patients with established T1D [87] versus placebo, 
and it was shown that combination treatment tended 
to preserve β-cell function at 1 year of follow-up as 
measured by a 2-h mixed meal tolerance test (mean 
difference in mixed meal tolerance test-stimulated 
AUC C-peptide between treated and placebo subjects 
was 0.28 nmol/l/min), as well as to control glycated 
hemoglobin control (HbA1c; ATG + G-CSF: base-
line = 6.7 vs 1-year = 7.2% [0.5% increase]; placebo: 
baseline = 6.0 vs 1-year = 7.0% [1.0% increase]) [87]. 
Finally, in the past 15 years, autologous HSC trans-
plantation has also been explored for the treatment of 

RA (n = 89), JIA (n = 65) and SLE (n = 85) [88]. In RA, 
Phase I and II studies established the feasibility, safety 
and efficacy of HSC transplantation. Although these 
studies showed promising results, HSC transplanta-
tion was not considered to be a useful therapy due to 
the heterogeneity of response and the need to rein-
troduce disease-modifying agents, such as rituximab, 
to achieve sustained control of disease [89]. Phase III 
studies were attempted, but the spreading of biologi-
cal antirheumatic agents jeopardized the recruitment 
of patients. HSC transplantation is now rarely con-
sidered for patients whose disease has resisted con-
ventional and biological treatments. A retrospective 
analysis of follow-up data on 34 children with JIA 
who were treated with autologous HSCs and were 
followed for up to 60 months revealed a 53% rate of 
positive response with complete drug-free remission 
to therapy at follow-up of 29 ± 12 months (n = 7 of 
these patients had previously failed treatment with 
anti-TNF therapy), 18% partial remission, 21% 
resistance to HSC infusion effects and unfortunately 
some treatment-related mortality [90]. Recently, autol-
ogous HSC transplantation for the treatment of SLE 
was reviewed at the European Group for Blood and 
Marrow Transplantation (EBMT), and the results 
obtained at 26 (0–78) months of follow-up showed 
sustained remission of disease activity (SLEDAI < 3) 
in 66% of patients by 6 months after therapy (32% of 
them subsequently relapsed after 6 (3–40) months, 
and relapse was associated with negative antidou-
ble-stranded DNA). In total, 12% of patients suf-
fered from treatment-related mortality deaths after 
1.5 (0–48) months, and these events were correlated 
with longer disease duration before HSC infusion 
(Table 2) [91].

Ongoing clinical trials
Multiple clinical trials on the use of HSCs in ADs 
are currently ongoing in order to confirm the results 
obtained or to expand the indications for this treat-
ment. Thus far, different therapeutic protocols have 
been used in different centers without reaching a con-
sensus on which is the most efficient or safe, with every 
center following its own scheme, which usually refers 
to the most recent update of EBMT Guidelines for 
HSC-based treatment of ADs. An observational pro-
spective study sponsored by EBMT (NCT02264405) 
aims now to assess the effectiveness of HSC trans-
plantation for SSc as currently performed with dif-
ferent study protocols used across Europe, in order 
to reach a consensus regarding the approach that 
can most efficiently provide halting of disease pro-
gression and survival of all individuals at 2 years of 
follow-up. Autologous HSC infusion in MS is being 
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investigated in an interventional, open label, single 
group, multicenter Phase II study, where interferon-
resistant patients are being treated with stem cells after 
cyclophosphamide and CAMPATH-H1 (anti-CD52) 
conditioning and are being screened for disease pro-
gression at 3 years postinfusion (NCT00278655). 
Treatment of other degenerative neurological diseases 
is under investigation using autologous HSC therapy, 
including neuromyelitis optica (NCT01339455), stiff 
person syndrome (NCT02282514) and Devic’s disease 
(NCT02282514). HSC efficacy is also being investi-
gated in patients with new onset T1D in USA, with 
a strategy based on the use of ATG plus G-CSF – 
with modalities similar to the previous experience in 
patients with established disease – while in China, a 
conditioning scheme based on cyclophosphamide plus 
rabbit ATG (NCT01341899) is being examined. It 
is expected that randomized prospective clinical tri-
als comparing HSC transplantation and conventional 
treatment will confirm the beneficial results of early 
pilot studies. Finally, a pilot study of intensified lym-
pho-depletion followed by autologous HSC transplan-
tation in patients with severe SLE has been recently 

completed, but the results have not yet been released 
(NCT00076752) (Table 2).

Conclusion
ADs involve the breakdown of multiple immunologi-
cal checkpoints and loss of self-tolerance [88,92–94], and 
immunological or anti-inflammatory strategies may 
represent a therapeutic option to treat these disor-
ders [95,96]. Despite several efforts to find a feasible cure 
for ADs like T1D, mortality and morbidity of these dis-
eases remain high, and the search for safer and smarter 
therapy is thus mandatory [94,97]. Although the encour-
aging results observed with use of some immunosup-
pressive agents in preclinical models generated hope 
about the use of HSCs in AD, the associated chronic side 
effects have halted development of this option [98,99]. 
Many investigators have reported either complete cure, 
decreased relapse rates or decrease in disease sever-
ity when treating animals with severe acute AD by 
immune ablation associated with syngeneic HSCT. Yet, 
to be an effective therapy, HSCT needs to performed 
earlier in the time course of the disease, that is, dur-
ing its first inflammatory stage [100]. These encouraging 

Table 2. Clinical trial on the use of autologous hematopoietic stem cells.

