UC Berkeley
UC Berkeley Previously Published Works

Title
Agrin Inhibition in Enteric Neural Stem Cells Enhances Their Migration Following Colonic
Transplantation.

Permalink
https://escholarship.org/uc/item/9k21b2b4g

Journal
Stem Cells Translational Medicine, 13(5)

Authors

Mueller, Jessica
Stavely, Rhian
Guyer, Richard

Publication Date
2024-05-14

DOI
10.1093/stcltm/szae013

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/9k21b2b8
https://escholarship.org/uc/item/9k21b2b8#author
https://escholarship.org
http://www.cdlib.org/

Stem Cells Translational Medicine, 2024, 13, 490-504
https://doi.org/10.1093/stcltm/szae013

Advance access publication 22 February 2024
Original Research OXFORD

Agrin Inhibition in Enteric Neural Stem Cells Enhances
Their Migration Following Colonic Transplantation

Jessica L. Mueller®, Rhian Stavely’, Richard A. Guyer©®, Adam Soos,2 Sukhada Bhave',
Chris Han', Ryo Hotta'~, Nandor Nagy"? Allan M. Goldstein™"

'Department of Pediatric Surgery, Massachusetts General Hospital, Boston, MA, USA
2Department of Human Morphology and Developmental Biology, Faculty of Medicine, Semmelweis University, Budapest, Hungary

"Corresponding author: Allan M. Goldstein, MD, Department of Pediatric Surgery, Warren 1151, Massachusetts General Hospital, 55 Fruit Street, Boston, MA
02114, USA. Email: amgoldstein@mgh.harvard.edu; or, Nandor Nagy, PhD, Semmelweis University, Tuzolto St. 58, Budapest 1094, Hungary. Fax: 36 1 2153064
Email: nagy.nandor@semmelweis.hu

Abstract

Regenerative cell therapy to replenish the missing neurons and glia in the aganglionic segment of Hirschsprung disease represents a promising
treatment option. However, the success of cell therapies for this condition are hindered by poor migration of the transplanted cells. This limita-
tion is in part due to a markedly less permissive extracellular environment in the postnatal gut than that of the embryo. Coordinated interactions
between enteric neural crest-derived cells (ENCDCs) and their local environment drive migration along the embryonic gut during development
of the enteric nervous system. Modifying transplanted cells, or the postnatal extracellular environment, to better recapitulate embryonic ENCDC
migration could be leveraged to improve the engraftment and coverage of stem cell transplants. WWe compared the transcriptomes of ENCDCs
from the embryonic intestine to that of postnatal-derived neurospheres and identified 89 extracellular matrix (ECM)-associated genes that are
differentially expressed. Agrin, a heparin sulfate proteoglycan with a known inhibitory effect on ENCDC migration, was highly overexpressed by
postnatal-derived neurospheres. Using a function-blocking antibody and a shRNA-expressing lentivirus, we show that inhibiting agrin promotes
ENCDC migration in vitro and following cell transplantation ex vivo and in vivo. This enhanced migration is associated with an increased propor-
tion of GFAP + cells, whose migration is especially enhanced.

Key words: stem cell therapy; enteric neuronal stem cells; enteric nervous system; extracellular matrix; Hirschsprung disease.
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Significance Statement

The success of stem cell therapy as a treatment for Hirschsprung disease requires a permissive extracellular environment, which can be
achieved by modifying stem cells to make them more migratory and resemble embryonic enteric neural crest-derived cells. \WWe compared
the transcriptome of enteric neural crest-derived cells from the embryonic intestine and postnatal neurospheres and identified elevated
expression of agrin as a potential hindrance to stem cell migration. By silencing agrin in enteric neuronal stem cells, their migration was
significantly enhanced in culture and following transplantation. This is the first study to directly modify stem cells for the treatment of ENS
disease.
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Introduction

Congenital or acquired disruption of the enteric nervous system
(ENS) leads to various neurointestinal diseases, including
Hirschsprung disease, esophageal achalasia, gastroparesis,
and others. These diseases have significant morbidity and lim-
ited treatment options. Stem cell therapy represents a poten-
tial therapeutic strategy to replace the missing ENS,'3 but its
success to date has been limited, largely due to inadequate mi-
gration of transplanted cells in the recipient gut.*¢ Embryonic
development of a functional ENS relies on interactions be-
tween enteric neural crest-derived cells (ENCDCs) and the
extracellular matrix (ECM) through which they migrate
within the gut mesenchyme.® These interactions ensure ap-
propriate and well-timed cell migration, proliferation, and
differentiation into the enteric neurons and glia that regulate
numerous gastrointestinal processes, including both motor
and sensory functions. Many studies have demonstrated the
important influence of ECM proteins on ENCDC migra-
tion. Laminin,” fibronectin,®'* vitronectin,'’ collagen 18,
tenascin-C,” and ECM binding proteins, including N-cadherin
and (1-integrins,'? have all been shown to promote ENCDC
migration. Conversely, agrin,'! collagen VI,'* and chondroitin
sulfate proteoglycans, including versican and collagen IX,'#!”
prevent migration, highlighting the critical role of the ECM
in ENS formation.

Hirschsprung disease, one of the best understood
neurointestinal diseases, is caused by the failure of ENCDCs
to complete their rostrocaudal migration during embryonic
development.® This migratory failure can be due to intrinsic
defects in ENCDCs and/or insufficient signals from the sur-
rounding environment.'® In Hirschsprung disease, incomplete
colonization of the intestine by ENCDC:s results in a variable
length of distal intestinal aganglionosis, always involving the
rectosigmoid colon, and affecting 1/5000 live births.!” While
surgical removal of the aganglionic segment remains the pri-
mary treatment for Hirschsprung disease, it is associated with
short- and long-term risks.??! Many patients experience per-
sistent bowel dysfunction after surgery, including inconti-
nence, constipation, and enterocolitis.>>*” Transplanting ENS
cells to replace the missing neurons and glia in the aganglionic
segment would address the underlying aganglionic pathology
of Hirschsprung disease and preclude the need for surgery,
making this a prime focus of current Hirschsprung disease
research.!®

ENCDCs have been isolated from the small and large
intestines,?® from full thickness tissue and mucosa alone,?
from neonates,> children,’' and adults,’> and even from
the aganglionic segment of patients with Hirschsprung dis-
ease.”> These cells proliferate in culture and expand expo-
nentially to form free-floating neurospheres,!3!323* which are
capable of differentiating into neurons and glial cells when
transplanted into the embryonic gut.** However, poor en-
graftment, migration, and proliferation of transplanted cells
have limited their success.>*3 A major obstacle has been the
postnatal gut environment, which is markedly less permis-
sive to ENCDCs than the embryonic gut.’*¥ To optimize
stem cell delivery and efficacy, ENCDCs can be directly mod-
ified using viral vectors’®3° or can be co-administered with
growth-promoting molecules delivered by co-injection* or
packaged in nanoparticles.*'*?

