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human albumin and alpha-1-antitrypsin could be detected in the
blood of successfully transplanted animals after 120 days. However,
the functionality of the engrafted cells, including their contribution
to the hepatic stem cell pool, was not analyzed.

These initial transplantation experiments have also revealed
practical hurdles for regenerative applications as vast numbers of
organoid-derived cells have enabled only very modest engraftment
rates. Experimentally, this might be addressed by improving the
reproducibility between and within organoid cultures, by enhancing
delivery methods, and by upscaling organoid cultures for medical
applications, particularly within clinically useful timeframes. Over-
all, the evidence for using organoids as a cell source in translational
applications falls short of demonstrating fully functional epithelia
and further pre-clinical animal models should be advanced.

Dependence of cultured epithelial cells on xenogeneic factors

A commonality between 3T3 co-culture and organoid culture
systems is that the gold standard protocols for stem cell culture
depend on murine-derived products. Attempts to replace 3T3 cells
with human feeder cells and/or defined media have been largely
unsuccessful in terms of stem cell maintenance, while the regulatory
environment for cell therapies has changed substantially. Early
grafts from 3T3 co-culture were sanctioned through collective agree-
ment about the scientific rationale by a small number of clinicians
(Green, 2008). More recently, regulatory bodies in the USA and
Europe have classified tissues based on 3T3 co-culture as xeno-
grafts. The use of murine cells and bovine serum raises concerns
about the transmission of infectious agents. It was also suggested
that co-culture of human embryonic stem cells (hESCs) with murine
feeder cells leads the former to incorporate a potentially immuno-
genic non-human sialic acid, Neu5Ge (Martin et al, 2005). However,
it was later shown that human sera do not reduce hESC viability
substantially and that minor effects are independent of cellular
Neu5Gc content (Cerdan et al, 2006). Notably, these concerns are
unsupported by the long-term engraftment and survival of trans-
planted epithelial cells in patients. While adverse events are
reported, these primarily relate to the preparation of the graft site
and the quality of epithelial cells transplanted, rather than the pres-
ence of 3T3 cells, which only account for 0-2% of cells in the final
CEA product (Ronfard et al, 2000). Importantly, no tumor develop-
ment has been reported in any patients even after follow-up over
several decades. CEAs have received regulatory approval in a
number of countries including the USA, Japan, and Korea. In
Europe, limbal stem cell therapy was recently approved contingent
upon the generation of a well-characterized 3T3-J2 master cell bank
in which all feeder cells are infection-free and cultured in accor-
dance with Good Manufacturing Practice (Pellegrini et al, 2014).

To make matters more complicated, the interactions between
epithelial cells and the ECM secreted by murine feeder cells in 3T3
co-culture are poorly understood. The complex ECM is known to
contain fibronectin, laminin, and collagen types I, IV, and V (Alitalo
et al, 1982), but their relative importance for epithelial stem cell
retention is not known. Laminin is an interesting candidate: a recent
feeder-free protocol employs laminin-rich conditioned medium from
804G rat bladder carcinoma cells to deposit a substrate for epithelial
cell expansion (Mou et al, 2016) and the common organoid ECM
from murine sarcoma-derived Matrigel contains predominantly
laminin, collagen IV, and nidogen-1, but it also includes more than
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1,000 other proteins with variability between batches (Hughes et al,
2010). Laminin 511 has been used as a matrix for feeder-free growth
of pluripotent (Nakagawa et al, 2014) and epithelial cells (Polisetti
et al, 2017) but, overall, the physiological presentation of ECM
secreted by cells seems to be more efficient compared with systems
that use recombinant ECM proteins.

Replacing Matrigel with a better-defined product will be critical
for future translation of human organoids for clinical applications.
The potential use of bovine collagen I as a substitute (Jabaji et al,
2014) might address some concerns, but the conditions for complete
organoid differentiation in collagen gels have not been described
and their effects on the long-term maintenance of stem cells are
unclear. Recent studies have begun to pave the way for Matrigel
replacement with synthetic polymers: one elegant study sets out to
determine minimal in vitro ECM niche requirements using a bottom-
up bioengineering approach (Gjorevski et al, 2016). LGR5" stem
cells could be maintained in a synthetic RGD-functionalized poly-
ethylene glycol (PEG) hydrogel, but these organoids lacked differen-
tiated cell types. Hydrogel stiffness, communicated through YAP
signaling, was the key determinant of stem cell retention and dif-
ferentiation: an initially stiff matrix was required for stem cell
expansion and subsequent matrix softening allowed differentiated
cell types to emerge. The dynamic biomechanical properties of
Matrigel therefore likely support both stem cell maintenance and
organoid differentiation. A second study, investigating an alternative
synthetic approach based on PEG-4MAL macromer-based hydrogels,
also emphasized the importance of polymer mechanical properties
and showed that these could expand pluripotent cell-derived intesti-
nal organoids that could engraft in vivo (Cruz-Acuna et al, 2017). In
such studies, full biocompatibility and rate of polymer degradation
should be carefully analyzed before clinical translation.

