Z_ MIT
il Open Access Articles

Towards a defined ECM and small molecule based
monolayer culture system for the expansion
of mouse and human intestinal stem cells

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

As Published 10.1016/J.BIOMATERIALS.2017.10.038

Publisher Elsevier BV

Version Author’s final manuscript

Citable link https://hdl.handle.net/1721.1/134688

Terms of Use Creative Commons Attribution-NonCommercial-NoDerivs License

Detailed Terms http://creativecommons.org/licenses/by-nc-nd/4.0/

Mir DSpace@MIT
I I Massachusetts Institute of Technology p


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/134688
http://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biomaterials. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Biomaterials. 2018 February ; 154: 60-73. doi:10.1016/j.biomaterials.2017.10.038.

Towards a Defined ECM and Small Molecule Based Monolayer
Culture System for the Expansion of Mouse and Human
Intestinal Stem Cells

Zhixiang Tong&P.cd Keir Martyn2P.¢d Andy Yang2Pcd Xiaolei Yin&P.c.d9 Benjamin E.
Mead&P.c.d.e.g Nitin JoshiaP.cd Nicholas E. Sherman&b.cd Robert S. Langerd 9, and Jeffrey
M. Karp&b.c.d.*

aDivision of BioEngineering in Medicine, Department of Medicine, Center for Regenerative
Therapeutics, Brigham and Women'’s Hospital, United States

bHarvard Medical School, United States
CHarvard Stem Cell Institute, United States

dHarvard - Massachusetts Institute of Technology (MIT) Division of Health Sciences and
Technology, United States

eBroad Institute of Harvard and MIT, United States
Department of Chemical Engineering at MIT, United States

9David H. Koch Institute for Integrative Cancer Research at MIT, United States

Abstract

Current ISC culture systems face significant challenges such as animal-derived or undefined
matrix compositions, batch-to-batch variability (e.g. Matrigel-based organoid culture), and
complexity of assaying cell aggregates such as organoids which renders the research and clinical
translation of ISCs challenging. Here, through screening for suitable ECM components, we report
a defined, collagen based monolayer culture system that supports the growth of mouse and human
intestinal epithelial cells (IECs) enriched for an Lgr5* population comparable or higher to the
levels found in a standard Matrigel-based organoid culture. The system, referred to as the
Bolstering Lgr5 Transformational (BLT) Sandwich culture, comprises a collagen 1V-coated porous
substrate and a collagen I gel overlay which sandwich an IEC monolayer in between. The distinct
collagen cues synergistically regulate IEC attachment, proliferation, and Lgr5 expression through
maximizing the engagement of distinct cell surface adhesion receptors (i.e. integrin a2f1, integrin
[4) and cell polarity. Further, we apply our BLT Sandwich system to identify that the addition of a

"Corresponding author. Division of BioEngineering in Medicine, Department of Medicine, Center for Regenerative Therapeutics,
Brigham and Women’s Hospital, United States. jeffkarp.owh@gmail.com (J.M. Karp).

Disclosure Statement

No competing financial interests exist. J.M.K. R.S.L. and X.Y. hold equity in Frequency Therapeutics, a company that has an option to
license IP generated by J.M.K., R.S.L. and X.Y. and that may benefit financially if the IP is licensed and further validated.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tong et al. Page 2

bone morphogenetic protein (BMP) receptor inhibitor (LDN-193189) improves the expansion of
Lgr5-GFP* cells from mouse small intestinal crypts by nearly 2.5-fold. Notably, the BLT
Sandwich culture is capable of expanding human-derived IECs with higher LGR5 mRNA levels
than conventional Matrigel culture, providing superior expansion of human LGR5* ISCs.
Considering the key roles Lgr5* ISCs play in intestinal epithelial homeostasis and regeneration,
we envision that our BLT Sandwich culture system holds great potential for understanding and
manipulating 1SC biology /n vitro (e.g. for modeling ISC-mediated gut diseases) or for expanding
a large number of ISCs for clinical utility (e.g. for stem cell therapy).

Keywords
intestinal stem cells; Lgr5; BLT Sandwich culture; integrin a2p1

1. Introduction

Rapid continual intestinal epithelial turnover throughout life is driven by Lgr5* (Leucine-
rich repeat-containing G protein-coupled receptor 5-expressing) intestinal stem cells (ISCs)
residing at the crypt base, which give rise to all mature epithelial lineages along the crypt-
villus axis [1]. ISCs are responsible for the homeostasis and regeneration of gut epithelium
during normal tissue function and following injury [2].

A robust in vitro ISC culture system is crucial for understanding 1SC biology and exploiting
it for therapeutic applications. Multiple ISC culture systems have been reported and can be
generally categorized as three-dimensional (3D) organoid (or “mini-gut™) or two-
dimensional (2D) monolayer culture [3-10]. Most existing 3D culture systems require
Matrigel, a murine-derived gelatinous protein mixture with undefined composition, batch-to-
batch variation, and inherent xenogeneic contamination [11, 12]. Matrigel also presents a
number of practical challenges during processing and handling, including temperature
sensitivity and unstable physical properties. Alternatively, a 2D ISC culture system with a
combination of Matrigel coating and an irradiated fibroblast feeder layer has been
developed. However, this system raises similar concerns due to the presence of Matrigel and
irradiated fibroblasts [9]. Most recently, Gjorevski et al. have developed a polyethylene
glycol (PEG)-based synthetic matrix that supports initial ISC self-renewal and subsequent
differentiation to form branching organoids [13]. The synthetic system addresses multiple
limitations linked with Matrigel-based systems and may broaden the utility of ISCs in basic
and clinical research. While this approach is appealing, the technical complexity associated
with matrix engineering including temporally controlled degradation kinetics may limit the
broad application of such system. Furthermore, 3D organoids are often highly variable in
size and shape. Due to their physically enclosed structure, extracellular access is restricted
from the apical/luminal side of the organoids. Thus, 3D organoids are considered suboptimal
for modeling the interactions between enteric pathogens and host epithelium at the apical
side. As a result, it is often challenging to scale up the throughput of such models [14, 15].
Therefore, the development of a robust and chemically defined, yet simple ISC culture
system is imperative. We envisioned that a chemically defined monolayer culture on
transwells could represent a viable solution to expand mouse and human Lgr5* cells and
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obviate the issues linked with 3D organoids by providing unobstructed access to both basal
and apical sides.

Collagen I (Col I) has been widely explored as Matrigel-alternative substrate coating or
scaffolds for IEC culture [4]. It offers several appealing advantages over Matrigel including
defined composition, better availability (i.e. through multiple tissue or commercial sources)
and FDA approval for a broad spectrum of biomedical applications [16]. For instance, adult
Lgr5* ISCs or minced neonatal intestinal fragments were able to expand and form cystic
structures when embedded inside Col I gel. However, the percentage of resulting Lgr5* cells
was either not robustly characterized or was noticeably low, i.e. <10% [4, 5, 7, 12, 15, 17—
20]. Moreover, some of the Col I gel based IEC culture systems rely on stromal feeder cells
or their conditioned media, which represents another variable and raise similar concerns as
Matrigel. Besides Col I, other defined ECM proteins (e.g. laminin) have been attempted as
substrate coatings for growing IEC monolayers, which offer a simple yet scalable solution
for IEC expansion. However, their capability of maintaining Lgr5* population is generally
poor or unclear [5, 21].

Aside from the surrounding matrix or ECM cues described above, fate and function of 1ISCs
are also tightly regulated by paracrine signals from adjacent niche constituents [22]. These
signals target a number of key pathways including Wnt, Bone Morphogenetic Proteins
(BMP), epidermal growth factor (EGF) and Notch, and they crosstalk to precisely balance
the proliferation and differentiation of Lgr5* ISCs [23]. For instance, we previously
identified two small molecules that serve as potent chemical surrogates of essential ISC
niche factors. Through reinforcing the canonical Wnt and Notch signaling, these molecules
(CHIR99021 and valproic acid, “CV”) synergistically boost the level of Lgr5* ISCs in a
Matrigel-based 3D organoid culture [24]. We envisioned these potent sighaling molecules
might be useful in a Matrigel-free chemically defined culture system to expand Lgr5™ cells.

