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SUMMARY
Human intestinal organoids (HIOs) represent a powerful system to study human development and are promising candidates for clinical

translation as drug-screening tools or engineered tissue. Experimental control and clinical use of HIOs is limited by growth in expensive

and poorly defined tumor-cell-derived extracellular matrices, prompting investigation of synthetic ECM-mimetics for HIO culture. Since

HIOs possess an inner epithelium and outer mesenchyme, we hypothesized that adhesive cues provided by the matrix may be dispens-

able for HIO culture. Here, we demonstrate that alginate, a minimally supportive hydrogel with no inherent cell instructive properties,

supports HIO growth in vitro and leads to HIO epithelial differentiation that is virtually indistinguishable fromMatrigel-grown HIOs. In

addition, alginate-grown HIOs mature to a similar degree as Matrigel-grown HIOs when transplanted in vivo, both resembling human

fetal intestine. This work demonstrates that purely mechanical support from a simple-to-use and inexpensive hydrogel is sufficient to

promote HIO survival and development.
INTRODUCTION

A pivotal development in the fields of developmental

biology and regenerative medicine was the use of human

pluripotent stem cells (hPSCs) to generate human cell

types, tissues, and organoid model systems in vitro (Huch

et al., 2017; Johnston, 2015; Little, 2017). hPSC-derived or-

ganoids are 3-dimensional (3D) organ-like tissues that

partially recapitulate structural and functional aspects of

the organs after which they are modeled (Dye et al.,

2015, 2016; Eiraku et al., 2011; Lancaster et al., 2013;Miller

et al., 2018; Spence et al., 2011; Takasato et al., 2014; Takebe

et al., 2013). In particular, human intestinal organoids

(HIOs) are a useful tool to study intestinal development

(Aurora and Spence, 2016; Dedhia et al., 2016; Finkbeiner

et al., 2015a, 2015b; Munera et al., 2017; Singagoga and

Wells, 2015; Tsai et al., 2016, 2017), evaluate gut-microbe

interactions (Hill et al., 2017), and model chronic health

conditions such as inflammatory bowel disease (Wells

and Spence, 2014).

HIOs are generated fromhPSCs through a stepwise differ-

entiation process resulting in the formation of multi-

cellular spheroids that are embedded in a 3D extracellular

matrix (ECM) to support growth and development. Spher-
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oids grow into HIOs over the course of approximately

30 days in culture (Spence et al., 2011). Currently, base-

ment membrane-like ECM derived from mouse sarcoma

cells, sold under brand names such as Matrigel or Cultrex,

are standard for organoid culture as they mimic the base-

ment membrane and help to support epithelial growth.

There are many issues with these cell-derived ECMs,

including batch-to-batch variability, inability to control

biophysical and biochemical properties, and a potential

for pathogen transfer (Czerwinski and Spence, 2017).

Perhaps most importantly, cell-derived ECMs typically

have an uncharacterized protein composition and intro-

duce a largely uncontrollable biological variability into

experimental design. Lastly, cell-derived ECMs have a

high cost, hindering scale-up. Collectively, these factors

limit biological control during experiments and hamper

downstream clinical applications. These limitations have

prompted investigation into fully defined synthetic

matrices to support organoid culture in vitro. Thus far

only polyethylene glycol (PEG) has been used for HIO cul-

ture, motivating research into other hydrogel systems.

Recent work has shown that modified PEG hydrogels can

be engineered to support HIO growth (Cruz-Acuna et al.,

2017), or to support epithelium-only organoids (enteroids)
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Figure 1. Alginate Supports HIO Survival In Vitro
(A) Rheological characterization of alginate hydrogels. Data shown are the mean ± SD from n R 3 gels per condition.
(B) Representative images of live (Calcein-AM, green) and dead (Ethidium-homodimer-1, red) staining of spheroids in alginate and
Matrigel after 7 days in culture. Scale bar, 100 mm.

(legend continued on next page)
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generated from isolated murine or human intestinal stem

cells (Gjorevski et al., 2016). These studies focused on engi-

neering hydrogels to mimic the stiffness, adhesivity, and

degradation dynamics required to support cellular viability

and attachment (Cruz-Acuna et al., 2017; Gjorevski et al.,

2016). However, given that hPSC-derived HIOs are

composed of both epithelium and an outer mesenchyme

with a supportive basement membrane, we hypothesized

that HIOs may create their own niche and thus may be

amenable to growth in substrates lacking inherent cell

recognition.

In this work, we present evidence that native (unmod-

ified) alginate can be used as a simple hydrogel system

that supports HIO growth and development in vitro and

transplantation in vivo into immunocompromised mice.