Disease Study Phase HSC/Ctrl (n) Control regimen Duration 
(months)

Primary end 
point

Outcome

Completed clinical trials 

SS ASSIST I 10/9 CYC 1g/m2/months 48 Skin, lung 
function

↑

SS ASTIS II 79/77 CYC 750 mg/m2/
months

48 Event-free 
survival

↑

MS ASTIMS II 9/12 MTX 
20 mg/6 months

60 Event-free 
survival

↑

CD ASTIC II 23/22 CYC 50 mg/kg/day 
+ATG 2.5 mg/kg/
day

12 CDAI; no active 
disease

↑

T1D – II 17/8 Placebo 12 β-cell function ↑

Ongoing clinical trials 

RA – – 14 – 21 Disease activity ↑

JIA – Retrospective 34 – 60 Disease activity ↑

SLE – Retrospective 53 – 78 Disease activity ↑

SS NCT02264405 Prospective 50/– – – Event-free 
survival

–

MS NCT00278655 II 21/– – 36 Disease 
progression

–

T1D NCT02215200 II 28/28 Placebo 12 β-cell function –

T1D NCT01341899 2 50/– – 12 β-cell function –

↑: Improvement; –: Not applicable; ATG: Antithymocyte globulin; CD: Crohn’s disease; CDAI: Crohn’s disease activity index; Ctrl: Control; CYC: Cyclophosphamyde; 
HSC: Hematopoietic stem cell; JIA: Juvenile idiopathic arthritis; MS: Multiple sclerosis; MTX: Mitoxantrone; RA: Rheumatoid arthritis; SLE: Systemic lupus 
erythematosus; SS: Systemic sclerosis; T1D: Type 1 diabetes.
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results supported the design of clinical trials in indi-
viduals with severe ADs [100]. Despite initial enthusiasm 
in using this approach, significant barriers still exist due 
to the toxic side effects of associated immunosuppres-
sion, particularly if allogeneic HSCs are used, that may 
promote opportunistic infections and increase patient 
susceptibility to infections, thus limiting the poten-
tial curative benefits of HSCs. Further HSCT must be 
improved, as must strategies to promote long-term tol-
erance with minimal immunosuppression [94,101]. HSCs 
may be considered the most readily available source of 
stem cells, given that they can be harvested relatively 
easily from donors via BM isolation or from peripheral 
blood after mobilization with G-CSF or with other 
agents such as AMD3100 [102]. The expression of CD34 
and CD133 on the cell surface of HSCs has allowed for 
their use and manipulation for enrichment purposes as 
well as for ex vivo manipulation [103]. It is also important 
to note that aside from the availability of HSCs, the 
absence of ectopic tissue or tumor formation suggests 
they possess a safety profile not demonstrated in other 
sources of stem cells, such as MSCs and embryonic 
stem cells [7,9,104–105]. We are aware that so far studies 
relying on the use of HSCs alone without conditioning 
or immunosuppressive agents, suggested a little benefit. 
In a recent paper, Haller et al. reported that mobiliza-
tion with G-CSF alone without immune depletion 
failed to restore immunological tolerance or preserve 
β-cell function in recent onset T1D [106]. This is in 
line with results showing that immunological mono-
therapy (e.g., ATG) failed to preserve β-cell function, 
suggesting that a synergistic mechanism of action is 
required between ATG and G-CSF in order to achieve 
efficacious immunological and metabolic effects [107]. 
Although the application of HSCT in ADs has long 

been hampered by concerns with respect to safety and 
efficacy compared with conventional immunosuppres-
sion alone, immunosuppression is still associated with 
significant disease- and treatment-related mortality 
but has nevertheless become a well-established treat-
ment for ADs [88]. The outcomes of several studies have 
highlighted the potential benefits of HSC transplanta-
tion in ADs with the hope that new larger studies cur-
rently ongoing will confirm the preliminary results and 
establish HSCs as a prime therapeutic tool for ADs, 
particularly when autologous HSCs will be used.

Future perspective
AHSCT has emerged as a potential treatment for a 
number of ADs but still requires further optimization 
in order to prevent disease relapse and to minimize the 
need for immunoablative conditioning. Future promis-
ing strategies rely on developing innovative therapies 
for ADs. Targeted stem cell therapy associated with 
gene therapy or ex vivo expansion/modulation of HSCs 
could represent a significant challenge that may defeat 
ADs and will provide significant therapeutic benefit 
that has the potential to ablate established pathogenic 
T-cell responses underlying several ADs and contribute 
to de novo generation of a self-tolerant immune system.
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Executive summary

•	 Hematopoietic stem cells (HSCs) represent a well-established stem cell population that contribute to 
maintenance of hematopoietic homeostasis. The presence of CXCR4 on HSCs allows for their trafficking from 
the circulation to peripheral tissues, following a process called ‘mobilization’ and in response to inflammatory 
stimuli, where they exert their immunoregulatory/immunosuppressive properties and eliminate inflammatory 
effector cells.

•	 Autologous hematopoietic stem cell transplantation (AHSCT) has rapidly emerged as a novel therapy for 
autoimmune diseases after being supported and validated in preclinical studies using murine models of 
autoimmune diseases. However, while transplantation of allogeneic HSCs rather than autologous HSCs 
has induced long-lasting complete recovery in treated patients, autologous cell therapy is preferable in 
chronically ill patients. In Type 1 diabetes, AHSCT was most successful at early disease stages, with no effect 
observed at more advanced stages as tolerance to autoantigens was not fully restored. Despite the many 
described benefits of AHSCT, significant relapses have been reported and reflect an incomplete resurgence of 
immune tolerance.

•	 Encouraging clinical results and a progressively clearer understanding of the mechanisms involved in HSC 
therapeutic activity are providing the foundations for the adoption of HSC infusion in many disease states 
where conventional drug treatment has thus far failed. While for allogeneic HSC transplantation treatment-
related adverse effects are a major issue, for autologous HSCs most of the concerns are absent, and thus 
autologous HSC transplantation may represent a viable option for autoimmune diseases.
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