To maximize the expansion of Lgr5* 1SCs, we examined a novel monolayer culture system
comprising chemically defined ECM components and small molecule modulators.
Specifically, viascreening a panel of basement membrane related ECM components, we first
identified an ECM coating (Col 1V) that supports the optimal IEC attachment and growth;
then, to leverage the biological benefits of Col | and overcome the limitations linked with 3D
culturing in Col | gels, a thin layer of Col | gel was overlaid onto the pre-seeded IECs on Col
IV coating. Here we show that the Col I gel overlay provides essential integrin-mediated
apical IECs-ECM interactions that are lacking from using thin Col 1V coating on transwells
alone. We envisioned that the bulk gel layer (rather than a thin superficial ECM coating or
media supplement) may also serve as a permeable physical shield/structural support to hold
the underlying epithelial cells in place (i.e. to prevent epithelial extrusion) and hence
minimize cell anoikis during expansion [25]. This BLT Sandwich configuration effectively
promotes the attachment and proliferation of IECs with the percentage of Lgr5-GFP*
population higher than using Col 1V coating or Col I gel alone. Our BLT Sandwich solution
maximizes cell accessibility to distinct ECM ligands that are essential for engaging key
integrin receptors and cell polarity elements (i.e. maximal ZO-1, F-actin and integrin 1, 4),
which appeared to be associated with Lgr5 expression. The optimized ECM composition
acts in concert with the potent small molecule modulators we identified in this study
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(LDN-193189, a specific BMP antagonist) and previously (“CV”), to maximize the
expansion of Lgr5* ISCs. The BLT Sandwich culture system yields mouse Lgr5-GFP™* cells
with similar frequencies and stemness comparable to standard 3D Matrigel culture, and it is
also capable of growing freshly isolated crypts from both mouse and human intestinal
tissues with high levels of Lgr5 expression. This Matrigel-free, chemically defined
monolayer culture system demonstrates the potential to engineer cell-ECM interactions to
control ISC biology and validate key signaling pathways essential for ISC self-renewal. This
approach may be broadly applicable to other epithelial stem cell types. Overall, our BLT
Sanwich culture system could represent a superior alternative to 3D organoid culture for
research and clinical applications.

2. Materials & Methods

All animal-related procedures were approved by the Committee on Animal Care (CAC) of
the Massachusetts Institute of Technology (MIT). Studies involving human materials were
approved by the Committee on the Use of Humans as Experimental Subjects (COUHES) at
Massachusetts General Hospital and MIT.

Mouse crypt isolation and characterization

Heterozygous Lgr5-EGFP-IRES-CreERTZ and wild-type C57BL/6J mice were obtained
from Jackson Labs and maintained at animal facilities at MIT. 8-12-week-old mice were
used for intestinal crypt isolation. Small intestinal (SI) and colonic crypts were isolated as
documented [24]. Briefly, entire small intestine and colon tissues were harvested and flushed
with cold PBS to remove luminal content. The tissues were then opened longitudinally and
gently scraped with the blunt end of a razor blade to remove mucosal content and villi.
Tissues were cut into 2-4 mm pieces followed by washing in cold PBS until the supernatant
was clear. Tissue fragments were then incubated with EDTA (2 mM for small intestine, 5
mM for colon) for 10-20 min with gentle shaking. After removal of EDTA, the fragments
were vigorously shaken with 2% FBS in cold PBS for 3—4 times to ensure crypt release.
Crypt-containing supernatant fractions were pooled together, passed through a 70-um cell
strainer and centrifuged at 50 g for 1 min. The crypts were then washed thrice in basal media
supplemented with 10 pM Y-27632 (see details in Supplement Table 1) to remove villi and
single cells before further experiments or flow cytometric characterization. For flow
cytometry, crypts were incubated with StemPro Accutase (Thermo Fisher) for 10 min,
mechanically dissociated into single cells using a 23-Gauge syringe needle (BD), and passed
through a 20-um cell strainer (Miltenyi Biotec). The single cells were negative stained with
7-aminoactinomycin D (7-AAD, 1 pg mL~1, Thermo Fisher) and analyzed with BD LSR Il
flow cytometer or sorted for the Lgr5-GFPN9" population with BD FACS Atria | as
previously reported [3].

Human crypt isolation

De-identified human Sl or colon biopsies from patients undergoing gastrointestinal surgery
were obtained through Massachusetts General Hospital Tissue Repository. Muscle and
submucosa layers of the biopsy were carefully dissected and the remaining tissue was
treated with dithiotreitol (10 mM, Sigma) for 5 min before being cut into 2-4 mm small
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fragments. The fragments were then incubated with EDTA (4 mM) with gentle agitation for
20-30 min at 4 °C, and the released crypts were harvested, filtered through a 200-um
strainer (pluriSelect) and washed following similar procedure with mouse crypt isolation.

3D Matrigel culture of Lgr5-GFP* ISCs-containing organoids

Mouse or human crypts prepared from above steps were plated in Matrigel to form Lgr5-
enriched organoids as previously reported [23]. Briefly, colonic or Sl crypts from mice or
patient biopsies were uniformly embedded in growth factor-reduced Matrigel (BD
Bioscience). Cold Matrigel solution containing 150-200 crypts was plated at the center of
pre-warmed 24-well plate (Fisher Scientific) and allowed to solidify for 20 min at 37 °C.
Afterwards, full ISC maintenance media (500 pL) pre-determined for mouse and human
intestinal/colonic epithelial stem cell culture was added and the culture was maintained for
4-6 days with media change every other day. Specific media formulations are detailed in
Supplement Table 1. Upon completion of the culture, the organoids were vigorously mixed
with a 200-pL pipette tip for 1-2 min in ice-cold basal media. Resulting organoid
fragements (further referred to as intestinal epithelial cell (IEC) clusters) were passed
through a 70-pum cell strainer and spun at 50 g for 1 min to ensure uniform cluster size and
remove single cells. A proportion of the purified IEC clusters was taken for flow cytometric
analysis as described above to confirm the baseline level of Lgr5-GFP* population (i.e. 30—
40% for mouse Sl organoids) [24]. Remaining IEC clusters were counted and then either re-
plated in fresh Matrigel or seeded in other culture settings as detailed below.

Screening of ECM coatings for optimal IEC attachment and growth

Matrigel-alternative ECM screen was perfomed using HTS Transwell-96 well plates with
polycarbonate membrane (0.4 um pore, Corning Life Sci.). Candidate ECM components
included: fibulin 1 (human, Abcam), laminin-111 (mouse, Corning), fibronectin (bovine,
Sigma), vitronectin (human, Stemcell Technologies), fibrinogen (salmon, Reagent Proteins),
collagen I (Col I, rat tail, Corning), Col Il (bovine, Corning), Col Il (human, Advanced
BioMatrix), Col IV (mouse, Corning). Individual ECM was diluted with Advanced
DMEM/F12 media to a range of concentrations: 2, 10, 50, 100, and 150 ug/mL. The
transwell was coated with different ECM dilutions for 22 pL/well for 2 hours at 37 °C.
Coatings with 0.1% BSA and 30-fold dilution of Matrigel (hereinafter referred to as “Matri-
coating™) in F12 media were included as negative and positive controls, respectively. 5,000
single IECs dissociated from Matrigel-expanded mouse Sl organoids were seeded on
different ECM coatings in 50 pL ISC maintenance media (i.e. ENR+CV) for 2 hours before
unattached cells were washed off. In parallel, 20-30 IEC clusters derived from mouse Sl
organoids were seeded on different coatings and cultured for 2 days. Numbers of attached (2
hours after seeding with single cells) and proliferated IECs (2 days after seeding with
clusters) were quantified by CyQUANT Cell Proliferation Assay Kit (Thermo Fisher). Since
the assay kit relies on fluorescence reading (480nm/520nm Ex/Em) that overlaps with GFP,
only the organoids cultured from Sl crypts from GFP negative mice were used for this initial
ECM screen. Matrigel-alternative ECM coating that yields the most significant IEC
attachment and growth was identified and focused in further experiments.
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Integrin a2B1 blocking assay