Given the important role of coordinated interactions be-
tween ENCDCs and their local environment, the success of
stem cell transplantation as a regenerative therapy requires a
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permissive postnatal gut environment. Notably, the extracel-
lular matrisome in Hirschsprung disease is different from that
of a normal healthy colon." " It would be extraordinarily
challenging to develop therapies that modify the vast changes
of that extracellular milieu. We therefore chose to directly
modify the stem cells prior to transplantation with the goal
of optimizing their migration within the extracellular gut en-
vironment. This approach represents a clinically feasible and
relevant therapeutic cell-based strategy for the treatment of
Hirschsprung disease and potentially other neurointestinal
diseases.

Materials and Methods

Single-Cell Analysis

Published datasets by Morarach et al* and Guyer et al*” were
utilized for analysis. Mouse embryonic datasets at E15.5
and E18.5* were downloaded from the NCBI Sequence
Read Archive. Runs SRR11635571, SRR11635572, and
SRR11635573 were obtained using the SRA Toolkit “fastg-
dump” command. Genome alignment and feature-barcode
matrix generation were executed with the Cell Ranger
“cellranger count” command on the Mass General Brigham
ERISOne Research Computing Cluster. Subsequent anal-
ysis was performed in the R environment (RStudio Version
2023.03.0 + 386) with Seurat. The datasets were filtered with
the removal of cells expressing a number of genes more than
one standard deviation away from the mean and the removal
of cells with greater than 10% mitochondrial genes. This fil-
tration removes low-quality or dying cells, empty droplets,
and doublets or multiplets from the dataset. Embryonic
progenitors were selected based on high Sox10 expression
(clusters 0, 2, 5, 9), labeled “embryonic progenitors,” and in-
cluded in further analyses.

Dataset on postnatal-derived neurospheres was provided
by Guyer et al*’. The dataset was filtered as the authors de-
scribe, with the removal of cells expressing a number of genes
more than one standard deviation away from the mean and
removal of cells with greater than 10% mitochondrial genes.
Progenitor cells were selected based on high Sox10 and Gfap
expression as was done in the original paper, with clusters 0,
1,2,3,4,6,8,and 14 labeled “neurosphere progenitors” and
included in subsequent analyses.

The embryonic progenitor and neurosphere progenitor
datasets were integrated using the “FindIntegrationAnchors”
command in Seurat.* After integration, principle com-
ponent analysis (PCA) was performed. Neighbors were
identified and uniform manifold approximation and projec-
tion (UMAP) dimensional reduction was performed using the
first 30 principal components. Clusters were identified using
the “FindClusters” command with resolution = 0.5 using
the Louvain algorithm.* Differential gene expression anal-
ysis was performed using the R package DESeq2.’° Genes
with log2 fold changes> 0.5, percent expression >25%,
and adjusted P-value <.001 were considered significant.
Statistically significant genes were then compared to a Gene
Ontology Extracellular Matrix dataset (GO: 00310125 530
genes) to identify significant ECM genes.

Animals

This study was performed according to experimental
protocols approved by the Institutional Animal Care
and Use Committees of Massachusetts General Hospital.
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Wnt1%e+  mice  (B6.Cg-H2az2TeWnmt-aedlikih — To(Wntl-
GAL4)11Rth/JStock # 009107), R26R-tdT reporter mice
(B6.Cg-G#(ROSA)26Sormi#CAGdTomato)lzelT. - Stock  #007914),
CS57BL/6] (Stock #000664), and B6;129-Ednrb™! /]
(Stock#003295) were obtained from Jackson Laboratory (Bar
Harbor, ME, USA). Wnt1¢* mice were crossed with R26R-
tdT reporter mice to generate Wntl-Cre*;R26-tdT mice
(annotated as Wnt1;tdT). Ednrb heterozygotes were bred to
generate Ednrb knockout mice (Ednrb”-) which demonstrate
distal colonic aganglionosis akin to human Hirschsprung
disease. All mice were housed and bred at the Center for
Comparative Medicine animal facility at Massachusetts
General Hospital under specific pathogen-free conditions.

Embryos

Fertilized White Leghorn chicken (Gallus gallus domesticus)
eggs were obtained from commercial breeders (Prophyl-
BIOVO Ltd., Hungary) and maintained at 37.5 °C in a
humidified incubator (HEKA 1 +egg incubator, Rietberg,
Germany). Avian embryos were staged according to the
number of embryonic days (E) and the gut development
stages were referenced to the chick embryo gut staging table’!
and the ENS formation timetable.’? All animal experiments
were approved by the Animal Experimentation Review Board
of Semmelweis University.

InVitroTissue Recombination and Chorioallantoic
Membrane (CAM)Transplants

To study the contribution of the mouse neurospheres to
the avian hindgut ENS chorioallantoic membrane (CAM)
transplantation was performed. Using tungsten needles,
preganglionic hindgut grafts were prepared by removing the
cloacal region and the nerve of Remak from the hindgut of
ES (Hamburger-Hamilton (HH) stage 26) chick embryos.
Under stereomicroscope visualization, two Wntl;tdT
mouse-derived neurospheres of embryonic or adult origin
were implanted into each of the ceca of the E5 chick em-
bryo. These chick-mouse chimeric recombinants were then
transplanted onto the CAM of E9 (HH 35) chick embryos
and cultured for 8 days as described.'" At the conclusion of
this culture period, the explants were excised, fixed overnight
in 4% paraformaldehyde (PFA) at 4 °C, and embedded for
cryosectioning. Migration distance was assessed by counting
the farthest cell away from the transplanted region in multiple
sections.

