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Mapping the way to strengthening epithelial barriers: Neuronal

circuits in mucus regulation

The skin, airways, and gastrointestinal epithelium are physical barri-
ers that protect individuals against environmental threats including
toxins, pollutants, pathogens, and allergens. Certain aspects of the in-
dustrialized lifestyle are thought to contribute to the increasing prev-
alence of inflammatory diseases, such as allergy. In this regard, it has
been proposed that epithelial barrier impairment caused by environ-
mental insults, among others, favors the passage of allergens and bac-
terial translocation to subepithelial areas. This event, combined with
the underlying inflammation and the alarmins involved, is thought to
mislead dendritic cells, which perceive allergens as a threat and ac-
quire an activation phenotype that is inductive of Th2 differentiation
upon cognate CD4 T-cell encounter. Thus, barrier impairment can
lead to the development of type 2 inflammatory diseases.?

The gut epithelium is the largest barrier of the organism. By and
large, it consists of epithelial cells and their junctional complexes,
overlaid by a mucus layer and microbes.>® The mucus is composed
by mucins (MUC) and other proteins secreted by specialized goblet
cells.* Altogether works as a built-in system that facilitates nutrient
absorption while defending itself from outer insults. On this point,
sensory neurons communicate with gut epithelial cells to preserve
gastrointestinal functionality.® The relevance of this neuroepithe-
lial axis is highlighted by the association between a leaky gut and
neurological disorders,' or by the direct cross-talk between en-
teroendocrine cells and sensory neurons that results in metabolic
adaptation.* Therefore, neuroimmune communication is crucial for
maintaining epithelial barriers integrity and, thus, may play a role in
the development of allergy.

The recent work by Yang et al. describes that mucin secretion by
goblet cells is directly regulated by nociceptor sensory neurons. They
show that the gut mucus layer was reduced in nociceptor sensory
neuron-deficient mice (Nav1.8°™). Moreover, in a hMD3g-designer-
receptor reporter mice (Nav1.8"™°%P9) whose nociceptor sensory neu-
rons are activated by clozapine N-oxide, they demonstrate that the
activation of these neurons was sufficient to elicit mucus production.4
The role of the mucus layer is not limited to forming a non-specific
physical barrier, but also has an immunoregulatory function. The
hyperglycosylated-MUC2, secreted by goblet cells, is a main mucus
component of the gastrointestinal epithelium. It has been demon-
strated that MUC2-associated glycans reduce inflammation by impair-

ing NFkp-driven responses in dendritic cells.® By contrast, alterations

in composition and the amount of the airway MUC5AC and MUC5B
are associated with airway obstruction and mucus plugging in both
murine asthma models and disease-affected individuals.® This exces-
sive mucus production is accompanied by both an airway remodeling
and an increase of epithelial permeability, which may favor luminal
allergen access and bacterial translocation, exacerbating an inflamma-
tory response and further damaging the epithelium.

The nociceptor sensory neuron-mucus axis discovered by Yang
et al. is triggered by the a-calcitonin gene-related peptide (CGRPa),
which activates the receptor activity modifying protein 1 (Ramp1)
signaling pathway in intestinal goblet cells inducing mucin-2 pro-
duction (Figure 1). CGRPa is a 37-amino-acid neuropeptide product
of the alternative splice of the calcitonin gene.7 They observe that
mice lacking Ramp1 expression in gut epithelial cells (Ramp1¥"™")
had a significantly thinner mucus layer thickness with no reduc-
tion in goblet cell number. These data are strengthened by the
release of CGRPx by nociceptor sensory neurons in Nav1.8"M3ba
mice upon clozapine N-oxide challenge.* In addition, Yang et al. re-
port that either the absence of these neurons or Ramp1 expression
in goblet cells resulted in dysbiosis in mice and an increased sus-
ceptibility to inflammatory colitis, which was reversed by CGRPa
administration.*