24-well transwell inserts with polyester membrane (0.4 um pore, 1.12 cm? surface area)
were coated with predetermined ECM coating, i.e. 100 pg/mL Col 1V, or 0.1% BSA in F12
media for 2 hours before cell seeding. Single IECs dissociated from mouse S| organoids
were first treated with blocking buffer: basal media supplemented with 2% FBS, anti-mouse
CD16/32 Fc blocker (2 ug/mL, BioLegend) and Y-27632 (10 uM) for 20 min. Afterwards,
blocking buffer containing 100,000 IECs was respectively incubated with the following
substances for 30 min on ice: integrin a2 antibody (10 pg/mL, BD Biosciences), integrin p1
antibody (10 pg/mL, BD Biosciences), combination of integrin a2 and p1 antibodies (each
at 10 pg/mL), 1gG1 x isotype control (10 pg/mL, BD Biosciences), integrin a2p1 binding
peptide (DGEA, 100 ug/mL, GenScript) [26], scrambled peptide control (RGES, 100
ug/mL, GenScript), EDTA (2 mM, negative control), and no treatment (positive control).
IECs treated with different conditions were then allowed to attach for 2-3 hours on BSA- or
Col IV-coated transwell. Attached single IECs were fixed with 4% paraformaldehyde (PFA,
Fisher Scientific) and counterstained with Hoechst 33258 (Thermo Fisher) to visualize
nuclei on a Nikon Eclipse TE2000 fluorescence microscope. 5-6 fields of view (2.1mm x
2.8mm) were acquired per transwell (n = 3 each condition) and cell number was quantified
with ImageJ.

In addition to assessing integrin-mediated single IEC attachment, similar blocking
experiment was performed with minor modifications to interrogate the role of integrin a2p1
played in ECM-mediated growth of Lgr5* ISCs. Briefly, mouse IEC clusters were first
incubated with single cell blocking buffer containing the combination of integrin a2 and p1
antibodies or their isotype controls for 30 min, then washed with basal media and seeded
with 250-300 clusters per well in different culture systems with or without Col | overlay and
Col IV coating as detailed below. A final concentration of 10 ug/mL of integrin a2 and p1
antibodies (each) was also mixed within the Col | overlay and supplemented in ENR+CV
media over the entire course of a 4-day culture. The effect of integrin blocking on cell
number, morphology and Lgr5 level was examined as detailed below.

Establishment of 2D BLT Sandwich culture

the transwells (0.4 um pore, 1.12 cm? surface area) was first coated with 170 uL Col 1V (100
ug/mL). 200-250 freshly isolated crypts or Matrigel-expanded IEC clusters were suspended
in 240 pL basal media and allowed to settle on the insert for 30 min. The supernatant was
then carefully aspirated from the insert followed by immediately overlaying 170 pL ice-cold
neutralized Col I solution (1.6 mg/mL) pre-mixed with Jagged-1 peptide (1 uM, AnaSpec).
Prior to adding media, total number of IECs initially seeded per well and their percentage of
Lgr5-GFP* ISCs, was confirmed using 2 extra inserts by live cell counting and flow
cytometry. Meanwhile, other inserts were kept at 37 °C for 20-25 min to ensure Col |
gelation before adding full ISC maintenance media (500 pL inside insert and 600 L
outside), resulting in a Sandwich configuration consisting of a bottom Col IV coating, IEC
middle layer and Col I gel overlay (i.e. Sandwich culture, see schematic in Figure 1). A
silicone O-ring (medical grade, 1.7 mm width, 11.2 mm outer diameter, McMaster-Carr)
was then gently fit on top of the overlay inside insert to minimize gel dislodgement during
culture. The culture was maintained for 4-5 days with media change every other day before

Biomaterials. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tong et al.

Page 7

reaching 80-85% confluence. Afterwards, the capability of expanding ISCs was compared
between Sandwich culture and analogous culture settings as follows: 3D encapsulation in
Col I gel, Sandwich culture with Matri-coating replacing Col IV coating, Sandwich culture
in between two Col I gel layers (i.e. soft Col | gel bed replacing thin Col IV coating on
transwell), and standard 3D Matrigel organoid culture (as positive control). The thin coating
and bulk gels involved in these culture settings were prepared following similar procedure
detailed above for Col IV/Col I-based Sandwich culture and 3D Matrigel culture. All culture
settings were compared using Matrigel-expanded mouse Sl IEC clusters (with 30-40%
Lgr5-GFP* I1SCs) and maintained in ENR+CV media for 4 days. Resulting organoids or IEC
monolayers were incubated with dispase (0.2 mg/mL) and collagenase (50 U/mL) in trypsin-
EDTA (0.25%, all from Sigma) for 20-30 min at 37 °C, mechanically dissociated into single
cells, followed by counting of total live IECs (trypan blue exclusion) and flow cytometric
analysis of 7-AAD-negative, Lgr5-GFP* ISCs. Fold expansion of ISCs was calculated as:
(number of total IECs multiplied by % of 7-AAD~/Lgr5-GFP* ISCs)/baseline number of
ISCs. Cell morphology (nuclear staining with Hoescht 33342, Thermo Fisher) and
distribution of GFP* ISCs (green) was imaged using Olympus F\V2000 confocal microscope.

Flow cytometric analysis of Ki67, lysozyme and integrins

IECs from different culture settings were washed with flow wash buffer (2% FBS, 0.09%
NaN3 in PBS) and stained with Zombie UV Fixable Viability Kit (Biolegend) for dead cell
exclusion. Afterwards, the cells were incubated with flow blocking buffer: 5% goat serum
(\Vector Labs) and mouse Fc blocker (1:100) for 10 min followed by staining with Alexa
Fluor 647-integrin B4 (CD104) and PE-integrin 1 (CD29) antibodies (Biolegend) for 25
min on ice. Surface stained cells were immediately analyzed with BD LSR |1 flow
cytometer. IECs without surface staining were fixed with 4% PFA for 10-15 min,
permeabilized with 0.1% saponin (Sigma) in PBS for 10 min, and then treated with flow
blocking buffer supplemented with 0.08% saponin for 20 min. Thereafter the samples were
incubated with primary antibodies against Ki67 (ab15580 from Abcam, 1:300) and
lysozyme (A0099 from Dako, 1:400), as well as their respective isotype controls with equal
dilution: polyclonal rabbit IgG (ab171870 from Abcam), polyclonal rabbit Ig fraction
(X0936 from Dako) and monoclonal rabbit IgG (ab172730 from Abcam). After 30 min
incubation with gentle shaking, cells were washed twice with flow wash buffer containing
0.08% saponin, subsequently stained with Alexa Fluor 647 goat anti-rabbit 1gG secondary
antibody (Thermo Fisher, 400X) and washed thoroughly before being analyzed with BD
LSR 1l flow cytometer. All flow cytometry data was analyzed by FlowJo.

Immunocytochemistry staining

Samples from the BLT Sandwich culture or 3D Matrigel control were first rinsed with PBS
and fixed with 4% PFA for 30 min. 3D organoids in Matrigel were then mechanically
disrupted and carefully transferred to BSA-coated low-retention tubes (Fisher Scientific).
The IEC monolayer on transwell, i.e. Sandwich culture, or organoids were then
permeabilized with 0.4% Triton X-100 (Sigma) for 30 min, blocked with 5% goat serum and
stained overnight at 4 °C with the same primary Ki67 and lysozyme antibodies detailed
above for flow cytometry, as well as the following: anti-Muc2 (sc-15334 from Santa Cruz,
1:75), anti-ZO1 tight junction protein (ab59720 from Abcam, 1:50), anti-DLL1 (ab10554
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from Abcam, 1:100), anti-Chromogranin A (ChgA, sc-13090 from Santa Cruz, 1:100).
Alexa Fluor 594 or 647 conjugated antibodies (Thermo Fisher, 500X) were used as
secondary antibodies and co-stained with TRITC-phalloidin (Thermo Fisher, 200X) for 1
hour to visualize F-actin if desired. Samples were then thoroughly rinsed with 0.05%
Tween-20 in PBS and counterstained with Hoescht 33342 before confocal imaging. GFP/
green stain represents the presence of Lgr5-GFP* stem cells unless otherwise specified. All
fluorescence images shown were acquired by Olympus F\V2000 confocal microscope and
merged from 15-20 sections/images of 3D Z-stacks (total 100-150 um scan depth).
Moreover, intestinal alkaline phosphatase (Alpi) was stained by Alkaline Phosphatase
Staining Kit Il (00-0055, Stemgent) in accordance with vendor’s instruction, and imaged
using Nikon Eclipse TE2000 inverted microscope.