Generation of Neurospheres

Mice were euthanized and their small intestine was removed
from duodenum to terminal ileum. The longitudinal muscle-
myenteric plexus (LMMP) layer was dissected from underlying
tissue in PBS and digested for 60 minutes at 37 °C in dispase
(250 pg/mL; STEMCELL Technologies) and collagenase XI
(1 mg/mL; Sigma-Aldrich). Following digestion, the cells
were filtered through a 70-pm filter and resuspended at a
density of 50 000 cells/fmL with a total volume of 10 mL
placed in 25 cm flasks (Corning Inc.). Neuroproliferation
media contained penicillin and streptomycin (1%; Life
Technologies, Thermo Fisher Scientific), B27 Supplement (1x;
Gibco, Thermo Fisher Scientific), N-2 Supplement (1x; Gibco,
Thermo Fisher Scientific), basic fibroblast growth factor
(20 ng/mL; Stemcell Technologies), insulin-like growth factor
1 (20 ng/mL; Thermo Fisher Scientific), retinoic acid (75 ng/
mL; Sigma-Aldrich), and 2-mercaptoethanol (50 umol/L;
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Gibco, Thermo Fisher Scientific) in equal parts Neurocult
Mouse Basal Medium (STEMCELL Technologies) and
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Thermo
Fisher Scientific). These primary neurospheres were cultured
at 37 °Cand 5% CO, for 10 days.

Primary neurospheres were then prepared for cell sorting.
They were dissolved for 45 minutes into a single-cell sus-
pension using accutase (STEMCELL Technologies), filtered
through a 40-pm filter, and stained with DAPL. Cells were
then sorted as described below and tdT + cells were kept and
manually counted with Trypan blue to assess number and vi-
ability. tdT + cells were then plated in a 96-well round bottom
ultra-low attachment dish (Corning Incorporated) at a den-
sity of 25 000 cells/mL for ex vivo and in vivo experiments
and 50 000 cells/mL for in vitro experiments.

Cell Sorting

Cell sorting was performed on the Massachusetts General
Hospital campus by the Harvard Stem Cell Institute’s
Center for Regenerative Medicine Flow Cytometry Core,
utilizing BD Biosciences (Franklin Lakes) FACS Aria sorting
instruments. Cells were sorted for tdT positivity (indicating
Wntl expression) and DAPI negativity (indicating live cells).
Approximately 30% of cells were live and expressed tdT.

Transduction With Lentivirus

Immediately after cell sorting, tdT + cells were transduced
with an agrin shRNA lentivirus containing 4 unique 29mer
agrin targeting shRNA and a GFP reporter (purchased from
Origene; CAT#: TL512313V, and expanded and packaged
at the MGH Vector Core Facility, Massachusetts General
Hospital Neuroscience Center, Charlestown, MA to have
a final concentration of 10" TU/ml) or a control scramble
shRNA with a GFP reporter (purchased from Origene; CAT#
TR30021V, and expanded and packaged at the MGH Vector
Core Facility to have a final concentration of 10'2 TU/mL).
After testing various multiplicities of infection (MOI), an
MOI of 90 was utilized for both viruses, and we observed
a transduction efficiency of 50%-60% for the agrin shRNA
lentivirus and 25%-30% for the control shRNA lentivirus.
At this concentration, we observed no toxicity. Cells were
transduced for 72 hours.

Cell Migration, Proliferation, and Differentiation
Assays

As described above, sorted tdT + cells were plated in a 96-well
dish at a concentration of 50 000 cells/mL (migration assay)
or 12 500 cells/mL (proliferation/differentiation assay) and
cultured for 72 hours. Neurospheres utilized in the migra-
tion assay were therefore uniform in size and contained 10
000 cells. Similarly, neurospheres utilized in the proliferation
and differentiation assays were uniform in size and contained
2500 cells. A smaller number of cells were utilized to be able
to differentiate individual cells via immunohistochemistry.
After 72 hours, single neurospheres were transferred onto
fibronectin-coated dishes (1:200 in PBS, Sigma-Aldrich).

In the migration assay, neurospheres were cultured in either
DMEM-only or DMEM with agrin function-blocking anti-
body (20 pg/mL, MAB5204, Millipore) for 72 hours and then
imaged as described above. This concentration was chosen
based on prior published work from our lab.!" Cell migration
was assessed utilizing Image] software v1.53t using binary
thresholding to determine the total area covered by tdT + cells.
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Given that all neurospheres started with the same number of
tdT + cells, this migration method considers both the distance
and density of cell migration. To explain further, when cells
do not migrate away from the neurosphere, the area covered
by tdT + cells is small, and as cells start to migrate away the
area of cell spread increases. However, if only the distance of
cell migration is considered, a neurosphere that had one indi-
vidual cell migrate a certain distance away from the center of
the neurosphere would get the same value as a neurosphere
that had many cells migrate that same distance. We therefore
felt that the total area covered was a better metric for migra-
tion than just looking at distance alone.

In the proliferation and differentiation assays, neurospheres
were cultured under control conditions (DMEM only) or
experimental conditions (DMEM with 20 pg/mL of agrin
function-blocking antibody) for 96 hours on fibronectin and
then tissue was fixed for 30 minutes using 4% PFA. For the
proliferation assay, neurospheres were treated with 10 pM
EdU (Invitrogen, A10044) after 72 hours and imaged 24
hours later.