Alginate is a Food and Drug Administration (FDA)–

approved polysaccharide derived from algae that is favor-

able due to its biocompatibility and ease of manipula-

tion. Use of alginate does not require specialized bioengi-

neering skills, and gelation is controlled by crosslinking

with calcium; thus, alginate can be implemented using

commercially available reagents without a need for

further modification. Since unmodified alginate does

not possess cell adhesive properties and its hydrophilic

nature inhibits protein adsorption, it is a minimally sup-

portive matrix that provides mechanical support for

HIOs in a 3D environment. Here, we report that alginate

hydrogels supported HIO viability and development

in vitro. HIOs cultured in alginate grew optimally at a

stiffness that was comparable to previously described

PEG hydrogels optimized for HIOs (Cruz-Acuna et al.,

2017), and the resulting alginate-grown HIOs were high-

ly similar to Matrigel-grown HIOs in vitro. Alginate and

Matrigel-grown HIOs underwent similar engraftment

and maturation when transplanted in vivo, and both

closely resembled the human intestine after transplanta-

tion. Collectively, these results demonstrate the effective-

ness of alginate as a support matrix for HIOs and as an

alternative for cell-derived ECM. Alginate overcomes

many limitations of Matrigel and is significantly more

cost-effective than either Matrigel or PEG, making it a

promising solution to improve experimental control

and increase the clinical potential of organoids.
(C) Quantification of spheroid viability after 3 and 7 days encapsulat
spheroid expressing live marker over total spheroid area. Data are comb
condition per experiment. Each point depicts viability of an indiv
calculated with a one-way ANOVA and Tukey’s multiple comparisons t
(D) Quantification of HIO yield after 28 days in culture. HIO yield was c
shown are the average yields from three independent experiments wit
from one experiment, while bars depict mean and SE. Significance was
test.
*p % 0.05, **p % 0.01, ***p % 0.001. See also Figures S1–S3.
RESULTS

Alginate Hydrogels Support HIO Viability

We identified alginate as a potential HIO growth matrix

based on its cost-effectiveness, biocompatibility, mild gela-

tion conditions (Lee and Mooney, 2012), ability to control

physical and biochemical properties (Jeon et al., 2013;

Samorezov et al., 2015), and viscoelastic behavior (Webber

and Shull, 2004). Many extracellular matrices and soft tis-

sues exhibit viscoelastic behavior in vivo (Chaudhuri,

2017), including embryonic tissue (Forgacs et al., 1998).

Previous work demonstrated that modified PEG hydrogels

engineered to mimic the adhesive and biomechanical

properties of Matrigel could support HIO development

(Cruz-Acuna et al., 2017; Gjorevski et al., 2016); however,

we hypothesized that due to the combined mesenchymal

and epithelial composition of HIOs that establishes a

Laminin-rich basement membrane (Arora et al., 2017;

Spence et al., 2011), a simple nonadhesive hydrogel with

a similar stiffness toMatrigelmay also support HIO growth.

Thus, we explored the potential of unmodified alginate to

support HIO expansion.

After inducing hPSCs toward an intestinal lineage as pre-

viously described (Finkbeiner et al., 2015a; McCracken

et al., 2011; Spence et al., 2011; Tsai et al., 2016, 2017),

3D hindgut spheroids self-assemble and detach from the

2D monolayer. These spheroids develop into HIOs over

the course of approximately 30 days in 3D culture. Spher-

oids were collected and embedded inMatrigel or in alginate

hydrogels spanning a range of polymer densities (0.5%–4%

w/v). Alginate solutions containing spheroids were ioni-

cally crosslinked with a calcium chloride solution to form

3D hydrogel networks. Since matrix mechanical properties

have been shown to impact HIO viability (Cruz-Acuna

et al., 2017) as well as epithelial cell behavior (Ene-

mchukwu et al., 2016), we varied the properties of alginate

hydrogels by varying polymer density in order to identify

an optimal matrix to support cell viability (Figure 1). Using

rheometry, we measured the mechanical properties of algi-

nate gels with an in situ gelation test. Rheological data

confirm that both the storage and loss moduli of alginate

hydrogels increase with increasing polymer density. The

storage and loss moduli of 0.5% alginate were most similar
ed in alginate or Matrigel. Percentage of live area denotes area of
ined from three independent experiments with nR 6 spheroids per
idual spheroid, while bars depict mean and SE. Significance was
est.
alculated as the percentage of spheroids that gave rise to HIOs. Data
h n > 100 spheroids per condition. Each point depicts overall yield
calculated with a one-way ANOVA and Tukey’s multiple comparisons
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Figure 2. Epithelium of Alginate-Grown HIOs Resembles Epithelium of Matrigel-Grown HIOs In Vitro
(A) H&E staining of HIOs cultured in 1% alginate and Matrigel for 28 days. Dashed lines outline the epithelium.
(B) Representative images of general epithelial marker staining in HIOs cultured in 1% alginate and Matrigel for 28 days. Markers shown are
ECAD (epithelial marker), CDX2 (intestinal epithelium marker), PDX1 (duodenum marker), ZO-1 (tight junction marker), and VIM
(mesenchymal marker). Scale bar, 50 mm.

(legend continued on next page)
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to Matrigel, while those of 1% alginate were higher than

Matrigel but similar to PEG hydrogels optimized for HIO

formation as reported by others (Cruz-Acuna et al., 2017)

(Figure 1A).