Meanwhile, the CGRPa-Ramp1 axis has also been described in
allergic diseases such as asthma, where it can regulate airway tone
and type 2 immune response. However, this axis may have an op-
posite effect depending on the tissue. For example, it has been ob-
served that CGRPa could have a protective function in the airway
epithelium by increasing intracellular levels of cyclic AMP, causing
bronchodilation.® Precisely, lower levels of Ramp1 have been found
in biopsies of asthma patients as compared to controls.? In addition,
CGRPa promotes regulatory T lymphocyte differentiation, thus
dampening the Th2 response and the release of inflammatory medi-
ators by type 2 innate lymphoid cells. In contrast, the CGRPa-Ramp1
axis could also favor asthma pathogenesis as it promotes airway
inflammation by inducing a Th? profile, IL-6 secretion by bronchial
epithelium and IL-5 synthesis by type 2 innate lymphoid cells.”10

In conclusion, Yang et al. add insight on a novel neuroepithelial
axis controlling mucus integrity in the gastrointestinal epithelium.
Understanding the complex regulatory role of the CGRPa-Ramp1

pathway in mucus production may be a promising therapeutic

Abbreviations: CGRPa, a-calcitonin gene-related peptide; MUC, mucin; Ramp1, receptor activity modifying protein 1.
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FIGURE 1 Nociceptor sensory neuron-goblet cells axis CGRPa-Ramp1 regulates mucus production in the gastrointestinal tract. The
absence of both nociceptor sensory neurons in Nav1.8°™ or Ramp1 in Ramp1""™ murine models resulted in a reduction of mucus thickness.
However, nociceptor sensory neurons induced signaling upon bacterial insults or clozapine N-oxide challenge in the hMD3q-designer-
receptor reporter mice Nav1.8"™3P9 retrieve mucus production (left panel). Mucus in epithelial barriers is key in maintaining homeostasis.

In the gastrointestinal tract, an altered mucus layer converges in dysbiosis and colitis, while in the airways affects the disease course of
asthma patients. Thus, the lack of an adequate mucus layer may contribute to enhance epithelial permeability to noxious threats such as
allergens, increasing allergic inflammation (right panel). CGRPa: a-calcitonin gene-related peptide; CNO: clozapine N-oxide; DC: dendritic
cell; Gl: gastrointestinal; Gob: goblet cell; ILC: innate lymphoid cell; MUC: mucin; NSN: nociceptor sensory neurons; Ramp1: receptor activity

modifying protein 1; Th: T helper lymphocyte.

avenue for enhancing barrier integrity and, therefore, preventing
dysregulated inflammatory responses in allergic diseases. Yet, it
is important to further characterize the protective function of the
CGRPa-Ramp1 axis in allergic diseases, as its impact appears to be
context-dependent. From a broader perspective, given its impor-
tance for gastrointestinal health, mucus may be targeted as a bio-
marker, particularly considering the fast-advancing technological
developments for ingestible microdevices.!! Along this line, it is not
farfetched to consider the application of synthetic biology to engi-

neer CGRPa-secreting bacteria that enhances mucus production.12

AUTHOR CONTRIBUTIONS

The authors approved the final version of the manuscript as submit-
ted and agreed to be accountable for all aspects of the work. CLS
and ENB drafted the manuscript and the graphical abstract. RJS pro-

vided critical feedback and revisions.

KEYWORDS

epithelial barriers, goblet cells, mucus layer, neuroimmunology

ACKNOWLEDGMENTS
The authors thank Dr. Anna Globinska for graphical abstract design.

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to declare in relation to this

manuscript.

FUNDING INFORMATION

RJS's laboratory is funded by the FSE/FEDER through the Instituto
de Salud Carlos Il (CP20/00043; P122/00236; Spain), The Nutricia
Research Foundation (NRF-2021-13; The Netherlands), New
Frontiers in Research Fund (NFRFE-2019-00083; Canada), and
SEAIC (BECA20A9; Spain).