After fixation, the Click-iT EdU Cell Proliferation Kit
for Imaging (Fisher Scientific, C10340) was used per the
manufacturer’s protocol. Cell nuclei were stained with DAPI
(Invitrogen D1306). Immunostaining was also performed
using GFAP, Calretinin, and nNOS as described below.
Images were obtained using a Keyence BZX-700 All-In-
One microscope. Proliferation and differentiation were
determined by counting the number of tdT + cells that
costained for EdU or GFAP, Calretinin, and nNOS, respec-
tively. Given that there were varying numbers of each type of
differentiated cell per preparation, assessment of migration
using the total area of cell spread would not be an accurate
measurement of migration. Therefore, the migration of dif-
ferent types of cells was assessed using the octant method.?
Briefly the image was divided into octants and the distance
was measured between the center of the neurosphere and
to the farthest fluorescently labeled cell in each octant. The
average distance was calculated to represent the migration
distance in each preparation.

Ex Vivo and In Vivo Transplantation

Ex vivo transplants were performed onto colonic LMMP
peeled and isolated from either C57BL/6] or Ednrb”- mice.
Adult (4- to 12-week old) C57BL/6] mice or 2-week old
Ednrb™- mice were sacrificed using CO, asphyxiation. The
colon was removed, opened longitudinally, and washed with
PBS. The LMMP was peeled away from the lamina propria
under a dissecting microscope and pinned into a Sylgard
coated dish. For the Ednrb~- mice, only the distal 2 centimeters
were utilized to ensure colonic aganglionosis. Using fine for-
ceps, a small pocket was created in the muscularis propria and
a single previously sorted and transduced neurosphere was
transplanted into the pocket. This tissue was then cultured
for 7 days in media consisting of 5% fetal bovine serum (FBS,
Sigma-Aldrich) and 1% anti-anti (antibiotic—antimycotic,
containing penicillin, streptomycin, and amphotericin B,
Gibco) in DMEM. After 7 days tissue was fixed for 4-6 hours
in 4% PFA and images were obtained.

Only C57BL/6] mice were utilized for in vivo transplants.
Adult (4- to 12-week-old) C57BL/6] mice were anesthetized
utilizing inhaled isoflurane (1%-4%). A mini laparotomy
incision was made and the distal colon was exposed. Two
small subserosal pockets were created using fine forceps
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approximately 0.5 cm apart, and in each pocket a single pre-
viously sorted and transduced neurosphere was placed. Mice
were then returned to the animal facility according to pro-
tocol and sacrificed using CO, asphyxiation seven days after
transplantation.

Immunohistochemistry and Image Processing

Immunohistochemistry was performed as previously
described.’? For cryosections, tissue was fixed in 4% PFA
for 1 hour, then incubated with 15% sucrose overnight at
4 °C, infiltrated with 7.5% gelatin/15% sucrose in PBS for
1 h at 37 °C, then rapidly frozen at -50 °C in methylbutane.
Twelve micrometer-thick cryosections were stained using the
following primary antibodies: anti-HuC/D (clone: 16A11,
1:50, Thermo Fisher Scientific, A-21271), which recognizes
a neuron-specific RNA-binding protein; rabbit anti-S100B
calcium-binding protein B specific for mouse enteric glia
(RBO87A1, S100; 1:50; NeoMarkers), and anti-mouse Agrin
(1:50; R&D Systems, AF550). Primary antibodies were ap-
plied for 45-90 min, followed by Alexa-conjugated fluores-
cent secondary antibodies: Alexa Fluor 488 goat anti-mouse
IgG (1:200, A32723), Alexa Fluor 488 goat anti-rabbit IgG
(1:200, A32731) and Alexa Fluor 488 donkey anti-goat
(1:100, A11055), all from Thermo Fisher Scientific. Cell nu-
clei were stained with DAPIL The sections were covered by
aqueous Poly/Mount. Section images were recorded using
a Nikon Eclipse E800 fluorescence microscope and a Zeiss
LSM 710 confocal microscope.

For whole-mount immunofluorescent staining, colons were
fixed overnight in 4% PFA at 4 °C, permeabilized with 1%
normal goat serum and 0.1% Triton X-100 (Sigma-Aldrich,
9036-19-5) in PBS overnight at 4 °C. Specimens were labeled
overnight with anti-Agrin (1:50; R&D Systems, AF550) or
mouse anti-tubulin 3 (Tujl, 1:400, conjugated to Alexa
Fluor 647, BioLegend) at 4 °C. After washing in PBS, fluores-
cent secondary antibody (Alexa Fluor 488 donkey anti-goat,
1:100, A11055) was applied for 1 hour. Whole-mount images
were recorded using a Nikon SMZ25 (with Prior L200/E
unit) fluorescence stereomicroscope.

For staining of cells, cells were fixed for 30 minutes in
4% PFA at 4 °C, permeabilized in 0.1% Triton X-100
for 20 minutes, washed with PBS, and blocked with 10%
donkey serum for 1 hour at room temperature. Primary
antibodies were diluted in 10% donkey serum, which in-
cluded GFAP (1:500, Abcam ab53544), Calretinin (1:200,
Invitrogen 18-0211), nNOS (1:400, Invitrogen 61-7000),
and incubated overnight at 4 °C. Secondary antibodies were
diluted in 10% donkey serum, which included donkey anti-
goat IgG (1:200, conjugated to Alexa Fluor 5535, Invitrogen)
and donkey anti-rabbit IgG (1:200, conjugated to Alexa
Fluor 488, Invitrogen) and incubated at room temperature
for 2 hours. Cell nuclei were counterstained with DAPI so-
lution (Invitrogen). Images were obtained with a Keyence
BZX-700 all-in-one microscope and analyzed using Image]
software v1.53t.

Image processing, including tiling and merging of
pseudocolored immunofluorescent images, used CellSens,
ZEISS ZEN Imaging, Nis-Elements (v 5.02) Imaging pro-
prietary software, and Image] software v1.53t (National
Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.
gov/ij/). The area of cell spread was quantified through bi-
nary thresholding of fluorescent cells to designate an area of
interest.
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Statistical Analysis

Analyses were performed using R Studio and GraphPad Prism
software (Graph-Pad, CA, USA). For pairwise comparisons, a
Mann-Whitney test was performed. Comparisons of migra-
tion were performed using unpaired 2 sample ¢-tests when
only one batch was utilized, or 2-way ANOVA accounting for
batch effect when multiple experiments were included in the
analysis. P-values <.05 were considered statistically signifi-
cant. Bar graphs are presented with the mean and standard
error of the mean (SEM) bars.