To optimize alginate growth conditions throughout the

course of HIO development, we established metrics of suc-

cess at both early and late time points. We examined

spheroid viability at days 3 and 7 after encapsulation to

assess the initial response of spheroids to alginate (Figures

1B and 1C), as well as quantified overall HIO yield

after 28 days, calculated as the percentage of embedded

spheroids which matured into HIOs (Figure 1D). Using

live-dead staining, HIO viability was quantified as the per-

centage of spheroid area live-stained at days 3 and 7 post-

encapsulation. Results presented in Figure 1C represent

combined data from three independent experimentswhere

nR 6 spheroids were analyzed at each condition. At 3 days

post-encapsulation, none of the Matrigel spheroids (0%)

displayed signs of death, while spheroids in all concentra-

tions of alginate displayed some cell death. After 3 days,

spheroids in both 0.5% alginate and 4% alginate displayed

significant decreases in viability, while spheroids in 1%,

2%, and 3% alginate displayed similar viability compared

to spheroids inMatrigel (Figure 1C).We noted a highly var-

iable degree of viability in 4% alginate with some spheroids

exhibiting high viability and others exhibiting complete

death. By 7 days post-encapsulation, spheroids embedded

in both 1% and 2% alginate retained the highest viability

and spheroids grown in 0.5%, 3%, and 4% alginate ex-

hibited decreased average viability from day 3 to day 7

with multiple spheroids showing close to 0% viability in

each of these conditions (Figure 1C). On the other hand,

spheroids grown in 1% and 2% alginate remained nearly

100% viable with only a few spheroids displaying cell

death. Thus, by day 7 it was apparent that spheroid survival

depends on alginate density, with 1% and 2% alginate best

supporting viability.

HIO yieldwas calculated as the percentage of spheroids at

day 1 of encapsulation that gave rise to HIOs after 28 days

(Figure 1D). All of the alginate concentrations tested pro-

duced significantly lower HIO yields than Matrigel,

although we note that our yield in Matrigel is 3.7-fold

higher than those reported by others (Arora et al., 2017).

The low HIO yields at day 28 as compared with high
(C) Representative images of specific epithelial cell marker staining
shown are SOX9 (progenitor cell marker), KI67 (proliferative cell ma
(goblet cell marker), and CHGA (enteroendocrine marker). Scale bar,
(D) Frequency of mature cell type differentiation in 1% alginate an
marker as assessed by protein staining for three independent expe
one matched experiment. Significance was calculated with a one-wa
and SE.
See also Figures S1 and S2.
viability in alginate at day 7 suggests that additional death

may occur later in HIO development, or that certain spher-

oids do not expand in alginate. HIO yield was highest in

1% alginate as compared with all other alginate formula-

tions tested, although there was no significant difference

in yield between 0.5%, 1%, and 2% alginate. We selected

1% or 2% alginate as the optimal concentrations for future

experiments since these concentrations resulted in the

highest spheroid viability at early time points as well as

highest overall HIO yield. We further encapsulated spher-

oids from three additional hPSC lines in Matrigel or 1%

alginate and observed very similar growth between lines,

resulting in HIOs with expected morphology (Figures S1A

and S1B) and comparable yields between 1% alginate and

Matrigel across all four lines (Figure S1C).

The Epithelium of Alginate-Grown HIOs Is

Indistinguishable from Matrigel-Grown HIOs

After 28 days of culture, we used histological techniques to

compare HIOs cultured in alginate and Matrigel. Histolog-

ical analysis with H&E staining revealed that HIOs cultured

in both alginate andMatrigel form an inner epithelium sur-

rounded by an outer mesenchyme (Figure 2A). While the

epithelium of alginate and Matrigel-grown HIOs appears

quite similar histologically, the mesenchyme of Matrigel-

grown HIOs invades the surrounding matrix whereas algi-

nate-grown HIOs do not appear to invade the hydrogel.

HIOs cultured in both alginate and Matrigel were exam-

ined for the presence of markers of intestinal epithelial

patterning, mesenchyme formation, and polarization (Fig-

ure 2B) as well as markers of fully differentiated intestinal

cell types including enterocytes, goblet cells, and enteroen-

docrine cells (Figure 2C). The epithelium of both alginate

and Matrigel-grown HIOs expressed the intestinal epithe-

lial marker CDX2, confirming that alginate-grown HIOs

differentiate along an intestinal lineage as observed in

Matrigel-grown HIOs. In addition, both alginate and

Matrigel-grown HIOs expressed the duodenum marker

PDX1 throughout the epithelium, indicating that HIOs

cultured in both matrices became patterned into proximal

small intestine (Tsai et al., 2017). Alginate and Matrigel-

grown HIOs expressed the tight junction marker ZO-1 at

apical surfaces suggesting proper epithelial polarization.

In addition, both alginate and Matrigel-grown HIOs
in HIOs cultured in 1% alginate and Matrigel for 28 days. Markers
rker), DPP4 (small intestinal brush border enzyme marker), MUC2
50 mm.
d Matrigel. Points depict the percentage of HIOs expressing each
riments with n R 6 HIOs per experiment. Each color represents
y ANOVA and Tukey’s multiple comparisons test. Bars depict mean
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supported the development of an outer mesenchyme as

evidenced by the presence of VIM expression surrounding

the epithelium.

SOX9 is expressed in progenitor cells in HIOs (Hill et al.,

2017), and we observed that the majority of epithelial cells

in both alginate and Matrigel-grown HIOs expressed SOX9

after 28 days of culture in vitro. Co-staining with the

proliferation marker KI67 indicated that both alginate

and Matrigel-grown HIOs are proliferative (Figure 2C). In

addition, both alginate and Matrigel-grown HIOs gave

rise to differentiated epithelial cell types in vitro as HIOs

cultured in the two matrices displayed epithelial cells ex-

pressing markers for small intestinal enterocytes (DPP4),

goblet cells (MUC2), and enteroendocrine cells (CHGA).