Quantitative real-time PCR (QPCR) analysis

RNAs from 2D Sandwich and 3D Matrigel culture were extracted using TR1 Reagent
(Sigma) according to the manufacture’s procedure. Total RNA (1 ug) were reverse
transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qiagen). 15 uL reaction
volume per well containing 15 ng cDNA, 0.4 uM forward and reverse primers (each) and 7.5
pL Power SYBR Green PCR master mix (2X, Thermo Fisher) was loaded onto MicroAmp
Optical 384-well reaction plate (Thermo Fisher). PCR reactions were performed using ABI
7900HT fast real-time sequence detection system following thermal cycling program as per
manufacturer’s recommendation. gPCR primers were designed using Primer3 online tool
and obtained from Integrated DNA Technologies. Specificity and efficiency of each primer
pair were validated using cDNA derived from mouse IECs following previously established
guideline and procedure [27, 28]. The information of specific primer sequences targeting
mouse mMRNA encoding ChgA, Muc2, Lyz1, Alpi, Lgr5, and house-keeping genes (i.e.
GUSB, B2M, Vil1, and HPRT) was listed in Supplement Table 2. Comparative Ct method
(AACt) using geometric mean Ct from the four house-keeping genes as internal control was
employed for the calculation of relative mMRNA expression [29]. gPCR analysis for human
IECs was performed following the procedures as we previously described [24]. All groups
were tested with at least 3 biological replicates and repeated three times with crypts or
organoids derived from three different donor mice and patients.

Statistical analysis

Sample size (n) and method of data presentation are specified in each figure legends.
Statistical difference between groups was determined using one-way analysis of variance
(ANOVA) and Tukey—Kramer post hoc test for multiple comparisons. Significance levels are
indicated as: ** p< 0.01, *** p<0.001. Groups without significant difference, i.e. p> 0.05,
are labeled as “NS”.

3. Results & Discussion

Here, we implemented a step-by-step approach to establish an efficient 2D ISC culture
system via the rational combination of ECM cues and small molecule signaling modulators.
First, we identified a Matrigel-alternative ECM coating which maximizes the attachment and
proliferation of IECs. We then refined the configuration of ECM cues (i.e. BLT Sandwich
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culture, see schematic in Figure 1) to significantly enrich the Lgr5* ISC population. To
identify relevant ECM components in the BLT sandwich culture system, we used full ISC
maintenance media (ENR+CV, details in Supplement Table 1), given its ability to enrich
Lgr5* ISCs in 3D Matrigel culture [24]. Finally, we identified a small molecule inhibitor of
BMP receptors, which further improves the proliferation of Lgr5* cells in our BLT
Sandwich culture.

3.1. Identification of Type IV Collagen as a Matrigel Alternative Substrate for the Growth of
Intestinal Epithelial Cells (IECs)

It has been difficult to establish primary cultures of monolayer IECs with high frequency of
stem cells. This is due to the stem cells’ intrinsic dependence on multiple niche factors (e.g.
balanced Wnt/BMP activity) and appropriate cell-cell/cell-matrix contact [30-32]. Lacking
the presentation of these factors could lead to rapid cell death/anoikis or differentiation /n
vitro [33].

The proliferation, migration and differentiation of crypt cells /n vivo are susceptible to
changes in basement membrane (BM) ECM compositions and the corresponding integrin
receptors (e.g. integrin a2p1) along the crypt-villus axis [31, 34-37]. Inspired by these
findings, we first sought to identify an ECM coating that could maximize IEC attachment
and growth /n vitro, through screening the major ECM components found in intestinal BM.
Consistent IEC attachment efficiency of around 60% (defined as number of cells attached
normalized to number of total cells added per well) was observed on coatings of different
Matrigel dilutions: 10X, 20X, 30X, 50X (standard dilution range used for Matrigel thin
coating, data not shown) [38]. Therefore, as we sought to identify an equally effective, yet
Matrigel-free coating, 30X Matrigel dilution was selected as positive coating control for this
experiment and is further referred to as “Matri-coating”. Col IV emerged as the lead ECM
coating supporting both the initial attachment of single IECs (Figure 2A) and the growth of
IEC clusters (within 2 days, Supplement Figure 1). Specifically, we found that a coating
concentration of Col 1V of 100 pg/mL (i.e. surface-adsorbed density ~3.4 pg/cm?,
Supplement Figure 2) led to the highest IEC attachment efficiency: 56 + 7%, which is
comparable to that of the Matri-coating. Similar attachment efficiency (55-65%) has also
been reported for epidermal cells and corneal epithelial cells plated on Col 1V-coated
substrates with similar coating concentrations [39, 40].

Our findings align with previous studies which showed that the attachment of epithelial cells
was greatest on Col 1\V/-coated surfaces as compared to other ECM coatings. Col IV
efficiently engages integrin (e.g. integrin p1) bindings and leads to rapid epithelial cell
attachment within minutes [41-43]. Of note, Col IV coating has long been utilized to
separate human epidermal stem cells from transit amplifying cells viathe rapid adhesion of
stem cells to Col IV. This suggests the potential role of Col IV for not only enhancing
overall IEC attachment, but also enriching the ISC population [44]. Compared to other ECM
components tested in this study, Col IV-mediated IEC attachment exhibits a distinct coating
concentration dependence which peaks at 100 pg/mL (3.4 ug/cm?). Col 1V adsorption
density peaks at 150 pg/mL (Supplement Figure 2), which is indicative of a saturated surface
coating. Coating concentrations higher than 100 pg/mL did not further enhance IEC
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attachment and growth (Figure 2A, Supplement Figure 1). We suspect that this might be due
to the excessively high density of Col IV binding sites that restricts the availability of free
surface integrins and results in limited cell motility or contractile forces, which are critical
regulators of cell adhesion [45, 46].

Furthermore, we confirmed that the attachment of IECs on Col IV is divalent cation- or
integrin a2p1-mediated, as evidenced by the dramatic reduction (>65%) of cell attachment
upon treatment with EDTA, integrin a2p1 antibodies or the integrin a2p1 specific binding
peptide, DGEA (Figure 2B). Integrin receptors of Col IV primarily belong to the p1
subgroup, namely a1p1 and a2p1 [47, 48]. In adult intestinal epithelium, a2p1 is
predominantly associated with the lower crypt region where Lgr5* cells reside [1, 49]. Crypt
cells sit tightly on BM containing Col IV but lacking laminin, suggesting that in the
intestinal epithelium, a2p1 integrin may primarily act as the receptor for collagen 1V rather
than laminin [37]. This hypothesis is also partially reflected by our ECM screening results
where we found that laminin coating exhibited minimal support for IEC attachment and
growth. Collectively, our results are reminiscent of /n vivo findings which highlight the
significance of the Col IV-integrin a2p1 axis for the function of intestinal epithelium and
further substantiate our ECM screening results.