Results

Comparative Single Cell Analysis Reveals a Non-
Permissive ECM Transcriptome in Postnatal Enteric
Neurospheres

The previously published E15.5 and E18.5 murine ENS
scRNA-seq dataset*® (Fig. 1A) was restricted to clusters
of progenitor cells based on their Sox10 expression, in-
dicative of ENS progenitors. This includes clusters 0, 2, 3,
and 9, which we label “embryonic progenitors” (Fig. 1B,
1C). The dimensional reduction was also performed on
postnatal-derived neurospheres from a dataset published
by Guyer et al*’ (Fig. 1D) and restricted to progenitor cells
based on their expression of Sox10 (Fig. 1E) and Glial fi-
brillary acidic protein (Gfap) (Fig. 1F). Clusters 0, 1, 2, 3,
4, 6, 8, and 14 were included in the analysis and labeled
“neurosphere progenitors” (Fig. 1D, box). Differential gene
expression analysis between the embryonic progenitors
(Fig. 1B) and postnatal neurosphere progenitors (Fig. 1D)
was performed and compared to a curated Gene Ontology
ECM database. This analysis identified 89 differentially
expressed ECM genes across the 2 groups (Supplementary
Table S1).

We next compared the expression of genes encoding
proteins that have been studied in the neural crest, in-
cluding various pro-migratory, inhibitory, and epithelial-
to-mesenchymal transition (EMT) genes to identify specific
targets for further research. The ECM transcriptome of post-
natal neurospheres revealed low expression of selected pro-
migratory genes, including laminin beta 1 (Lamb1) and its
receptor (laminin receptor; Lamr),”> which could contribute
to their limited migration. Other promigratory genes, in-
cluding laminin beta 2 (Lamb2), laminin subunit alpha §
(Lamas), tenascin C (Tnc), integrin subunit beta 1 (Izgh1),
and collagen 18 alpha 1 subunit (Col18al), are strongly
expressed by postnatal derived neurospheres (Supplementary
Fig. S1A). Importantly, we noted over-expression of mul-
tiple genes known to inhibit neural crest cell migration, in-
cluding collagen VI (Col6al) and agrin (Agrn), by postnatal
neurospheres. Other inhibitory molecules, including the
alpha 2 and alpha 3 subunits of collagen 9, have low levels
of expression in postnatal neurospheres (Supplementary
Fig. S1B). Selected EMT genes with known promigratory
roles, including members of the “a disintegrin and
metalloproteinase” (ADAM) family (AdamtsS, Adamtsl,
Adam10) and the metalloproteinase (MMP) family (Mmip2
and Mmp17), are expressed by both embryonic progenitors
and postnatal neurospheres (Supplementary Fig. 1C). A dot
plot shows the relative differential expression of these genes
between embryonic and postnatal progenitors (Fig. 1G).
Either the pro-migratory genes that are under-expressed,
such as laminin beta 1 and its receptor, or the inhibitory
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molecules that are over-expressed, including collagen VI and
agrin, represent potential targets for optimizing cell migra-
tion following transplantation. Since agrin has previously
been shown to inhibit the migration of neural crest cells in
multiple contexts,* including during ENS development,' we
chose agrin for further study.

Agrin, a secreted heparin sulfate proteoglycan (HSPG)
that is inhibitory to neural crest cell migration, has signifi-
cantly higher levels of normalized, log-transformed expres-
sion in postnatal derived neurospheres than in embryonic
progenitors (Fig. 1H, 2.12 vs 0.79 respectively, P <.0001).
Furthermore, agrin is expressed by 86% of neurosphere pro-
genitor cells versus 40% of embryonic progenitor cells. Given
its known role in ENCDC migration during ENS develop-
ment, agrin over-expression could be inhibitory to the mi-
gration of transplanted ENCDCs. We therefore hypothesized
that inhibition of agrin in ENCDCs will enhance cell migra-
tion following transplantation of enteric neurospheres into
the postnatal gut environment.

Postnatal, But Not Embryonic, Neurospheres
Express Agrin, Which Inhibits ENCDC Migration
Following Implantation Into Embryonic Chick
Intestine

Wholemounts of the longitudinal muscle/myenteric plexus
(LMMP) of 3-week-old Wnt1;tdT mouse intestine strongly
express agrin in the myenteric plexus (Fig. 2A). Agrin expres-
sion is specific to the cells of the myenteric plexus (Fig. 2B),
forming part of an ECM capsule surrounding the ganglia.
Neurospheres generated from this postnatal tissue highly ex-
press agrin (Fig. 2C’). Figure 2D shows a magnified section
of the postnatal neurosphere. In contrast, embryonic midgut
from E11.5 Wnt1;tdT mice reveals markedly decreased agrin
expression (Fig. 2E). Magnified image (Fig. 2F) shows that
Wnt1;tdT cells in the embryo do not produce agrin. Similarly,
neuospheres generated from embryonic intestine have dimin-
ished agrin expression (Fig. 2G). Mean pixel intensity analysis
of immunohistochemistry images demonstrates a significantly
increased fluorescence corresponding to agrin production in
neurospheres derived from postnatal versus embryonic tissue
(190.5 vs 78.9, P < .001).

Postnatal neurospheres were generated from 3-week-
old Wnt1;tdT mice and implanted into ES chick ceca (Fig.
3A), which are aneural at this stage. The chick gut was then
grafted onto the chorioallantoic membrane (CAM) for 8
days to allow time for the cells to migrate. At the end of
the culture period, Wntl + ENCDCs (Fig. 3B) can be seen
expressing agrin (Fig. 3C) and exhibiting very limited cell
migration (Fig. 3B). Figure 3D shows a magnified image of
the implanted region. In contrast, similar implantation of
Wntl;tdT neurospheres prepared from embryonic mouse in-
testine into the chick ceca results in robust ENCDC migra-
tion (Fig. 3E), with minimal agrin expression observed (Fig.
3F), and colonization of the entire host ENS with enteric glia
(S100; Fig. 3G) and neurons (HU; Fig. 3H). Wnt1;tdt + fibers
were seen to project significantly farther after implantation
of embryonic versus adult neurospheres (Fig. 31, 1184 mm vs
228.1 mm, P < 0.0001).