This suggests that differentiation within alginate-grown

HIOs develops along a similar timeline when compared

with Matrigel-grown HIOs.

Although we observed differentiated cell markers within

HIOs, the abundance of differentiation was generally low.

To report the frequency of differentiation, stemness, and

proliferation across multiple HIOs and across different

batches of HIOs, we quantified the percentage of HIOs ex-

pressing the markers DPP4, MUC2, CHGA, LYZ, DEFA5,

VIL1, ZO-1, CDX2, OLFM4, and KI67 across three indepen-

dent experiments (Figure 2D). Our results demonstrated

that alginate and Matrigel-grown HIOs expressed all

markers with a similar frequency; however, we noted

variability across batches of HIOs. Our data suggest that

batch-to-batch variability is the most likely explanation

for expression differences between experiments, and this

batch effect is seen in alginate and Matrigel-grown HIOs.

We also carried out qRT-PCR analysis to compare HIOs

frommultiple cell lines and further confirmed that alginate

or Matrigel-grown HIOs express key epithelial markers at

similar levels between growth matrices and across human

embryonic stem cell (hESC) or human induced pluripotent

stem cell lines (Figure S1D). Taken together, these results

demonstrate that alginate-grown HIOs resemble Matrigel-

grown HIOs and suggest that alginate is an effective alter-

native toMatrigel for supporting HIO development in vitro.
Figure 3. Alginate-Grown HIOs Mature in a Similar Manner as Ma
(A) Dissected kidneys containing tHIOs cultured in alginate or Matrig
H2O and transplanted after 28 days of culture in vitro. tHIOs were rem
(B) H&E, Alcian blue/PAS, and Trichrome staining reveal the presenc
Scale bar, 50 mm (H&E and Alcian blue/PAS), Scale bar, 100 mm Trich
(C) Representative images of general epithelial marker staining in tH
marker), CDX2 (intestinal epithelium marker), PDX1 (duodenum mark
(D) Representative images of specific epithelial cell marker staining
genitor cell marker), KI67 (proliferative cell marker), DPP4 (small intes
(enteroendocrine cell marker), LYZ and DEFA5 (Paneth cell markers), a
were conducted with a total of n = 11 Matrigel transplanted and n = 12
OLFM4 scale bar, 100 mm.
Transplanted Alginate HIOs Mature In Vivo

We next explored the engraftment and maturation poten-

tial of alginate-grown HIOs in vivo. Matrigel-grown HIOs

and HIOs cultured in synthetic matrices have been shown

to develop into more mature intestinal tissue after trans-

plantation into immunocompromised (NSG) mice (Cruz-

Acuna et al., 2017; Finkbeiner et al., 2015a, 2015b; Watson

et al., 2014), so a key success criterion of alginate HIOs is

the ability to undergo similar maturation following trans-

plantation into NSGmice. HIOs grown in both 2% alginate

(n = 12 mice) and Matrigel (n = 11 mice) were dissociated

from their growth matrices and implanted beneath the

kidney capsules of NSG mice (Figure 3A). After 10 weeks

in vivo, transplanted HIOs (tHIOs) previously cultured in

alginate developed crypt-villus structures with associated

submucosa, lamina propria, and muscularis mucosae re-

sulting in a comparable architecture to tHIOs previously

cultured in Matrigel (H&E staining). Both alginate and

Matrigel tHIOs displayed goblet cells throughout the villi

(Alcian blue/periodic acid–Schiff [PAS] staining) as well as

organized collagen fibers in the submucosa (Trichrome

staining) (Figure 3B). The structure and features of alginate

andMatrigel tHIOs both closely resembled human fetal in-

testinal tissue (Figure 3B). The epithelium of alginate tHIOs

demonstrated evidence that they retained intestinal line-

age identity (CDX2+) and remained patterned into duo-

denum (PDX1+) following transplantation (Figure 3C).

Alginate andMatrigel tHIOs both formed ZO-1+ tight junc-

tions at the apical surface of the epithelium, similar to fetal

intestinal tissue. In addition, both alginate and Matrigel

tHIOs demonstrated the expected localization of mesen-

chyme inside and below villi as demonstrated by VIM

staining.

After growth in vivo, alginate tHIOs increased inmaturity

as evidenced by lack of expression of SOX9 throughout the

villi and increased expression of markers for differentiated

cell types (Figure 3D). Both SOX9 and KI67 became local-

ized to the crypt-like domains of alginate and Matrigel

tHIOs as expected, suggesting the development of amature

crypt-villus axis with proliferative progenitor cells residing
trigel-Grown HIOs In Vivo
el. HIOs were cultured in either Matrigel or 2% alginate dissolved in
oved after 10 weeks in vivo.
e of mature crypt-villus structures in alginate and Matrigel tHIOs.
rome.
IOs from alginate and Matrigel. Markers shown are ECAD (epithelial
er), and VIM (mesenchymal marker). Scale bar, 50 mm.
in tHIOs from alginate and Matrigel. Markers shown are SOX9 (pro-
tinal brush border enzyme marker), MUC2 (goblet cell marker), CHGA
nd OLFM4 (intestinal stem cell marker). Two transplant experiments
alginate transplanted mice. Scale bar, 50 mm for all markers except
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in the crypts. The proper localization of intestinal stem

cells to the crypts in both alginate and Matrigel tHIOs

was confirmed by OLFM4 expression (Dame et al., 2018).