Maintaining stem cells in culture

As discussed above, the abundance of stem cells, or holoclones, in
transplanted skin and corneal grafts determines the long-term
survival of the graft. It might therefore be beneficial to use products
with a high proportion of stem cells. In epidermal 3T3 co-cultures,
partial differentiation of colonies occurs during their expansion,
while the stem cell population is retained by balanced self-renewal
of stem cells. Isolation of these cells in the presence of Rho-asso-
ciated protein kinase inhibition (ROCKi) can improve the number of
cells expanded in culture, potentially including a greater number of
stem cells (Chapman et al, 2010; Terunuma et al, 2010), likely by
decreasing the extent of anoikis in the initial cell suspensions
(Watanabe et al, 2007). Continuous ROCKi or mammalian target of
rapamycin (mTOR) inhibition using rapamycin (Iglesias-Bartolome
et al, 2012) also increase epithelial cell proliferation and reduce
terminal differentiation (McMullan et al, 2003; Nanba et al, 2013)
but, despite evidence that cells expanded with ROCKi can differenti-
ate appropriately in vivo (Butler et al, 2016), the capacity of cells
grown in these conditions to contribute to long-term organ home-
ostasis after transplantation has not yet been shown. This stands in
contrast to Green’s protocol, which has clearly demonstrated this
ability in multiple epithelial cell types.

ROCK:i is also used during 3D organoid protocols to improve cell
viability during isolation and transfer but does not significantly alter
the cellular composition of organoids. Multiple groups have
explored strategies to preferentially expand LGR5 " stem cells, rather
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Pending issues

(i) Safety Issues. Culture systems for stratified epithelial cells that
are not dependent on mouse 3T3 feeder cells would be an impor-
tant step. However, it is crucial that these are demonstrated to
have the equivalent capacity to maintain epithelial stem cells
with long-term in vivo regenerative capacity.

(i) Clinical relevance of organoids. The application of organoid-

derived epithelial therapies will require the development of

clinical-grade matrices, scaled-up culture platforms, and efficient
transplantation methods.

Barriers to widespread implementation. The use of autolo-

gous adult stem cells in personalized medicines raises issues

around implementation in large patient cohorts. Currently, the
manufacture of such products is expensive and limited to very
specialized centers.

(iii)

than their differentiated progeny, in 3D organoid cultures. Addition
of the Wnt pathway activator CHIR99021 and the histone deacety-
lase inhibitor valproic acid to culture medium favors expansion of
murine Lgr5* intestinal stem cells over differentiated cell types in
organoid culture (Yin et al, 2014). Interestingly, the combination of
3T3 co-culture and medium with niche factors used in organoid
culture allows long-term, pure expansion of genome-stable human
gastrointestinal stem cells in 2D culture (Wang et al, 2015), suggest-
ing that apico-basal polarity generated in 3D organoid cultures is
key to the emergence of differentiated cell types. It will be important
to establish in pre-clinical transplantation models whether stem cell-
enriched transplants outperform those that contain differentiated
cell types.

Future perspectives

Highly expandable cultures containing epithelial stem cells from a
variety of organs can be established in co-culture with 3T3 cells.
These co-cultures, in combination with organotypic differentiation
assays, already offer a great tool for pre-clinical research, but the
use of murine feeder cells is a limitation for their routine use in ther-
apy. However, since stem cell retention is essential for long-term
integration of cultured epithelia, the premature translation of thera-
pies that attempt to replace components of the culture system with-
out clear evidence that they avoid the loss of stem cells should be
cautioned against. Alternatively, trials should have a clear rationale
for the use of cells that will not support long-term tissue homeosta-
sis. Unraveling the mechanisms involved in 3T3 support of stratified
epithelial stem cells has proved difficult, but it is yielding more
knowledge about basic stem cell biology. The determination of
essential feeder factors and the production of defined growth condi-
tions for pluripotent stem cells give hope that it will be possible to
replace murine feeder cells for epithelial stem cell culture in the
future (Nakagawa et al, 2014).

There is much excitement in regenerative medicine about the
potential clinical use of iPS cells and much progress has been made
toward differentiating these into multiple organ-specific lineages,
including epithelium. Yet, there remain greater hurdles to the use of
iPS-derived organoids compared to tissue-specific, stem cell-derived
cultures, burden, duration,

including  mutational culture
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differentiation efficacy, epigenetic changes, and ultimate functional-
ity. The impact of culture on the genome of cells is a particular
concern. While the absence of any clinically apparent mutations in
patients receiving cultured epithelial cell grafts to date is encourag-
ing, rare genomic alterations could still occur during expansion.
Initial data suggest that small numbers of de novo mutations are
introduced during organoid culture, but this nevertheless compares
favorably to the number of mutations that are introduced during
induced pluripotent stem (iPS) cell culture (Huch et al, 2015). For
these reasons, adult epithelial cells remain the first choice for clinical
application, but iPS options should be explored if the use of adult
stem cells is not feasible (Bilousova & Roop, 2014). This might
include simple epithelia, cases where adult stem cells have been
destroyed by injury—such as severe bilateral burns of the cornea—
or if whole tissue substitutes (e.g., full-thickness skin) can be devel-
oped (Workman et al, 2017). Overall, the cell culture advances
described here raise the prospect that the translational success
achieved for skin and cornea could be repeated in further epithelial
tissues.
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