Agrin Blockade Increases Cell Migration In Vitro

Sorted tdT + neurospheres derived from 4-12 week-old
Wntl;tdT mice were cultured on fibronectin in DMEM
only (Fig. 4A) or DMEM supplemented with an agrin
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Figure 1. The ECM transcriptome is more permissive to cell migration in embryonic progenitors compared to postnatal-derived neurospheres. Uniform

Manifold Approximation and Projection (UMAP) shows combined E15.5 and E18.5 murine embryonic ENS datasets (A), using data published by

Morarach et al (2021), with dimensional reduction performed (B). Feature plot of Sox70 expression (C) used to select cells consistent with “embryonic

progenitors,” (clusters 0, 2, 5, 9 with high Sox70 expression) which are included in subsequent analysis. UMAP of 15,426 GFP + cells isolated from

neurospheres generated from small intestine of 12-16 week-old Plp1°™ mice (D), using data published by Guyer et al. (2023). Feature plots of Sox70
(E) and Gfap (F) expression are shown to highlight progenitors. Clusters with high Sox70 and Gfap are labeled “neurosphere progenitors” and selected

for subsequent analysis. Expression of differentially expressed ECM genes between groups is shown on a dot plot (G), with dot size indicating the

percentage of cells in each cluster with >0 transcripts detected, and color indicating relative level of gene expression. A ridge plot of agrin expression in
neurosphere progenitors and embryonic progenitors shows higher levels of agrin in the former (H).



496 Stem Cells Translational Medicine, 2024, Vol. 13, No.

Wnt1:tdT

3-week-old Wnt1;tdT intestine
wholemount

merged

Postnatal
neurosphere

11.5 dpc Wnt1;tdT midgut

embryonic
neurosphere
2
)
c
$ 2004
£
]
X
o
c 100
<}
o
s

r—_—
postnatal embryonic

X

Figure 2. Agrin expression is significantly higher in postnatal as compared to embryonic neurospheres. Wholemount LMMP from 3-week old
Wnt1;tdT mice reveals agrin expression in the myenteric plexus (A). Arrow in A" indicates myenteric ganglia sectioned. Validation of agrin specificity
to enteric plexus of postnatal mice by labeling with Wnt1:tdT (B). Neurospheres derived from these mice show strong agrin expression (C). Boxed
area magnified in D. In contrast, midgut from E11.5 Wnt1;tdT mice reveals markedly decreased agrin expression (E, boxed area magnified in (F), as do
enteric neurospheres derived from that tissue (G, boxed area magnified in G” inset). Quantification of mean pixel intensity of Agrin immunoreactive
cells (H). Scale bar in A applies to all other panels: 150 pm (A,C); 70 um (B); 45 pm (D); 100 um (F); 145 pum (G); 70 um (G, inset). ep, epithelium; mes,
mesothelial cells; sma, superior mesenteric artery.
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function-blocking antibody (20 ug/mL, Fig. 4B) for 72 hours.
Agrin blockade led to a significant increase in ENCDC mi-
gration by 114% when compared to control conditions (283
676 um? vs 132,854 pum?, respectively, P < 0.001, Fig. 4C,
Supplementary Table S2).

Agrin Blockade Increases Proportion of GFAP-
Expressing Cells But Has No Effect on ENCDC
Proliferation

Sorted tdT + neurospheres derived from 4-12 week-old
Wnt1;tdT mice were grown on fibronectin and cultured in
the presence or absence of agrin function-blocking antibody
(20 pg/mL). After 72 hours, neurospheres were treated for
24 hours with 10 pM EdU to assess cell proliferation. Given
that agrin inhibition significantly enhanced migration, we
wanted to assess cell differentiation and proliferation along-
side a migration assay and therefore examined differentiation
after 96 hours of 2-dimensional cell growth on fibronectin
rather than examining 3-dimensional neurospheres in
culture.

Agrin inhibition significantly increased the proportion of
cells expressing GFAP (12.1% vs 6.4%, P =.05, Fig. 5A),
but had no effect on differentiation into neurons expressing
nNOS (17.4% vs 15.1%, P = 0.44, Fig. 5B) or Calretinin
(CR) + (8.2% vs 8.3%, P = .93, Fig. 5C).

Cells expressing GFAP, which labels both enteric glia and
ENCDC progenitors, migrated significantly farther (505%
farther) in neurospheres treated with agrin inhibition (305.0
vs 50.4 pm, P <.0001). Agrin inhibition also improved mi-
gration of Calretinin + and nNOS + cells, although to a
much lesser degree. nNOS + cells treated with agrin inhibi-
tion migrated 154% farther than control (239.0 vs 94.0 pm,
P <.0001), and Calretinin + cells treated with agrin inhibition
migrated 77% farther (105.8 vs 60.2 pm, P = 0.39, Fig. 5D).
Additionally, amongst the cells treated with agrin inhibition,
both GFAP + cells and nNOS + cells migrated farther than
Calretinin + cells (GFAP + 304.7 um vs Calretinin + 105.8
pm, P < 0.0001, nNOS + 239.0 pm vs Calretinin + 105.8 pm,
P =0.0002).

Inhibition of agrin had no effect on ENCDC proliferation,
with 6.8% of Wntl;tdT + cells in the neurospheres treated

A
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with agrin function-blocking antibody expressing EdU versus
9.6% of Wnt1;tdT + cells in control neurospheres (Fig. SE,
P =.50).