Alginate and Matrigel tHIOs similarly expressed DPP4,

MUC2, and CHGA throughout the epithelium. In addi-

tion, both alginate andMatrigel tHIOs supported the differ-

entiation of Paneth cells localized to crypts as evidenced by

co-expression of LYZ and DEFA5, consistent with previous

reports (Finkbeiner et al., 2015b; Watson et al., 2014).

Staining patterns in alginate and Matrigel tHIOs for all

markers closely resembled staining patterns in human fetal

intestine. Taken together, these results demonstrate that

HIOs grown in alginate differentiate and mature in vivo to

a similar degree as Matrigel-grown HIOs and highlights

alginate as a viable alternative to Matrigel for HIO culture.

The Epithelium of Alginate and Matrigel-Grown HIOs

Share a High Degree of Molecular Similarity In Vitro

and In Vivo

We utilized RNA-sequencing analysis to determine the de-

gree of similarity or difference between alginate and Matri-

gel-grownHIO epithelia in an unbiasedmanner. In order to

reduce variance across samples and specifically assess

epithelial gene expression, we isolated the epithelium

from alginate and Matrigel-grown HIOs and tHIOs, further

expanded this epithelium in identical culture conditions,

and then performed bulk RNA-sequencing (Figure 4A).

The epithelium from in vitro grown HIOs was isolated to

create alginate and Matrigel HIO-derived epithelium-only

(HdE) cultures. After 10 weeks in vivo, the epithelium

from alginate and Matrigel tHIOs was similarly isolated

and cultured in vitro to create alginate and Matrigel

transplanted HIO-derived epithelium (tHdE) (Figure 4A).

Following RNA-sequencing, the transcriptomic data for in-

dividual replicates from all four groups were analyzed for

their similarity using Pearson’s correlation. Alginate and

Matrigel HdEs clustered together with high correlation,

and similarly alginate and Matrigel tHdEs formed a cluster

with high correlation. These clusters suggest that differ-

ences between culture conditions (in vitro versus transplan-

tation) are the main drivers of variability between samples

as enteroids from in vitro grown alginate andMatrigel HIOs

are more similar to each other than they are to their trans-

plant-derived counterparts even when grown in uniform

culture conditions. This is consistent with previous data

showing that HIOs grown in vitro are immature/fetal in na-

ture, and transplanted HIOs become more mature/adult-

like (Hill et al., 2017).

In addition, we used differential expression analysis to

compare alginate andMatrigel HdEs and tHdEs (Figure 4C).

There was a high degree of similarity between alginate

HdEs (aHdEs) and Matrigel HdEs (mHdEs) with only 32

genes (2.3%) showing significant differences in expression.
388 Stem Cell Reports j Vol. 12 j 381–394 j February 12, 2019
Similarly, there was high similarity between alginate trans-

plant-derived HdEs (atHdEs) and Matrigel transplant-

derived HdEs (mtHdEs) with only 42 genes (3%) displaying

significant differences in expression. In contrast, compari-

son of aHdEs with atHdEs and mHdEs with mtHdEs re-

vealed 730 (51.7%) and 908 (64.4%) genes, respectively,

with significant differences in expression. This analysis

confirms that the epithelium of alginate HIOs is nearly

identical to Matrigel HIOs both in vitro and in vivo. Genes

that are significantly changed in all comparison groups

are presented in Table S1.

