Letter to the Editor

Rigid substrate induces esophageal smooth
muscle hypertrophy and eosinophilic esopha-
gitis fibrotic gene expression

To the Editor:

Eosinophilic esophagitis (EoE) is a chronic, food antigen—
mediated disease associated with esophageal fibrosis and dysmo-
tility." Esophageal studies using ultrasounds and endoscopic
functional luminal probes show increased esophageal rigidity
and thickening of the smooth muscle (SM) layers, indicating
hypertrophy.”* During EoE progression, the esophagus
undergoes substantial tissue remodeling with fibrosis, leading to
clinical complications including strictures and food impac-
tions."" EoE is induced by inflammation, but the consequences
of tissue remodeling can remain even after the inflammation is
treated, suggesting the role of a fibrotic extracellular matrix
(ECM) in the chronic nature of the disease. Fibrosis promotes
remodeling of ECM, a substrate for adherent cells composing
the tissue, often resulting in increased ECM rigidity. Changes in
substrate rigidity have been shown to affect multiple cellular
functions important for development, tissue homeostasis, and
progression of some diseases including cancer.””’ Given the
increased esophageal rigidity in EoE, we investigated the effect
of cell substrate rigidity on the morphology, size, and gene
transcription of cultured normal longitudinal smooth muscle
(LSM) cells.

To control the rigidity of the substrate for primary human donor
esophagus-derived LSM cells, we used SoftSubstrates silicone
gels (MuWells, San Diego, Calif) of defined, physiologically
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relevant rigidities (Young’s Moduli, E, of 0.8, 3, 24, and 48 kPa)
(see this article’s Methods section in the Online Repository at
www.jacionline.org). We found that esophageal LSM cells
cultured on a stiffer substrate exhibited decreased cell elongation,
more pronounced actin filaments, and larger size compared with
cells plated on softer substrates (Fig 1, A and B). The
cell-spreading area was also significantly greater on increasingly
rigid matrix (P = .003) (Fig 1, C). Taken together, our data
indicate that SM cells on a rigid matrix have a phenotype
consistent with increased contraction and/or hypertrophy.
Phospholamban (PLN), an integral membrane protein regulating
the sarcoendoplasmic reticulum calcium channel Serca2, is
essential for cardiac contractility and is upregulated in the
esophageal muscularis mucosa in pediatric subjects with EoE.*’
Our recent work has also identified PLN as an important player
in TGFB1-mediated esophageal SM cell and myofibroblast
contraction.” To investigate the effects of a rigid matrix on PLN
expression, we measured the transcriptional level of PLN in LSM
cells plated on substrates of E = 0.8, 3, 24, and 48 kPa and found
it to be monotonically increased by substrate rigidity (Fig 2, A).
To understand the role of PLN in regulating SM cell size and
morphology, we used a stable transgenic primary human esopha-
geal SM cell line expressing PLN under the control of a
doxycycline-inducible promoter (see this article’s Methods section
in the Online Repository). Using these cells, we found that SM cells
overexpressing PLN had decreased elongation and increased cell
size on flow cytometry analysis (Fig 2, B and C). Therefore, upre-
gulation of PLN expression is sufficient to induce morphological
changes in SM similar to those observed on rigid substrates.
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FIG 1. Morphology of LSM cells on substrates of different rigidity. Representative image of phalloidin stain
(green) of cells cultured on silicone gels of indicated elastic moduli (0.8, 3, 24, and 48 kPa) (A). FACS analysis
for cell size (relative units) was done using forward scatter and mean fluorescence intensity (MFI) on live
cells using Flowjo software (Tree Star, Ashland, Ore) using cells cultured on 0.8- and 24-kPa substrates.
Each dot represents a biological replicate. Lines represent the mean. The P value was calculated using an
unpaired ttest (B). Quantification of cell area by the ratio of the area of phalloidin staining and cell numbers
(quantified by blue nuclei) on substrates of indicated rigidities (0.8-48 kPa). The P value was calculated
using the ANOVA test (C). FACS, Fluorescence-activated cell sorting; FSC, forward scatter.
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FIG 2. Gene transcription and cell size in response to rigid substrate, PLN, or TGFB1. PLN induction in LSM
cells cultured on substrates of indicated rigidities (0.8-48 kPa). The Pvalue was calculated using the ANOVA
test (A). Doxycycline (Doxy) treatment of PLN-inducible transgenic esophageal SM cells shows upregulation
of PLN expression (red stain) (B) and increased cell size using forward scatter (C). Normal LSM cells have
increased gene transcription of indicated genes expressed as a ratio of gene induction on hard
(E = 24 kPa) versus soft (E = 0.8 kPa) substrates (D). Fold increase in LSM gene expression induced by
TGFB1 treatment (E). mRNA levels for all conditions were normalized to the housekeeping gene RPL13A.

FSC, Forward scatter.