Agrin Blockade Increases the Length of Neurite
Projections

Neurospheres generated from adult Baf53b-Cre; R26tdT
mice were plated on fibronectin with or without the pres-
ence of agrin antibody. This mouse model was chosen be-
cause Baf53b is a known marker of nerve fibers’** and
therefore all nerve fibers are marked by tdT fluorescence,
highlighting the effect of agrin inhibition on neurite projec-
tion. After 1 week, the cells were imaged and the longest
5 neurites per image were averaged. Average neurite length
was compared between the 2 groups (Fig. 5SF). Neurospheres
cultured in proliferation media alone (Fig. 5G) had shorter
projections than those supplemented with agrin antibody
(Fig. SH) (365 vs 750 pm, respectively, P = .006).

Neurospheres Expressing Agrin shRNA
Exhibit Increased Cellular Migration Following
Transplantation

Neurospheres were transduced with control lentivirus
expressing scrambled shRNA (Supplementary Fig. S2A) or
with agrin shRNA lentivirus (Supplementary Fig. S2B). Three
days after transduction, strong TUJ1 expression confirms
the presence of enteric neurons throughout the neurospheres
(Supplementary Fig. 2C, 2D). While control neurospheres
continue to express agrin (Supplementary Fig. 2E), transduc-
tion with agrin shRNA lentivirus led to successful silencing of
its expression (Supplementary Fig. 2F).

Transduced neurospheres were transplanted onto ex vivo
organ cultures of the colon obtained from wild-type C57/B6
mice and maintained for 7 days. When compared to control
neurospheres (Fig. 6A), agrin shRNA neurospheres (Fig.
6B) exhibited 57% farther migration of Wnt1;tdT + cells
compared to control neurospheres (592 794 pm? vs 378
282 pm? P =.05, Fig. 6C, Supplementary Table S2). This
experiment was repeated using aganglionic colon explants
obtained from Ednrb” mice, a commonly used model
of human Hirschsprung disease.”” We observed a trend
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Figure 4. Agrin inhibition promotes cell migration from neurospheres in vitro. Enteric neurospheres derived from adult Wnt1;tdT mice were sorted for
tdT expression and cultured on fibronectin for 72 hours. Control neurospheres show limited outward migration of cells from the neurosphere (A) as
compared to those treated with an agrin function-blocking antibody (B). Bar graph of total area of cell spread (um?) with SEM bars shows that agrin
inhibition significantly enhances cell migration (C). Scale bar in A applies to panels A and B.
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Figure 5. Agrin inhibition promotes Gfap differentiation but has no effect on proliferation. Enteric neurospheres derived from adult Wnt1;tdT mice
were sorted for tdT expression and cultured on fibronectin for 96 hours. A subset was treated with EdU after 72 hours, 24 hours prior to fixation.
Neurospheres treated with agrin function-blocking antibody demonstrate increased GFAP + differentiation (A), but no change in nNOS (B) or Calretinin
(C) differentiation. All cells, including GFAP+, Calretinin+, and nNOS + migrated further when treated with agrin inhibition (D), although the greatest
change was observed for GFAP + cells. Agrin inhibition also had no effect on cell proliferation (E). Agrin inhibition increased the length of neurite
projections (F) as shown with neurospheres from Baf53b;tdT mice grown in control media (G) or media supplemented with agrin antibody (H).
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toward increased migration of neurospheres transduced
with agrin shRNA lentivirus versus controls, with agrin
inhibition associated with 46% greater migration, although
this did not reach statistical significance (205 241 pm? vs
121 436 pm?; P = 0.24, Fig. 6D, Supplementary Table S2).
Interestingly, transplanted cell migration is significantly less
in the aganglionic colon versus the ganglionic colon. This
has been observed previously,> and we hypothesize is at
least partially due to a non-permissive ECM, but further re-
search is needed. Note that the recipient explant tissue was
stained for Tujl to confirm the presence of aganglionosis
(Fig. 6E).

Finally, we performed in vivo transplants to determine
whether agrin inhibition enhances ENCDC migration in
this setting. Two neurospheres were implanted subserosally
approximately 0.5 cm apart in the distal colon of wild-type
C57/B6 mice (Fig. 7A, 7B) via laparotomy. The transplanted
segment of the colon was harvested 7 days later. An example
of stained tissue is shown in Fig. 7C, where Wnt1;tdT marks
the transplanted cells, TUJ1 stains nerve fibers, and GFP
represents the reporter from the lentivirus. In comparison
to control neurospheres (Fig. 7D), neurospheres transduced
with agrin shRNA lentivirus (Fig. 7E) migrated 43% farther
than control neurospheres, and this difference was statisti-
cally significant (316 856 pm? vs 222 330 pm?; P = 0.03, Fig.
7F, Supplementary Table S2).
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Discussion

ENCDCs actively modify their extracellular matrisome as
they migrate along the gut mesenchyme.!'! As a consequence,
in Hirschsprung disease not only are the enteric ganglia ab-
sent in the aganglionic segment, but the surrounding extra-
cellular matrix is also altered. ENCDCs secrete many ECM
molecules, including tenascin-C,” collagen 18, and agrin,"!
at various time points along their embryonic journey from
the neural tube to the colorectum to regulate their migra-
tion. Importantly, agrin, which is inhibitory to ENCDC
migration, is not expressed at the migratory wavefront or
by ENS progenitor cells but rather is expressed by trailing
ENCDCs, which have completed the migration and initiated
neuroglial differentiation.'’** For regenerative cell therapy
to be successful as a treatment for neurointestinal diseases,
this altered matrisome must be considered and modified in
order to maximize its permissiveness. This can be best ac-
complished by directly modifying the donor stem cells to
mirror the interactions between ENCDCs and their ECM
environment during embryonic ENS formation. Our study
is the first to perform a comprehensive comparison of the
transcriptome between migrating embryonic progenitor cells
and the cells that comprise the therapeutic product in stem
cell therapy, namely enteric neurospheres. We identified 89
ECM-associated genes that are differentially expressed be-
tween postnatal enteric neurospheres and embryonic ENCDC