Alginate Does Not Support Expansion

of Epithelium-Only Enteroids

To further test the hypothesis that mesenchyme is critical

in forming a niche to support epithelial growth in alginate,

and to assess whether alginate can be applied to culture

primary human epithelial-only organoids (enteroids), we

established primary human fetal enteroid cultures in

Matrigel and tested if we could transfer enteroids into algi-

nate. For our experiments, intact small enteroid cysts were

manually removed from Matrigel and re-embedded in 1%

alginate or Matrigel (Figure S2). Epithelial cysts were viable

when transferred into alginate; however, alginate did not

support the growth of enteroids while enteroids expanded

robustly inMatrigel (Figure S2A). Staining for the basement

membrane protein Laminin revealed that the epithelium

of enteroids grown in unmodified alginate laid down a

basement membrane in an inside-out formation compared

with enteroids in Matrigel. That is, Laminin was deposited

on the inside of the cyst lumen whereas Laminin sur-

rounded the outside of the epithelial cysts in Matrigel (Fig-

ure S2B). This suggests that intestinal epithelial cells are

able to lay down a basement membrane in the absence of

mesenchymal cells and in the absence of an exogenous

ECM (i.e., Matrigel), but that epithelial polarization is

altered in this context. There were almost no proliferative

epithelial cells observed in enteroids grown in alginate. In

contrast, enteroids grown in Matrigel were highly prolifer-

ative as assessed by staining for KI67 (Figure S2C). Thus, un-

modified alginate does not provide a sufficient niche to

support intestinal epithelial proliferation. To investigate

whether mesenchymal cells are necessary to promote a

niche in a bioinert environment, we cultured intestinal en-

teroids in the presence of mesenchymal cells isolated from

the human fetal intestine. Using a hanging drop co-culture

system to generate enteroid-mesenchyme aggregates,

we co-cultured enteroids plus intestinal mesenchyme in

Matrigel or alginate. In contrast to epithelium-only

enteroids grown in alginate, epithelium-mesenchyme

aggregates exhibited increased growth and proliferation

in alginate (Figures S2A and S2C). Notably, however,

epithelium-mesenchyme aggregates grown in alginate still



Figure 4. RNA-Sequencing Comparison of Alginate and Matrigel-Grown HIO Epithelia
(A) Schematic overview of sample groups included in RNA-sequencing analysis. Epithelia were extracted from alginate and Matrigel-grown
HIOs both after culture in vitro and after transplantation into mice.
(B) Clustering HdEs and tHdEs by sample similarity using Pearson’s correlation coefficient (n = 3 aHdE, n = 2 mHdE, n = 5 atHdE, n = 4
mtHdE). Clusters formed between aHdEs and mHdEs as well as between atHdEs and mtHdEs.
(C) Differential expression analysis comparing aHdEs with mHdEs, atHdEs with mtHdEs, mHdEs with mtHdEs, and aHdEs with atHdEs. Red
dots represent genes with significant differences in expression (p < 0.01). In these plots, the alginate and Matrigel samples are nearly
identical. RNA-sequencing data have been deposited in the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under
accession number ArrayExpress: E-MTAB-7000.
See also Table S1.
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remained inside-out with themesenchyme restricted to the

inside of the cysts, and with the apical surface facing out-

wards. This suggests that the presence of mesenchyme is

sufficient to at least partially establish an epithelial niche

that promotes epithelial proliferation in alginate and pro-

vides evidence that primary epithelium-only enteroid cul-

tures do not grow in unmodified alginate in a manner

that is comparable to Matrigel.
DISCUSSION

In this work we identified alginate as a minimally support-

ive growth matrix that supports HIO development both

in vitro and in vivo. We showed that HIO survival is depen-

dent on alginate polymer density, with concentrations of

1% to 2% alginate (w/v) selected to best support viability

at early time points as well as maximize overall HIO yield.

The mechanical properties of alginate and PEG hydrogels

optimized for HIO formation were similar, confirming the

reliance of HIO viability on matrix stiffness (Cruz-Acuna

et al., 2017). While alginate supported HIO survival

in vitro, the resulting yields after 28 days were significantly

lower than yields in Matrigel. However, the yields we

observed in 1% and 2% alginate are comparable with yields

previously reported for HIOs cultured in Matrigel, and

could likely be optimized by sorting spheroids for size or

characteristic to improve yield (Arora et al., 2017). Further,

alginate-grownHIOs can be passaged andmaintained for at

least 90 days in vitrowithout significant decreases in expres-

sion of keymarkers (Figure S3A), further demonstrating the

utility of alginate as a replacement to Matrigel.

It is unclear whether alginate results in lower overall yield

of HIOs as compared with previously described synthetic

polymers since viability was only reported at early time

points in previous work (Cruz-Acuna et al., 2017). Lower

HIO yields in alginate as compared to Matrigel may be

due to the inability of cells to remodel the hydrogel, lack

of interactions with serum proteins, or the lack of growth

factors present in Matrigel. A comparison of HIO yield in

four-arm polyethylene glycol with maleimide groups at

each terminus (PEG-4MAL) modified with the adhesive

peptide RGD and crosslinked with the protease degradable

peptide GPQ-Was previously described (Cruz-Acuna et al.,

2017, 2018) did not provide conclusive evidence on

whether decreased yields in alginate may be due to lack

of adhesive or degradable cues (Figure S3B). To further

resolve ways in which matrix properties affect HIO charac-

teristics, future work should investigate longer-term studies

with a larger sample size and include alginates modified

with adhesive/degradable peptides to compare results

within a single hydrogel system rather than introducing

variability across hydrogels by utilizing PEG-4MAL.
390 Stem Cell Reports j Vol. 12 j 381–394 j February 12, 2019
HIOs cultured in alginate resulted in tissue indistinguish-

able from Matrigel-grown HIOs at the epithelial level.

Importantly, both matrices supported further differentia-

tion and maturation in vivo, illustrating that HIOs cultured

in alginate retain the potential to develop into mature in-

testinal tissue that resembles human fetal intestine. While

the epithelia from alginate and Matrigel-grown HIOs were

highly similar, it remains unclear whether or not there are

differences at the mesenchymal level. It is interesting to

note that the mesenchyme of alginate-grown HIOs did

not invade the surrounding matrix as in Matrigel-grown

HIOs. Further research is necessary to elucidate potential

mesenchymal differences between alginate and Matrigel-

grown HIOs.