The pattern of gene expression in LSM cultured on rigid cell
substrate was strikingly reminiscent of a subset of TGF@1-
induced genes including PLN, collagen I, and aSMA (Fig 2, D
and E). However, the expression of TGFB1 itself and other
TGFB1-induced genes such as plasminogen activator inhibitor-
1 was not affected by the rigidity of the cell substrate (Fig 2,
D). Therefore, cellular responses to substrate rigidity are likely
to be controlled by signaling pathways with upstream molecular
player(s) other than TGFB1.

In summary, we report here that a rigid cell substrate induces
morphological and transcriptional changes in SM cells of the
esophagus consistent with EoE. This finding challenges the
paradigm of FEoE pathogenesis as almost exclusively
inflammation-dependent. In addition, the induction of collagen
I, a structural component of the esophageal ECM, by a rigid
matrix suggests that rigidity can potentially cause a positive
feedback loop for fibrosis. We also demonstrate that PLN may be
a key molecular player in rigid substrate—induced cellular
hypertrophy because its expression increased monotonically
with increasingly rigid substrate in parallel with cell size.
Moreover, we demonstrated that PLN overexpression is sufficient
to promote SM cell hypertrophy. These results suggest that
successful EoE treatment might require therapies that reverse the
fibrotic changes in the ECM to minimize the effects of the rigid
matrix on SM and that PLN may be a potential molecular target
for these therapies. A focus on both inflammation-independent
and inflammation-dependent esophageal rigidity may be needed
to limit the onset, halt the progression, or reverse the path to a
fibrostenotic esophagus in EoE.

Donor tissue was obtained from the National Disease Research Interchange
and the Arkansas Regional Organ Recovery Agency. We acknowledge Lisa

Beppu for technical assistance. LV vectors were cloned and produced by the
University of California at San Diego Vector Development Core Laboratory.
Eugene Tkachenko, PhD*

Renee Rawson, BS”

Elizabeth La, BS”

Taylor A. Doherty, MD®

Rachel Baum, BS*

Kellen Cavagnero, BS*

Atsushi Miyanohara, PhD“*

Ranjan Dohil, MD*'

Richard C. Kurten, PhD®

Seema S. Aceves, MD, PhD“"/

From “the Department of Medicine, Pthe Division of Allergy and Immunology, Center
for Infection, Immunity, and Inflammation, Department of Pediatrics, “the Division
of Allergy and Immunology, Department of Medicine, “the Department of Anesthe-
siology, °the Division of Gastroenterology and Nutrition, Department of Pediatrics,
University of California, San Diego, La Jolla, Calif; ‘Rady Children’s Hospital, San
Diego, Calif; and °the Department of Physiology and Biophysics, Arkansas
Children’s Hospital Research Institute, University of Arkansas for Medical Sciences,
Little Rock, Ark. E-mail: saceves@ucsd.edu.

This research was funded by the National Institutes of Health (NIH)/National Institute of
Allergy and Infectious Diseases (grant no. AI092135 to S.S.A.), Hope American
Partnership for Eosinophilic Disorders/ARTrust Award (to S.S.A.), the Department
of Defense (grant no. FA100044 to S.S.A.), the Hearst Foundation (to R.D.),
the American Heart Association Scientist Development Grant (to E.T.), the NIH/Na-
tional Center for Research Resources/National Center for Advancing Translational
Sciences (grant no. ULITR000039), and Arkansas Biosciences Institute (to
R.C.K.). S.S.A has salary support from CEGIR (U54 AI117804) which is part of
the Rare Diseases Clinical Research Network (RDCRN), an initiative of the Office
of Rare Diseases Research (ORDR), NCATS, and is funded through collaboration be-
tween NIAID, NIDDK, and NCATS, funded by AI114585 (to T.A.D.).

Disclosure of potential conflict of interest: E. Tkachenko owns stock in MuWells Inc
(supplier of elastic cell substrates). T. A. Doherty has received grants from the Na-
tional Institutes of Health. R. Dohil has received grants from the National Institutes
of Health/National Institute of Allergy and Infectious Diseases (RO1), the Hearst
Foundation, and Raptor Pharmaceutical; has patents with Meritage Pharma; has
received royalties from Raptor Pharmaceutical; and has received stock/stock options


Delta:2_given name
Delta:2_surname
Delta:2_given name
Delta:2_surname
Delta:2_given name
Delta:2_surname
Delta:2_given name
Delta:2_surname
Delta:2_given name
Delta:2_surname
mailto:saceves@ucsd.edu

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER =m

from Shire Pharma (previously Meritage Pharmaceutics). S. S. Aceves has received
grants from the National Institutes of Health/National Institute of Allergy and Infec-
tious Diseases (RO1), the American Academy of Allergy, Asthma & Immunology/
American Partnership for Eosinophilic Disorders, the Department of Defense, Raptor
Pharmaceutical, the National Institutes of Health/National Institute of Allergy and In-
fectious Diseases/National Institute of Diabetes and Digestive and Kidney Diseases/
National Center for Advancing Translational Sciences (U54); is on the advisory board
for the American Partnership for Eosinophilic Disorders; has patents through Merit-
age Pharma; has stock/stock options with Meritage Pharma; and has received travel
support from the National Institutes of Health/National Institute of Diabetes and
Digestive and Kidney Diseases. The rest of the authors declare that they have no rele-
vant conflicts of interest.