Figure 6. Agrin inhibition in neurospheres enhances cell migration following ex vivo transplantation. Immunostaining of LMMP of wild-type
mouse colon 7 days after ex vivo transplantation of adult Wnt1;tdT control neurospheres (A) shows significantly less migration of tdT-expressing
cells as compared to transplantation of neurospheres expressing agrin-shRNA lentivirus (B, C). Ex vivo transplantation of control neurospheres
onto colonic tissue obtained from 2-week-old Ednrb~ mice reveals a trend toward decreased migration of tdT expressing cells as compared

to transplantation of neurospheres expressing agrin-shRNA lentivirus (D). Immunostaining of Wnt1 + transplanted cells on KO tissue for TUJ1

confirms aganglionosis (E).
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Figure 7. Silencing of agrin expression in neurospheres significantly improves cell migration following transplantation in vivo. Two neurospheres were

implanted subserosally into the distal colon of wild-type mice (A), with tdT fluorescence confirming proper placement (B). LMMP of wild-type mouse

colon was examined 7 days after in vivo transplantation (C), where Wnt1;tdT marks the transplanted cells, TUJ1 stains intrinsic and transplanted nerve
fibers, and GFP represents the reporter in the lentivurus. Adult Wnt1;tdT control neurospheres (D) migrating significantly less than neurospheres

expressing agrin-shRNA lentivirus (E, F).

progenitors. Specifically, we found that agrin is highly over-
expressed by neurospheres, which is problematic given its
known inhibitory role on ENCDC migration. While we fo-
cused on agrin, this set of 89 differentially expressed ECM
genes includes many potential targets for stem cell modifica-
tion to enhance the success of cell therapy and should serve
as a resource for further research.

Agrin is a large HSPG widely expressed in the developing
brain and in the basal lamina of developing tissues. In the cen-
tral nervous system, it is involved in synaptogenesis, plasticity,
and signaling.’® Its role in the ENS is less well understood, but
it has been shown to be expressed as part of an ECM capsule
surrounding the myenteric ganglia and has been hypothesized
to have a role in barrier function.®® The expression of agrin
around the ganglia persists postnatally and therefore may be
important in ENS maintenance.! Agrin plays an important
role in development and has been shown to inhibit retinal
neurite outgrowth in vitro’* and, as described above, to in-
hibit migration of ENCDCs.!! We therefore hypothesized that
agrin inhibition in neurospheres would enhance cell migra-
tion following transplantation.

Agrin is found throughout the body in multiple forms.
Secreted agrin is widely expressed in various tissues, whereas
a transmembrane form is primarily expressed in the brain.*”
Agrin is expressed and secreted by ENCDCs but also by the
cells in the surrounding ECM. In this study, we specifically fo-
cused on modifying the agrin produced by ENCDCs, not the
agrin present in the host environment. When neurospheres
were cultured on fibronectin alone, there was no ECM agrin
in this culture. The anti-agrin antibody is therefore blocking
agrin produced by the neural crest-derived cells. In the

ex vivo and in vivo assays where there is likely to be pre-
existing agrin in the surrounding ECM, we utilized shRNA
to specifically silence the agrin production by cells within the
neurosphere.

We found that agrin is highly expressed by neurospheres
derived from the postnatal intestine, but not those from
the embryonic gut, consistent with our single-cell transcrip-
tional analysis. Following transplantation into avian ceca,
embryonic neurospheres migrate significantly farther than
neurospheres generated from postnatal intestine, likely due,
at least in part, to the absence of agrin expression. By using
a function-blocking antibody or an agrin shRNA lentiviral
vector, we show that agrin inhibition increases ENCDC mi-
gration from neurospheres following in vitro, ex vivo, and in
vivo transplantation.

We repeated the ex vivo experiment on colonic organ
cultures from both wild-type and Ednrb”~ mice to test
whether agrin inhibition could enhance cell migration in the
aganglionic intestine. We opted to test this in organotypic
cultures since in vivo experiments in this knock-out model
are challenging due to their limited lifespan of 3-4 weeks.
Although the effect of agrin inhibition in aganglionic colon
from Hirschsprung mice did not achieve statistical signifi-
cance, the direction and magnitude of change were similar
to that in wild-type tissue, suggesting the presence of a
comparable effect. ENCDC migration following cell trans-
plantation is known to be reduced in aganglionic intestine,?
possibly related to the presence of multiple differences in
matrisome protein expression. We hypothesize that modifi-
cation of more than one ECM protein may be necessary to
significantly enhance migration in that environment.
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The mechanism through which agrin inhibits cell migra-
tion is largely unknown. Agrin has two known receptors, the
muscle-specific receptor tyrosine kinase MuSK and the cell
surface receptor dystroglycan. Agrin represents a ligand for
MuSK and its obligate co-receptor LPR4 at the neuromus-
cular junction.®® MuSK is expressed by smooth muscle cells
in the gut, but not by the ENS.!"! In contrast, dystroglycan
is a cell surface receptor that interacts with numerous ECM
proteins,® including laminin and agrin, and is expressed by
ENCDCs and enteric ganglia.!! Prior work hypothesized that
when ENCDCs have reached their target location they secrete
agrin, which then binds the cell surface receptor dystroglycan,
and signals for the cell to stop migrating.!!

Inhibition of migration can also be an indirect consequence
of alterations in cell proliferation and differentiation. While
we did not observe an effect on proliferation, we found that
agrin inhibition significantly increased the proportion of
GFAP-expressing cells without affecting nNOS or calretinin
populations. Importantly, GFAP marks both enteric glial cells
and neuronal progenitor cells.*:¢34 We therefore hypothesize
that agrin inhibition may specifically help maintain the pool
of GFAP + progenitors. Interestingly, the effect of agrin inhi-
bition on promoting cell migration was particularly profound
on the GFAP-expressing cells, suggesting that this popula-
tion may be especially migratory, though further studies are

needed.

Conclusion

While others have co-administered stem cells alongside
nanoparticles to enhance their effect,*’ or used lentiviral
vectors to label cells prior to transplantation,>® our study
is the first to directly modify stem cells for the treatment of
ENS disease. Stem cell modification represents a promising
tool for ENS regenerative therapy, one that has been actively
applied in studies on spinal cord injury,®%® but not yet on
neurointestinal diseases. We have shown that modification
of enteric neuronal stem cells via agrin inhibition can signif-
icantly improve their success following transplantation into
the gut.
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