Given the similarities between alginate and Matrigel-

grown HIOs, alginate is an effective alternative to Matri-

gel-based culture systems, which eliminates reliance on

animal-derived materials and reduces cost, thereby

increasing translational potential. The alginate used in

our experiments cost approximately 320 times less than

PEG and 700–900 times less thanMatrigel (�$0.44 alginate

versus �$140 PEG versus �$300-$400 Matrigel per 10 mL,

depending on type), presenting a critical cost advantage for

both basic and translational studies. Of note, PEG-4MAL-

grown HIOs need to be passaged and embedded in fresh

gels approximately once per week due to degradation of

the hydrogel, whereas alginate-grownHIOs can be cultured

for up to 30 days without passaging due to the nondegrad-

able nature of alginate, presenting an additional advantage

for cost and ease of use.

From a biological standpoint, perhaps the most inter-

esting observation of HIO culture in alginate is that HIOs

do not require external cues from the extracellular matrix.

The alginate we utilized in this work was notmodified with

adhesive peptides to support HIO growth andwas thus bio-

logically inert, providing purely mechanical support to

developing HIOs. The lack of adhesive or biochemical

cues from the hydrogel suggests that HIOs are able to create

their own niche, likely through the basement membrane

and trophic support that is established between the epithe-

lium andmesenchyme. This hypothesis is strengthened by

the inability of intestinal epithelium-only enteroids to pro-

liferate in unmodified alginate unless they are co-cultured

with mesenchymal cells. The lack of chemical modifica-

tions makes alginate a simple system that lends nicely to-

ward large scale production, but the polymer can easily

be modified for further research (Augst et al., 2006; Rowley

et al., 1999). Future experiments testing alginates modified

with adhesive/degradable cues may enable primary enter-

oid culture in alginate in the absence ofmesenchymal cells.

However, as a natural matrix, alginate does come with the

limitation of batch-to-batch variability as withMatrigel (Fu

et al., 2010), but our experiments found that alginate was



able to optimally support growth over a range of condi-

tions, so small variations between batches should not cause

a large change inmatrix efficacy. The system described here

can likely be implemented to support additional 3D culture

systems in a simple, cost-effective manner to advance

regenerative medicine.
EXPERIMENTAL PROCEDURES

hESC/hiPSC Lines and Generation of hPSC-Derived

Intestinal Organoids
HumanES linesH9andH1 (NIH registry #0062 and #0042)were ob-

tained from the WiCell Research Institute. Rockefeller University

Embryonic Stem Cell Line 2 (NIH registry # 0013) Germ Layer

Reporter (RUES2-GLR) was obtained as a kind gift from Dr. Ali

Brivanlou (Martynet al., 2018).Human iPSCLine72.3was obtained

from Cincinnati Children’s Hospital Medical Center (McCracken

et al., 2015). All experiments using human ES cells were approved

by the University of Michigan Human Pluripotent Stem Cell

Research Oversight Committee. hPSC lines are routinely karyo-

typed to ensure normal karyotype andmonthlymycoplasmamoni-

toring is conducted on all cell lines using the MycoAlert Myco-

plasma Detection Kit (Lonza). H9 cells were authenticated using

Short Tandem Repeat (STR) DNA profiling (Matsuo et al., 1999) at

the University of Michigan DNA Sequencing Core and exhibited

an STR profile identical to the STR characteristics published by

Josephson et al. (2006). Stem cell maintenance and generation of

hindgut spheroids was performed as described previously (Hill

et al., 2017; Spence et al., 2011; Tsai et al., 2017). After differentia-

tion, hindgut spheroids were collected from differentiated stem

cell cultures and plated in either Matrigel or alginate droplets on a

24-well tissue culture grade plate and maintained in organoid

growth medium. See Supplemental Experimental Procedures for

more information.

Epithelial Isolation
Generation of HdEs and tHdEs from HIOs and tHIOs was per-

formed using previously described methods to isolate the epithe-

lium (Tsai et al., 2018). See Supplemental Experimental Procedures

for more information.

Human Tissue
Normal, de-identified human fetal intestinal tissue was obtained

from the University of Washington Laboratory of Developmental

Biology. Tissue sections were obtained from formalin fixed,

paraffin-embedded 14- to 15-week fetal intestinal specimens. All

research using human tissue was approved by the University of

Michigan institutional review board.

Mouse Kidney Capsule Transplantation
The University of Michigan and Cincinnati Children’s Hospital

Institutional Animal Care and Use Committees approved all ani-

mal research. Prior to transplantation, HIOs were mechanically

dissociated from either alginate or Matrigel by pipetting up and

down and scraping away alginate/Matrigel with a scalpel. HIOs

were implanted under the kidney capsules of immunocompro-
mised NOD-SCID IL2Rg-null (NSG) mice (Jackson Laboratory

strain no. 0005557) as previously described (Finkbeiner et al.,

2015b). In summary, mice were anesthetized using 2% isoflurane.

A left-flank incision was used to expose the kidney after shaving

and sterilization with isopropyl alcohol. HIOs cultured in alginate

and Matrigel were surgically implanted beneath mouse kidney

capsules using forceps. Prior to closure, an intraperitoneal flush

of Zosyn (100 mg kg�1; Pfizer) was administered. Mice were eutha-

nized for retrieval of tHIOs after 10 weeks. Results shown are repre-

sentative of two experiments performed with a total of n = 11mice

(Matrigel tHIOs) and n = 12mice (alginate tHIOs), with at least one

organoid implanted per kidney capsule, depending on HIO size.