85U801 7 SUOWILLD 8AIeaID 3|qeol|dde ay) Aq peusenob a1e Sejolie O ‘88N JO Sa|n. o} AkeiqiT8ulUO /8|1 UO (SUOHIPU0D-pUR-SWIR} W00 A8 1M AleIq1jeulUo//Sdhy) SUORIPUOD Pue SWB | 38U} 88S *[£202/S0/TT] uo Ariqiauliuo A8 |Im ‘oBlenus ure Aq 09.GT Ile/TTTT OT/I0p/w00 A8 1M Aiq1jeul|uo//sdiy wol papeojumod ‘0 ‘S66686ET



NEWS AND VIEWS

2 wiLey-L

Celia Lopez-Sanz?
Rodrigo Jiménez-Saizt?%4

Emilio Nuﬁez—Borque5

Department of Immunology, Instituto de Investigacién Sanitaria
Hospital Universitario de La Princesa (11S-Princesa), Universidad
Auténoma de Madrid (UAM), Madrid, Spain

2Department of Medicine, McMaster Immunology Research
Centre (MIRC), Schroeder Allergy and Immunology Research
Institute (SAIRI), McMaster University, Hamilton, Ontario,
Canada

3Department of Immunology and Oncology, Centro Nacional de
Biotecnologia (CNB)-CSIC, Madrid, Spain

4Faculty of Experimental Sciences, Universidad Francisco de
Vitoria (UFV), Madrid, Spain

Department of Allergy and Immunology, Instituto de
Investigacion Sanitaria Fundacion Jiménez Diaz (11S-FJD),
Universidad Auténoma de Madrid (UAM), Madrid, Spain

Correspondence

Emilio Nufiez-Borque, Department of Allergy and
Immunology, Instituto de Investigacién Sanitaria Fundacién
Jiménez Diaz (IIS-FJD), Av. de los Reyes Catélicos 2, 28040
Madrid, Spain.

Email: enbli7@hotmail.com

ORCID
Celia Lépez-Sanz "= https://orcid.org/0000-0001-7203-0290
https://orcid.org/0000-0002-0606-3251

https://orcid.org/0000-0003-2928-410X

Rodrigo Jiménez-Saiz

Emilio Nufiez-Borque

REFERENCES

1. Akdis CA. Does the epithelial barrier hypothesis explain the in-
crease in allergy, autoimmunity and other chronic conditions? Nat
Rev Immunol. 2021;21:739-751. doi:10.1038/s41577-021-00538-7

10.

11.

12.

Pothoven KL, Schleimer RP. The barrier hypothesis and Oncostatin
M: restoration of epithelial barrier function as a novel therapeutic
strategy for the treatment of type 2 inflammatory disease. Tissue
Barriers. 2017;5:e1341367. doi:10.1080/21688370.2017.1341367
Furness JB, Rivera LR, Cho H-J, Bravo DM, Callaghan B. The gut as
a sensory organ. Nat Rev Gastroenterol Hepatol. 2013;10:729-740.
doi:10.1038/nrgastro.2013.180

Yang D, Jacobson A, Meerschaert KA, et al. Nociceptor neurons
direct goblet cells via a CGRP-RAMP1 axis to drive mucus produc-
tion and gut barrier protection. Cell. 2022;185:4190-4205.e25.
doi:10.1016/j.cell.2022.09.024

Shan M, Gentile M, Yeiser JR, et al. Mucus enhances gut homeo-
stasis and oral tolerance by delivering immunoregulatory signals.
Science. 2013;342:447-453. doi:10.1126/science.1237910