3.2. Establishment and Characterization of the BLT Sandwich Culture System

After optimizing the ECM coating for IEC attachment, we next decided to refine the
configuration of the culture system to further enhance the percentage of Lgr5-GFP* ISCs in
the resulting IEC monolayer. During the initial ECM screen, we noted that when ECM-
coated transwells were seeded with a single cell suspension of IECs initially containing
~35% Lgr5-GFP* cells in ENR+CV media, > 90% cells did not survive more than 48 hours
and the remaining/attached live cells were nearly all Lgr5-GFP negative. A similar trend was
observed when the Col IV coating was seeded with Matrigel pre-expanded IEC clusters or
organoids. Under these conditions, less than 5% of the cells were Lgr5-positive after 2 days
and the Lgr5-GFP* population was nearly abolished after 4-5 days (Figure 3A). It was also
noticed that IEC clusters or crypts quickly collapsed into loose aggregates or single cells
within 3-5 hours of seeding, and only those directly in contact with Col IV coating were
able to attach and survive. We suspect that the rapid loss of Lgr5-GFP™ cells is largely due to
the combination of ISC differentiation and cell death/anoikis, which has been linked to the
insufficient ECM anchorage and cell-cell contact [50, 51]. Of note, during our initial ECM
screen, we have observed comparably significant Lgr5 loss among all the coating conditions
(Lgr5-GFP all less than 0.5% after 3 days, unpublished observation/data). To address this
issue, inspired by existing epithelial cell culture systems where two Col gel layers were
employed in a Sandwich configuration to maximize monolayer cell-ECM interactions, we
introduced another layer of Col | gel onto the pre-seeded crypts or IEC clusters (Figure 1)
[19, 52]. While taking advantage of the biocompatibility, superior availability/lower cost
(relative to other commercially available ECM proteins such as Col Il and laminin at their
gelling concentrations), and well known cell-interactive properties of Col I gel, the unique
top-bottom presentation of ECM cues will ensure sufficient cell-matrix/cell-cell interactions
and presumably maintain appropriate cell orientation, which we considered to be essential
for IEC growth and Lgr5 expression.
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As shown in Figure 3, Col | overlay and Col IV coating synergistically enhances the growth
of total IECs and the percentage of Lgr5-GFP™* cells on transwells. The synergistic effect on
ISC growth is more profound on porous transwells than on TCPS (Supplement Figure 3),
likely due to ease of nutrient access to both sides of the cells on the transwells, which is also
beneficial for epithelial cell polarization and proliferation [53, 54]. Therefore, we elected to
use transwell inserts for the remainder of this study.

To simplify the discussion hereinafter, the BLT Sandwich culture with Col IV coating and
Col I overlay is referred to as “+C4+C1”; the non-Sandwich condition that uses Col IV
coating but does not have a Col | overlay is referred to as “+C4-C1”; the non-Sandwich
condition that has neither a Col 1V coating nor Col 1V overlay is referred to as “-C4-C1”
and the condition that uses a Col | overlay but no Col 1V coating is referred to as “~C4+C1”.
No difference in total IEC growth was observed between the “~C4+C1” and “+C4+C1”
conditions on TCPS. However, the same conditions on transwells resulted in a greater than
1.5-fold increase from “~C4+C1” to “+C4+C1”, implying the synergy between Col IV
coating and the substrate type. Furthermore, IEC clusters seeded in the “~C4+C1” condition
yielded twice as many IECs than those in “+C4-C1” condition on transwells after a 4-day
culture. Additionally, both conditions were significantly more conducive (> 5-fold) to IEC
growth than the “~C4-C1” condition. Col I gel overlay plays a critical role for preserving
Lgr5 levels regardless of the substrate type. The “~C4+C1” condition yielded a percentage
of Lgr5-GFP* population around 10%, which is markedly higher than “~C4-C1” and “+C4-
C1” conditions on both transwells and TCPS (Supplement Figure 3). Among all four
conditions, the BLT Sandwich culture, i.e. “+C4+C1”, most efficiently drove IEC
proliferation and had the highest level of Lgr5-GFP™* cells: 35 + 4 % on transwells and 20

+ 2 % on TCPS (Supplement Figure 3B).

Furthermore, by varying Col IV coating concentrations from 0-150 pg/mL in the “+C4+C1”
condition, the number of resulting Lgr5-GFP™* cells showed a distinct concentration
dependence that peaked at 100 ug/mL (Figure 3B1). A similar trend was observed for the
percentage of Lgr5 and Ki67 co-positive cells (i.e. actively-dividing Lgr5-GFP* cells) as
shown in Figure 3B2, which is also consistent with our initial ECM screen results without
Col | gel overlay (Figure 2A). These findings suggest that optimal presentation of matrix
cues efficiently dictates IEC growth with a high percentage of Lgr5* population and
proliferative capability.

Next, we compared the performance of the BLT Sandwich culture system to existing similar
culture systems which may be also capable of expanding IECs. In addition to standard 3D
Matrigel culture, we compared 3D embedding in Col | gel, 2D Sandwich in between two
layers of Col I gels and 2D Sandwich conditions with identical Col I gel overlay but distinct
substrate coatings (100 ug/mL Col IV vs. Matri-coating). When seeded with identical
number of IEC clusters and cultured in ENR+CV media for 4 days, all of the conditions
yielded IECs with comparable levels of Lgr5-GFP* population, between 30-40%
(Supplement Figure 4). 2D Sandwich conditions with Col IV coating or Matri-coating
formed island-like clusters with diameters greater than 500 um. Similar cystic monolayer
structures were observed in 3D Col | gel and 2D Sandwich between two Col | gel layers, but
with much smaller cluster sizes than the other two Sandwich conditions. This observation is
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in agreement with the total IEC number quantification results (Supplement Figure 4B1). The
slower growth of IECs found in 3D Col I gel and 2D Col I gel Sandwich culture conditions
is associated with markedly lower number of Lgr5-GFP* cells compared to the BLT
Sandwich culture on Col IV-coated transwells (Supplement Figure 4B2). We speculate that
different stiffness of the surrounding Col | gel matrices and the polyester-based transwell
substrate may contribute to the distinct IEC proliferation rates, through a cellular contractile
force-dependent mechanism [35, 55].

We then attempted to understand the mechanism governing the synergistic effect of Col 1V
coating and Col | overlay on the growth of Lgr5-GFP* cells. The “+C4+C1” condition
exhibits much stronger and more uniform F-actin and ZO-1 staining compared to the “-
C4+C1” and “+C4-C1” conditions. The “+C4+C1” condition also results in decreased cell-
to-cell distance (Supplement Figure 5A). F-actin denotes the apical side of epithelial cells,
and it mediates actomyosin contractility which stabilizes integrin binding [56]. ZO-1
maintains the integrity of epithelial lining by concentrating at the apically localized tight
junctions [57]. F-actin and ZO-1 expression in the “+C4+C1” conditions correlates with the
augmented expression of integrin B1 and B4 relative to the other two conditions without Col
I or Col IV (Supplement Figure 5B1-2). Of note, a similar pattern of ZO-1 and F-actin
expression and localization was also observed in Matrigel-based intestinal organoid culture,
where the maintenance of normal tissue organization and genotype has been linked to the
presence of intact cell apical-basal polarity [58]. The integrin p1/p4 co-positive population
was increased from 56.7% in the “+C4-C1” condition to 87.7% in the “+C4+C1” condition,
suggesting the sandwiched presentation of distinct ECM cues effectively activates integrins
which may be essential for cell adhesion, survival and maintaining the orientation of the cell
polarity axis [58-60]. Such axis provide distinct domains (e.g. lateral and basal) through
which multiple mutually reinforcing extracellular cues act on and regulate stem cell self-
renewal, such as epithelial growth factor receptor and cadherin adhesion receptors [56, 61,
62]. Moreover, the heterogeneity of the levels of ISC proliferation and stemness 7 vitro
appears to be mediated by their levels of surface p1 integrin expression. Higher levels of g1
integrin have been linked to more rapid epithelial stem cell adhesion to Col IV substrates,
higher colony forming efficiency, and delayed onset of terminal differentiation [44].

The overall IEC growth and percentage of Lgr5-GFP* population in our BLT Sandwich
culture are primarily mediated by integrin a2p1 (Supplement Figure 5C), which is one of
the major receptors for Col | and Col IV. Integrin a2p1 blocking significantly suppressed
more than 70% of the total number of IECs and nearly completely abolished Lgr5
expression in the BLT Sandwich culture. With respect to the “+C4-C1” condition, >95% of
attached IECs lost Lgr5 expression after 4 days but integrin a.2p1 blocking did not
significantly diminish their attachment or number. This implies that in the absence of Col |
overlay, other integrins may also dictate IEC-Col 1V interactions or the cells may attach to
endogenously synthesized ECMs without relying on integrin a2p1. Noteworthy, mounting
evidence suggests that Lgr5* ISCs drive the polarization between intestinal regeneration and
tumorigenesis via YAP-dependent stem cell reprogramming [63]. In /n vitro 3D 1SC culture
settings, YAP-mediated oncogene activation is particularly relevant when matrix mechanical
properties are taken into account [13]. Further mechanistic insight into how different ECM
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cues regulate ISC growth and fate decision in our 2D BLT system, i.e. potentially via
Hippo/YAP pathway, remains a key aspect to be investigated in our future studies.