Alginate Gel Formation
Low-viscosity sodium alginate powder (Alfa Aesar, B25266) was dis-

solved in1mLof 13 PBS orH2O todilutions of 0.5%–4% (w/v). The

alginate solution was then heated to 98�C for 30 min on a heating

block to improve sterility and ensure that the alginate fully dis-

solved. Excess alginate solutions were stored at room temperature

and used within 1 week of initial preparation. Spheroids were sus-

pended in the alginate solutions at a density of approximately 50

spheroids per 45 mL; 5 mL droplets of 2% (w/v) calcium chloride

(Sigma-Aldrich, 449709) were deposited on the bottom of 24-well

tissue culture plates (Nunclon), and 45 mL of alginate containing

spheroidswas thenpipetted directly onto the calcium chloride solu-

tion to initiate ionic crosslinking, which began instantaneously

upon pipetting. Gels were formed one plate at a time to avoid cal-

cium chloride evaporation. The gels polymerized at room tempera-

ture for 5–10 min and were then placed into a tissue culture incu-

bator and allowed to fully set for 20 min at 37�C before media was

added, replicating the protocol for Matrigel. HIOs cultured in 1%

and 2% alginate were used to obtain all data in Figures 2, 3, and 4.

Mechanical Characterization of Alginate Hydrogels
The storage and loss moduli of the alginate gels were determined

by performing in situ gelation tests on an AR-G2 rheometer equip-

ped with a Peltier stage and 20 mm measurement head. In brief,

90 mL of alginate was deposited onto the bottom of the rheometer

while 10 mL of 2% CaCl2 was deposited onto the measurement

head. The head was lowered to a gap height of 300 mm initiating

gelation upon contact, and then the edges of the gel were sealed

withmineral oil. Themechanical response of the gels was recorded

by performing time sweepmeasurements at a constant strain of 6%

and a frequency of 1 rad/s. The time sweep was continued until

storage and lossmoduli reached steady state indicating completion

of gelation. Rheological testing of alginate was carried out at room

temperature, representing the initial gelation conditions of algi-

nate that polymerizes at room temperature within 5 min prior to

storage at 37�C. Matrigel rheology was carried out in the same

manner butmeasurements were obtained at 37�C asMatrigel takes

more than 20 min to polymerize and gelation occurs at 37�C.

Viability Assay and Quantification
Alginate gels and Matrigel droplets were incubated in 1 mM

Calcein-AM (live; ThermoFisher), and 0.5 mM Ethidium-homo-

dimer (dead; ThermoFisher) in PBS for 30 min. Samples were

imaged using an Olympus IX73 Inverted microscope or Nikon A-
Stem Cell Reports j Vol. 12 j 381–394 j February 12, 2019 391



1 confocal microscope. Quantification of viability was performed

by calculating the percentage of the total projected area of a

spheroid/organoid that stained positive for the live or dead stain

using ImageJ (National Institutes of Health, USA). The results are

representative of three independent experiments performed with

n R 6 gel samples per experimental group.
RNA-Sequencing and Bioinformatics Analysis
RNA isolation and analysis was carried out as previously described

(Tsai et al., 2018). See Supplemental Experimental Procedures for

more information.
Tissue Preparation, Immunohistochemistry, Electron

Microscopy and Imaging

Paraffin Sectioning and Staining

HIO and tHIO tissues were fixed in 4% paraformaldehyde (Sigma)

overnight and then dehydrated in an alcohol series: 30min each in

25%, 50%, 75% Methanol:PBS/0.05% Tween 20, followed by

100% methanol, and then 100% ethanol. Tissue was processed

into paraffin using an automated tissue processor (Leica ASP300).

Paraffin blocks were sectioned 7-mM thick, and immunohisto-

chemical staining was performed as previously described (Spence

et al., 2009). A list of antibody information and concentrations

used can be found in the Supplemental Experimental Procedures.

H&E staining was performed using Harris Modified Hematoxylin

(FisherScientific) and Shandon Eosin Y (ThermoScientific) accord-

ing to the manufacturer’s instructions. Alcian blue/PAS staining

was performed using the Newcomer Supply Alcian blue/PAS Stain

kit (Newcomer Supply, Inc.) according to manufacturer’s instruc-

tions. Trichrome staining was performed by the University of

Michigan in vivo Animal Core.
Imaging and Image Processing
Fluorescently stained slides were imaged on a Nikon A-1 confocal

microscope. Brightness and contrast adjustments were carried

out using ImageJ (National Institutes of Health) and adjustments

were made uniformly across images.
Quantification and Statistical Analysis
Statistical analyses and plots were generated in Prism 6 software

(GraphPad). If more than two groups were being compared within

a single experiment, an unpaired one-way ANOVA was performed

followed by Tukey’s multiple comparisons test to compare the

mean of each group with the mean of every other group within

the experiment unless otherwise specified. For all statistical tests,

a significance value of 0.05 was used. For every analysis, the

strength of p values is reported in the figures according the

following: p > 0.05, *p % 0.05, **p % 0.01, ***p % 0.001, ****p %

0.0001.Details of statistical tests canbe found in thefigure legends.
ACCESSION NUMBERS

RNA-seq data have been deposited in the ArrayExpress database at

EMBL-EBI under accession number ArrayExpress: E-MTAB-7000.
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