Bonser LR, Erle DJ. Airway mucus and asthma: the role of MUC5AC
and MUC5B. J Clin Med. 2017;6:112. doi:10.3390/jcm6120112
Nagashima H, Mahlakdiv T, Shih H-Y, et al. Neuropeptide CGRP
limits group 2 innate lymphoid cell responses and constrains type
2 inflammation. Immunity. 2019;51:682-695.e6. doi:10.1016/j.
immuni.2019.06.009

Dakhama A, Kanehiro A, Makelda MJ, Loader JE, Larsen GL,
Gelfand EW. Regulation of airway hyperresponsiveness by calci-
tonin gene-related peptide in allergen sensitized and challenged
mice. Am J Respir Crit Care Med. 2002;165:1137-1144. doi:10.1164/
ajrccm.165.8.2109058

Bonner K, Kariyawasam HH, Ali FR, Clark P, Kay AB. Expression
of functional receptor activity modifying protein 1 by airway ep-
ithelial cells with dysregulation in asthma. J Allergy Clin Immunol.
2010;126:1277-1283.e3. d0i:10.1016/j.jaci.2010.08.013
Pavon-Romero GF, Serrano-Pérez NH, Garcia-Sanchez L, Ramirez-
Jiménez F, Teran LM. Neuroimmune pathophysiology in asthma.
Front Cell Dev Biol. 2021;9:663535. doi:10.3389/fcell.2021.663535
Sharma S, Ramadi KB, Poole NH, et al. Location-aware ingestible
microdevices for wireless monitoring of gastrointestinal dynamics.
Nat Electron. 2023;6:242-256. doi:10.1038/541928-023-00916-0
Lynch JP, Gonzéalez-Prieto C, Reeves AZ, et al. Engineered
Escherichia coli for the in situ secretion of therapeutic nanobodies
in the gut. Cell Host Microbe. 2023;31:634-649.e8. doi:10.1016/j.
chom.2023.03.007

85UBD1 T SUOWIWIOD BAIIR1D 3|eat|dde sy Ag pausenof e sa il O ‘9sn Jo 3| 10} Akeiq 1] autjuQ AS|IA UO (SUOIIPUOD-PUR-SWLIB)0D S| 1M ARe g 1 pUIUO//SANY) SUOIPUOD pue SWiS | 8U) 88S *[£202/S0/TT] uo Ariqiauliuo A ‘obeau ure Ag 09/ST |fe/TTTT OT/I0p/wod A [Im Azeiq1jpul|uo//:sdny wolj papeojumod ‘0 ‘S66686ET


https://orcid.org/0000-0001-7203-0290
https://orcid.org/0000-0002-0606-3251
mailto:
https://orcid.org/0000-0003-2928-410X
mailto:enbli7@hotmail.com
https://orcid.org/0000-0001-7203-0290
https://orcid.org/0000-0001-7203-0290
https://orcid.org/0000-0002-0606-3251
https://orcid.org/0000-0002-0606-3251
https://orcid.org/0000-0003-2928-410X
https://orcid.org/0000-0003-2928-410X
https://doi.org//10.1038/s41577-021-00538-7
https://doi.org//10.1080/21688370.2017.1341367
https://doi.org//10.1038/nrgastro.2013.180
https://doi.org//10.1016/j.cell.2022.09.024
https://doi.org//10.1126/science.1237910
https://doi.org//10.3390/jcm6120112
https://doi.org//10.1016/j.immuni.2019.06.009
https://doi.org//10.1016/j.immuni.2019.06.009
https://doi.org//10.1164/ajrccm.165.8.2109058
https://doi.org//10.1164/ajrccm.165.8.2109058
https://doi.org//10.1016/j.jaci.2010.08.013
https://doi.org//10.3389/fcell.2021.663535
https://doi.org//10.1038/s41928-023-00916-0
https://doi.org//10.1016/j.chom.2023.03.007
https://doi.org//10.1016/j.chom.2023.03.007

	Mapping the way to strengthening epithelial barriers: Neuronal circuits in mucus regulation
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	FUNDING INFORMATION
	REFERENCES