Morphologically, the BLT Sandwich culture-derived IEC monolayer exhibits an undulating
pattern (Figure 4A) reminiscent of the topography of native intestinal epithelium. While this
observation is intriguing, our confocal Z-stack imaging confirmed that it is indeed a
monolayer structure without distinct local cell stratifications, as evidenced by Supplement
Video 1 and the Z/side view of the Z-stack imaging of the BLT system (Supplement Figure
13). We argue that the observed undulating pattern may be associated with the
heterogeneous cell-cell distance or cell junctions within the monolayer, which may indicate
the heterogeneity of the ISC/IEC populations in our system and warrants further
investigation. Moreover, when compared to 3D Matrigel culture, IECs from the BLT
Sandwich culture were equally proliferative (> 90% Ki67") and enriched with comparable
percentage of Ki67/Lgr5 co-positive cells around 30% (Figure 4B). By varying the initial
seeding density of IEC clusters, a relatively consistent fold expansion of Lgr5-GFP* cells:
10.5 £ 2.8-fold, was revealed in the BLT Sandwich culture over 4 days. This is equivalent to
approximately one cell division per 24-36 hours for the Lgr5* cells, which is comparable to
the cycling rate of native ISCs /n vivo [1]. However, when an identical number of IEC
clusters were plated 3D in Matrigel (35 pL/gel) for the same period (4 days), fold expansion
of Lgr5-GFP™ cells varied significantly with the initial seeding density, and the numbers of
Lgr5-GFP™ cells were generally higher than in BLT Sandwich culture (Supplement Figure
6). It is worth noting that we only compared the growth rate between 2D BLT Sandwich and
3D Matrigel systems within a relatively short culture period (4 days) before the IEC
monolayer or organoids exhibited appreciable cell death due to space constraints.
Significantly variable ISC fold expansion seen with the 3D Matrigel culture could be
attributed to the complex mass transport and heterogeneous organoid size/shape, which may
impair its robustness for large scale ISC production or serving as cellular models. Whereas
this is clearly less of an issue for 2D BLT Sandwich culture owing to its monolayer nature,
i.e. scalable by simply changing substrate surface area, and unobstructed mass transport
mediated by the transwells.

With respect to the cellular composition, we speculate that the 60-70% of Lgr57/Ki67* cells
expanded from our BLT Sandwich culture are actively dividing cells prone to differentiate
into enterocytes through Lgr5~/Ki67* and/or Lgr57/Ki67~ transient amplifying cells (TAs)
or enterocyte precursors [64]. This is supported by our findings suggesting that IECs from
the BLT Sandwich culture had an elevated expression of absorptive lineage/enterocyte
marker (A/pi) and lacked both DII1 (marker for early secretory progenitors) and mature
secretory lineage markers (Lyz1, Muc2, ChgA) relative to the 3D Matrigel control in ENR
+CV media (Supplement Figure 7) [65]. From an /n vivo perspective, the highly proliferative
Lgr5-/Ki67* TAs or enterocyte lineage progenitors have been shown to transdifferentiate
and replace lost Lgr5* stem cells and promote crypt regeneration under tissue injury [66].
Therefore, in addition to the Lgr5™ cells, the remaining Lgr5-/Ki67* cells found in the IEC
populations we are expanding may be clinically beneficial as cell therapies for intestinal
epithelial regeneration.

Biomaterials. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tong et al.

Page 14

We sought to further characterize the system by validating the multipotency and stemness of
Sandwich culture-derived Lgr5-GFP* cells. We first assessed the multi-lineage
differentiation potential of monolayer IECs (with ~35% Lgr5-GFP* cells) under multiple
chemical induction factors (Figure 5). After 4 days in ENR+CV media, the BLT Sandwich
culture was switched to media containing different combinations of Wnt and Notch
modulators for another 3 days to coax lineage-specific differentiation of ISCs [24]. The
differentiation conditions are defined as ENR-alone media supplemented with the following
combinations of small molecules: Wnt inhibitor + secretory lineage inhibitor (IWP-2 + VPA
(1V), enterocytes); Wnt agonist + Notch inhibitor (CHIR + DAPT (CD), Paneth cells); Wnt
inhibitor + Notch inhibitor (IWP-2 + DAPT (ID), goblet cells and enteroendocrine cells).
The ENR-alone condition is known to drive the simultaneous differentiation of ISCs into
multiple mature IEC lineages [24]. Compared to the ENR-alone condition, CD, IV and ID
treatment significantly elevated the expression of different desired lineage specific markers
as shown in Figure 5A. Additionally, ISC maintenance media (ENR+CV) notably
upregulated £gr5 mRNA expression by 2.45-fold relative to the ENR-alone control, whereas
other lineage marker genes were all significantly suppressed by at least 40%. Such multi-
lineage differentiation potential was also validated at the protein level by
immunocytochemical staining (Figure 5B). The BLT Sandwich culture under different
chemical induction cues resulted in significantly more apparent Alpi, lysozyme, mucin 2 and
ChgA staining than their respective controls under ENR-alone and ENR+CV conditions.
Appreciable levels of Lgr5-GFP* cells remain in the CD condition where nearly 90% of
IECs are lysozyme-positive (see image quantification results in Supplement Table 3). This
finding may underscore the putative relationship or dependence between ISCs and their
niche constituent—Paneth cells. However, it is practically challenging to directly correlate
the percentage of differentiation in our /n vitro system (e.g. under ENR-alone condition) to
the /in vivo settings, as more definitive IEC lineage markers will need to be further identified/
evaluated, and it’s unclear how closely the existing /n vitro differentiation protocols
recapitulate the /n vivo niche. We propose that these are important questions to be addressed
together by the whole ISC field.

Finally, we validated that single Lgr5-GFP* ISCs purified from 2D BLT Sandwich and 3D
Matrigel cultures yielded comparable colony-forming efficiency (CFE) 60-70% and levels
of Lgr5-GFP* cells around 70% when subsequently cultured 3D in Matrigel for another 7
days in ENR+CV media, further confirming the stemness of BLT Sandwich culture-
expanded Lgr5* ISCs (Supplement Figure 8).

3.3. The BLT Sandwich Culture is Capable of Expanding Mouse Colonic Stem Cells and
Human-Derived IECs

After establishing and characterizing the BLT Sandwich culture using Matrigel pre-
expanded mouse Sl organoids (or IEC clusters), we then explored the BLT Sandwich
culture’s utility for growing Matrigel pre-expanded colonic organoids derived from both
mouse and human colon crypts as well as freshly isolated mouse and human small intestinal
crypts. From a translational perspective, the capability of culturing patient-derived intestinal
stem cells in a Matrigel-free system offers significant impact towards personalized stem cell
therapy or intestinal disease modeling.
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Mouse colonic IEC clusters were able to attach to and expand into large (> 500 pm) island
structures within 4 days in the BLT Sandwich culture, similar to SI IEC clusters
(Supplement Figure 9A-C). The resulting monolayer consists of more than 92% Ki67* cells
and 11 + 3.5% Lgr5-GFP* colonic stem cells (CSCs), which were expanded around 4-fold
in mouse CSC maintenance media in 4 days. When initially seeded with 150-180 clusters
per well, fold expansion of CSCs was slightly lower in the BLT Sandwich culture than 3D
Matrigel control, and the percentage of resulting Lgr5-GFP* CSCs was about half of the
Matrigel control (~20% overall). This suggests that the BLT Sandwich culture-expanded
colonic IECs contain a large proportion of proliferating cells that are Lgr5-GFP negative,
and they generally expand faster than those in Matrigel (hence diluting the % of resulting
Lgr5-GFP* CSCs more). Additionally, Matrigel pre-expanded human colonic organoids
with initial diameter < 100 um can be expanded in the BLT Sandwich culture and form large
monolayers (> 1 mm? in surface area coverage) in human 1SC maintenance media (ENR
+gWNASP, refer to Supplement Table 1) over 6 days (Supplement Figure 9D). This is of
particular relevance when the resultant monolayers are used as autologous cell patches to
regenerate the damaged intestinal epithelium. The large surface area of the cell patches may
allow better /n vivo engraftment efficiency than their smaller counterparts, which is crucial
to the success of the cell therapy [67].