REFERENCES

1. Aceves SS, Newbury RO, Dohil R, Bastian JF, Broide DH. Esophageal remod-
eling in pediatric eosinophilic esophagitis. J Allergy Clin Immunol 2007;119:
206-12.

2. Fox VL, Nurko S, Teitelbaum JE, Badizadegan K, Furuta GT. High-resolution
EUS in children with eosinophilic “allergic” esophagitis. Gastrointest Endosc
2003;57:30-6.

LETTER TO THE EDITOR 3

. Straumann A, Conus S, Degen L, Felder S, Kummer M, Engel H, et al. Budesonide

is effective in adolescent and adult patients with active eosinophilic esophagitis.
Gastroenterology 2010;139:1526-37, 1537.el.

. Nicodeme F, Hirano I, Chen J, Robinson K, Lin Z, Xiao Y, et al. Esophageal

distensibility as a measure of disease severity in patients with eosinophilic
esophagitis. Clin Gastroenterol Hepatol 2013;11:1101-7.el.

. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell

lineage specification. Cell 2006;126:677-89.

. Klein EA, Yin L, Kothapalli D, Castagnino P, Byfield FJ, Xu T, et al. Cell-cycle

control by physiological matrix elasticity and in vivo tissue stiffening. Curr Biol
2009;19:1511-8.

. Indra, Undyala V, Kandow C, Thirumurthi U, Dembo M, Beningo KA. An in vitro

correlation of mechanical forces and metastatic capacity. Phys Biol 2011;8:015015.

. Beppu LY, Anilkumar AA, Newbury RO, Dohil R, Broide DH, Aceves SS.

TGF-betal-induced phospholamban expression alters esophageal smooth muscle
cell contraction in patients with eosinophilic esophagitis. J Allergy Clin Immunol
2014;134:1100-7.e4.

. Schmitt JP, Kamisago M, Asahi M, Li GH, Ahmad F, Mende U, et al. Dilated

cardiomyopathy and heart failure caused by a mutation in phospholamban. Science
2003;299:1410-3.

http://dx.doi.org/10.1016/j.jaci.2015.09.020


http://refhub.elsevier.com/S0091-6749(15)01359-7/sref1
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref1
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref1
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref2
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref2
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref2
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref2
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref2
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref3
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref3
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref3
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref4
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref4
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref4
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref5
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref5
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref6
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref6
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref6
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref7
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref7
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref8
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref8
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref8
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref8
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref9
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref9
http://refhub.elsevier.com/S0091-6749(15)01359-7/sref9
http://dx.doi.org/10.1016/j.jaci.2015.09.020

3.e1 LETTER TO THE EDITOR

METHODS

To derive primary esophageal LSM cells, LSM bundles were isolated from
human donor esophagi (under University of California at San Diego
Institutional Review Board exempt protocol 130835) followed by collagenase
D digestion (Roche, Mannheim, Germany). SoftSubstrates were coated with
1.6 pwg/mL solution of collagen I (Advanced Biomatrix, San Diego, Calif) in
pH 7.4 PBS for 60 minutes at 37°C followed by plating and culturing of cells.
For morphological analyses, cells were cultured for 24 to 48 hours followed by
fixation and staining for actin filaments with phalloidin-488 (Life Technol-
ogies, Grand Island, NY) and nuclei with 4’-6-diamidino-2-phenylindole,
dihydrochloride (Vector, Burlingame, Calif) using the manufacturers’
protocols. Fluorescence micrographs were processed and analyzed using
ImageJ (National Institutes of Health). FACS analysis was performed to assess
cell size on 0.8- and 24-kPa matrixes as previously described.”" For transcrip-
tional analyses, cells were harvested after 96 hours of culture followed by
reverse transcription quantitative PCR analyses. Gene expression studies
were repeated in technical duplicates to triplicates and in biologic triplicates.

To create stable cell lines expressing PLN, full-length PLN ¢cDNA was
cloned downstream of the Tet Responsive Element of the HIV1 vector
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backbone plasmid, pLVX-Tight-Puro (Clontech, Mountain View, Calif),
which also expresses a puromycin-resistance gene driven by PGK promoter.
Full-length PLN coding region was cloned by PCR using a human PLN cDNA
containing plasmid as the template (OriGene catalog no. RC202712).
Esophageal SM cells were coinfected with LV-Tet-PLN and LV-Tet-On
viruses at a multiplicity of infection of 10 each in the presence of polybrene
(4 pg/mL). At 24 hours after lentivirus infection, cells were fed with fresh
medium containing puromycin (1 pg/mL) and G418 (200 pg/mL) and
resistant cells were continued in culture in low selection media using G418 and
puromycin and passaged in SM cell media (ScienCell, San Diego, Calif) with
serum and growth factors. Cells were treated with 2 pg/mL doxycycline for
72 hours before fluorescence-activated cell sorting analysis and PLN
expression was verified using quantitative PCR, immunoblotting, and
immunohistochemistry (Fig 2, B).
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