Furthermore, we have demonstrated that freshly isolated mouse SI and colonic crypts can be
directly seeded in our BLT Sandwich culture, without Matrigel pre-expansion, and grow
substantially in their respective maintenance media (Figure 6). The capability to expand
freshly-isolated crypts which have never been exposed to Matrigel is highly desirable,
especially when the cells are expanded for clinical transplantation, because even trace
amounts of Matrigel contaminant may pose significant regulatory hurdles, for reasons stated
previously. Additionally, primary culture in Matrigel-free conditions can avoid the potential
crosstalk or interference derived from undefined Matrigel components. Reducing
interference is particularly desirable when the culture is applied as disease modeling and
drug screening platforms.

After 4 days of Sandwich culture, freshly isolated mouse Sl crypts (initially containing 9%
Lgr5-GFP™ cells) underwent ~20-fold expansion of Lgr5-GFP™ cells, which constitute 25.7
* 6.6% of the resulting total IECs. While exhibiting lower fold expansion of Lgr5-GFP*
cells compared to 3D Matrigel, the BLT Sandwich culture showed comparably high level of
Ki67* (> 92%) and only a slightly lower percentage of Lgr5-GFP* cells. Overall, freshly
isolated Sl crypts yielded much faster expansion of Lgr5-GFP™ cells than Matrigel pre-
expanded Sl IEC clusters, when both were seeded with equal density in the Sandwich
culture. This may be due to the differential baseline levels of lysozyme-positive cells, i.e.
Whnt ligand source or Paneth cells, present in freshly isolated crypts and Matrigel-expanded
organoids (Supplement Figure 10). With respect to the freshly isolated mouse Lgr5-GFP*
CSCs, no significant difference of fold expansion was observed between 2D BLT Sandwich
culture and 3D Matrigel control after 5-day culture (Figure 6A). However, the percentage of
resulting Lgr5-GFP* population in 2D BLT Sandwich culture (6.7 + 2.1%) was notably
lower than 3D Matrigel control (16.1 £ 3.1%). This discrepancy between the percentage and
fold expansion of Lgr5-GFP* CSCs implies that colonic IECs overall grow significantly
faster in the BLT Sandwich culture than in Matrigel, as also evidenced by the higher count
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of total live IECs from the BLT Sandwich culture (data not shown). Mouse Lgr5-GFP*
CSCs generally grow slower than their SI counterparts (Figure 6A3), which is likely due to
the absence of Paneth cells or the presence of more apoptotic/dead cells in the freshly
isolated colonic crypts (Supplement Figure 11), or due to the inherited distinct proliferative
capacity of Sl and colon IECs /n vivo [1].

Importantly, human-derived freshly isolated human SI crypts were expanded into large
monolayer patches in the BLT Sandwich culture, as opposed to the cystic or budding
structures typically seen in 3D Matrigel (Figure 6B1). Human SI IECs grown in the BLT
Sandwich culture were ~ 75% Ki67* (similar with 3D Matrigel control) and maintained
LGR5 mRNA level slightly higher than that of 3D Matrigel control (Figure 6B2-3),
suggesting that the BLT Sandwich culture system may be a superior alternative to 3D
Matrigel culture for expanding patient-specific intestinal stem cells. We envision that this
novel culture system holds great promise for not only large scale production of ISCs/CSCs
as cell therapy, but also serving as a robust platform for studying and manipulating ISC
biology to identify new therapeutics targeting intestinal epithelial disorders in a patient-
specific/personalized manner. For instance, the BLT Sandwich culture system could be used
to establish a monolayer 1ISC biobank by expanding intestinal crypts derived from biopsies
from multiple subjects with distinct genetic backgrounds. This biobank could be further
utilized to screen novel therapies, or to validate clinically accessed drugs to establish the
correlation between different drug response and patient genotype, which is highly relevant
towards precision medicine for predicting clinical responders or non-responders [68].

3.4. Identification of LDN-193189 to Further Improve Lgr5-GFP* ISC Expansion in the BLT
Sandwich Culture

To validate the utility of the BLT Sandwich culture system, we then explored small molecule
approaches to further boost the Lgr5* ISC expansion based on our established ENR+CV
media, and demonstrated the key differences between 2D BLT sandwich and 3D Matrigel
systems. Using freshly isolated mouse Sl crypts in the BLT Sandwich culture, we identified
LDN-193189 (or LDN), a selective inhibitor of BMP type I receptor kinase that markedly
improves the fold expansion of Lgr5-GFP* cells (Figure 7A). 100-200 nM LDN profoundly
enhanced the proliferation of Lgr5-GFP* cells by over 1.5-fold after a 4-day culture in ENR
+CV media. However, this mitogenic effect declined to baseline levels (i.e. no LDN control)
at the higher concentration of 1000 nM. BMP signaling is known to mitigate I1SC self-
renewal through Wnt suppression and the exogenous BMP antagonist polypeptide, Noggin,
is required for ISC-containing organoid growth in Matrigel [3, 30]. LDN has been reported
to enhance lung epithelium repair by promoting the self-renewal of airway epithelial stem
cells and increasing the number of differentiating progenitors /in vivo [69]. However, its role
in ISC growth was previously unknown. Our data suggests that in the BLT Sandwich
culture, the combination of CV and LDN synergistically boosted the number of Lgr5-GFP*
cells by more than 20-fold compared to the ENR-alone condition (Figure 7B), whereas 200
nM LDN without CV did not significantly impact the percentage and total number of Lgr5-
GFP* cells relative to ENR-alone condition (Figure 7B-C).
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The impact of CV on the proliferation of total IECs and the Lgr5-GFP* population is more
potent compared to the small molecule BMP inhibitors that we have tested thus far including
dorsomorphin, LDN and DMH1, in both 2D BLT Sandwich and 3D Matrigel cultures. There
is no significant difference between the percentage of Lgr5-GFP™ cells in the ENR+CYV,
ENR+CV+LDN and ER+CV+LDN (i.e. replacing Noggin with LDN) conditions in the BLT
Sandwich culture. The number of resulting Lgr5-GFP* cells in the ER+CV+LDN condition
was marginally higher than the number of Lgr5-GFP* cells in the ENR+CV+LDN
condition, and a similar trend was observed with other BMP inhibitors (dorsomorphin and
DMHZ1, data not shown). This suggests that Noggin can be replaced with small molecule
BMP inhibitors for expanding Lgr5* ISCs in the BLT Sandwich culture. This is beneficial
for reducing the cost and improving the scalability of the culture system. LDN boosts the
number of Lgr5-GFP* cells in Sandwich culture by increasing the proliferation of overall
IECs (primarily TAs), rather than directly enriching the Lgr5-GFP* population. In contrast,
adding LDN in ENR+CV media markedly suppressed the number of Lgr5-GFP* cells in 3D
Matrigel culture (Supplement Figure 12A). Unlike the Sandwich culture, LDN cannot
replace Noggin for expanding Lgr5-GFP* ISCs in Matrigel (Supplement Figure 12B). The
opposing effects of LDN on 2D BLT Sandwich and 3D Matrigel cultures suggest their
varying dependence on BMP signaling for Lgr5™ ISC expansion, and further underscore the
complex crosstalk between Wnt, Notch, BMP pathways and the ECM. Future studies are
warranted to unveil the mechanisms underlying the differential responses of different culture
settings (2D vs. 3D) to defined chemical cues. Such findings will be instrumental for better
understanding of ISC biology and realizing the full potential of our BLT Sandwich culture
system for research and therapeutic applications.

4. Conclusion

Here we report a compositionally defined, native ECM component-based culture system that
supports the expansion of intestinal organoids or crypts with an enriched Lgr5-GFP* ISC
population. This simple, monolayer ISC culture system overcomes some of the major
limitations (e.g. inter-lot variability, inaccessibility to apical side, scalability issues)
associated with existing 3D organoid cultures. The unique Sandwich presentation of distinct
collagen cues synergistically mediates IEC attachment, proliferation and Lgr5 expression in
an integrin a2p1-dependent manner. In conjunction with ECM cues and known potent Wnt/
Notch modulators, the BMP inhibitor LDN-193189, was found to significantly boost the
expansion of Lgr5-GFP* cells from mouse small intestinal crypts. Moreover, the system is
capable of expanding mouse colonic ISCs and human-derived IECs with high levels of Lgr5
expression. The system may also have broad utility for the culture of other epithelial
progenitor cell types, which we are currently exploring in the laboratory. We envision that
our chemically defined BLT monolayer Sandwich culture system holds great promise for
intestinal disease related research and therapeutic applications.
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Figure 1.
Schematic of the 2D BLT Sandwich culture system. Intestinal crypts isolated from Lgr5-

GFP donor mice or human intestinal biopsies are directly seeded onto Col IV-coated
transwells. Alternatively, the isolated crypts can be pre-expanded in Matrigel to form Lgr5*
ISCs-enriched organoids following established methods [1]. The organoids are then
mechanically dissociated into ISC-containing IEC clusters and seeded onto Col IV-coated
transwells. Next, a thin layer of type I collagen solution is gently overlaid onto the settled
cells and gelled, resulting in a sandwich configuration comprising Col IV coating/IECs/Col |
gel overlay. Chemically defined ISC maintenance media containing essential signaling
modulators (i.e. CV + BMP inhibitor LDN) is then added into the transwell insert. An
epithelial monolayer containing high levels of Lgr5* I1SCs is rapidly generated via the
combination of potent signaling factors and unique presentation of defined ECM cues.
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Figure 2.
Identification of Col IV as a Matrigel alternative coating for the maximal attachment of

IECs. A: Define BM ECMs with different coating concentrations that are most supportive
for the initial attachment of single IECs on transwells. a—e: 2, 10, 50, 100 and 150 pg/mL.
Two hours after seeding, the transwells were gently washed with 500 pL cold PBS for 3
times to remove unattached cells. The number of attached IECs per well on each coating was
measured by Cyquant DNA quantification assay and normalized to the coating with 30X
dilution of Matrigel in F12 media, i.e. Matri-coating (red bar). Transwells coated with 0.1%
BSA was included as negative control. Data represents mean £ SD, n = 2-3 wells,
representative from three independent trials. B: Towards understanding the mechanism of
Col IV mediated single IEC attachment: image quantification for the number of attached
IECs after 2 hour incubation on Col IV (100 pg/mL)-coated transwells. Transwells in all
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groups were pre-coated with Col IV prior to cell seeding, except the BSA coating group
(seeded with untreated IECs) highlighted in grey bar. Single IECs derived from Matrigel-
expanded Sl organoids were pretreated with integrin a2, 1 antibodies, their combination
and isotype controls, as well as integrin a2p1 binding peptide (DGEA) and the scrambled
peptide sequence (RGES). To further confirm that the Col I'V-mediated cell adhesion is
integrin- or divalent cation-dependent, IECs were also seeded in the presence of 2 mM
EDTA for the 2 hour incubation. Mean £ SEM, n = 10-12 fields of view per group,
representative from three independent trials with single IECs derived from different passages
in Matrigel.
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Figure 3.
Optimization of the BLT Sandwich culture system using mouse Sl organoids under different

culture settings for 4 days. A: Sandwich configuration composed of Col IV thin coating (100
ug/mL) and Col I gel overlay synergistically enhances the expansion of Lgr5™ cells.
Representative confocal images (A) show the morphology and presence of Lgr5-GFP in IEC
monolayer on transwells under different culture settings with or without Col 1V coating and
Col I overlay. B1-2: Col IV coating concentration dictates the number of Lgr5-GFP™ cells
(B1, normalized to no Col IV coating control) and the percentage of Lgr5/Ki67 co-positive
population (B2). n = 3—4 wells, data represents mean + SD from one representative trial out
of three independent trials using SI organoids derived from three donor mice.
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Characterization of the BLT Sandwich culture system. A: Representative phase contrast and
fluorescence images showing the proliferation and presence of Lgr5-GFP of IEC monolayer
at day 4. Contour of epithelial island/monolayer is delineated by dashed lines in phase
contrast images for better visualization. Zoomed-in view depicts the undulating pattern of
IEC monolayer/sheet that is closely associated with Lgr5-GFP* cells. B1: Confocal images
comparing the expression of Lgr5 and Ki67 between 2D Sandwich and 3D Matrigel culture
systems at day 4 (a); B2-3: Flow cytometry results comparing the level of Ki67* cells (B2)
and Lgr5/Ki67 co-positive cells (B3) between the two culture systems. Mean + SEM,
averaged from n = 3—4 independent trials with different SI organoid donor mice.
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Figure 5.

Validation of the multi-lineage differentiation potential of BLT Sandwich culture-expanded
ISCs. Al-4: gPCR analysis of relative mRNA expression of Lgr5and mature IEC markers
(Alpi, Lyz1, Muc2and ChgA) from monolayer IECs (with ~35% baseline Lgr5-GFP level)
treated with indicated differentiation cocktails for 3 days with ENR being present in all
conditions. MRNA levels of target genes were normalized to ENR-alone conditions. Mean *
SEM, n = 3 independent trials each with 2-3 biological repeats. **, ***: significantly
different versus ENR-alone control. B: Colorimetric staining (Alpi) and
immunocytochemistry staining of mature IEC lineage markers after 3-day differentiation.
Representative images from three independent trials with n = 2 wells (8-10 images) each
condition. Scale bars for all Alpi images: 500 pm.
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Figure 6.

(A) BLT Sandwich culture is capable of expanding freshly isolated mouse Sl, colon crypts
and (B) patient-derived Sl crypts. Equal number of freshly isolated crypts were evenly
seeded into 2D Sandwich and 3D Matrigel systems and cultured for 4 days (mouse) or 6
days (human). Al: Confocal images showing the morphology and Lgr5-GFP expression of
Sl and colonic IECs in 2D and 3D systems. Percentage of Lgr5-GFP* cells was noted inside
each picture in green. A2: Flow cytometry comparing Ki67 expression of IECs expanded
from both systems. A3: Comparison of the fold expansion of mouse Sl and colonic Lgr5-
GFP* cells between 2D and 3D systems. Mean = SEM, n = 4 donor mice each with 3-5
wells/group. B1: Photographs showing the proliferation and morphological change of
human SI IECs cultured under both systems for 6 days. Insets show the growth of a
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representative single crypt into a monolayer patch with diameter ~ 1 mm at day 6 (scale bar:
100 pm). B2: Flow cytometry comparing Ki67 expression between both systems at day 6
(representative from n = 3 patients). B3: gPCR analysis comparing the mRNA expression of
key IEC lineage markers between both systems at day 6. Mean + SEM, n = 3 trials using
freshly isolated SI crypts from three patients. ** p<0.01: significantly different between 2D
and 3D cultures.
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Figure 7.
Positive effect of LDN-193189 (L) on the expansion of Lgr5-GFP* cells cultured from

freshly isolated mouse Sl crypts for 4 days in 2D BLT Sandwich culture under different
culture media conditions. A: Number of Lgr5-GFP* cells normalized to the control without
LDN in response to different concentrations of LDN in ISC maintenance media (i.e. ENR
+CV). B: Percentage of resulting Lgr5-GFP* cells under different media conditions; C:
Normalized number of Lgr5-GFP* cells (to ENR-alone control) under different conditions
with or without CV, LDN (200 nM) and Noggin (N). Data represents mean = SEM, n = 3—-4
independent trials with different donor mice.
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