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G protein-coupled receptors (GPCRs) are a group of membrane proteins that mediate most of the physiological responses to
various signaling molecules such as hormones, neurotransmitters, and environmental stimulants. Inflammatory bowel disease (IBD)
is a chronic relapsing disorder of the gastrointestinal tract and presents a spectrum of heterogeneous disorders falling under two
main clinical subtypes including Crohn’s disease (CD) and ulcerative colitis (UC). The pathogenesis of IBD is multifactorial and is
related to a genetically dysregulated mucosal immune response to environmental drivers, mainly microbiotas. Although many
drugs, such as 5-aminosalicylic acid, glucocorticoids, immunosuppressants, and biological agents, have been approved for IBD
treatment, none can cure IBD permanently. Emerging evidence indicates significant associations between GPCRs and the
pathogenesis of IBD. Here, we provide an overview of the essential physiological functions and signaling pathways of GPCRs and
their roles in mucosal immunity and IBD regulation.
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INTRODUCTION
G protein-coupled receptors (GPCRs) constitute the largest and
most functionally diverse membrane protein superfamilies in
eukaryotes1. More than 800 individual genes encode GPCRs in
human2, which are widely distributed in various tissues and
control an incredible array of cellular functions and physiological
processes. All GPCRs are characterized by common seven-
transmembrane α-helical segments separated by variable intra-
cellular and extracellular loop regions. Based on the sequences
and structures, GPCRs in vertebrates are divided into six
subfamilies: class A (rhodopsin-like), class B1 (secretin receptor-
like), class B2 (adhesion receptors), class C (metabotropic
glutamate receptor-like), class F (frizzled-like), and class T2 (taste
2 sensory receptor)2. GPCRs recognize and respond to multi-
tudinous ligands that range from light photons, odor molecules,
ions, and small neurotransmitters to large peptide hormones,
glycoprotein hormones, and chemokines3. These ligands interact
with the extracellular domains of GPCRs, causing conformational
changes in the transmembrane domains and intracellular
sequence to transmit signals.
The intestinal mucosal immune system is considered the largest

immunological organ in the human body4. A network of immune
cells distributes in the intestinal mucosa and constitutes an
essential barrier against food antigens, gut microbiota, and foreign
pathogens. A growing body of evidence reveals that GPCRs are
critical signaling elements involved in regulating intestinal
mucosal immunity and maintaining intestinal barrier5. Disorder
of intestinal mucosal immunity is an important event in the
pathogenesis of inflammatory bowel disease (IBD)6. Further
elucidation of the roles of GPCRs in intestinal mucosal immunity

is essential to provide novel targets and strategies for the
management of IBD. Here, we summarize the complex interplay
between GPCRs and mucosal cells in humans and animal models
and the dysregulation of GPCR signaling in IBD.

OVERVIEW OF FUNDAMENTAL BIOLOGY OF GPCRS
To elicit signaling, GPCRs need to couple with intracellular
heterotrimeric G proteins. The heterotrimeric complexes are, in
turn, dissociated into Gα and Gβγ subunits and interact with
different downstream effectors7. In humans, 16 Gα, 5 Gβ, and 13 Gγ
subunits have been found2. Each Gα subunit transmits signal
independently, whereas Gβ and Gγ subunits are obligate hetero-
dimers that function as an integral (Gβγ). The 16 Gα subunits are
classified into 4 major subtypes (including Gs, Gi/o, Gq/11, and G12/13),
which trigger distinct signaling cascades (Fig. 1)8. Two representative
pathways referring to GPCRs and Gα subunits have been widely
studied during the past decades. One is the adenylyl cyclase (AC)/
cyclic adenosine monophosphate (cAMP) signaling pathway7,9. Gs

proteins stimulated by GPCRs signaling activate AC, resulting in an
accumulation of intracellular cAMP and activation of protein kinase
A (PKA). In contrast, activation of Gi inhibits AC, causing a decrease in
cAMP and a reduced activity of PKA. Pathophysiological processes
regulated by AC/cAMP pathway include immune and inflammatory
responses, cell growth, and tumorigenesis10,11. Activated Gq protein
triggers another fundamental signaling cascade mediated by
phospholipase C (PLC)7,9. PLC can hydrolyze phosphatidylinositol
4,5-bisphosphate (PIP2) to generate 2 second messengers, inositol
triphosphate (IP3) and diglyceride (DAG), which participate in the
regulation of calcium- and calmodulin-dependent protein kinases,

Received: 1 April 2022 Revised: 29 May 2022 Accepted: 5 June 2022
Published online: 22 June 2022

1Center for Inflammatory Bowel Disease Research, Department of Gastroenterology, The Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai
200072, China. 2Department of Microbiology and Immunology, University of Texas Medical Branch, Galveston, TX 77555, USA. 3Department of Gastroenterology, the Second
Affiliated Hospital of Zhengzhou University, Zhengzhou 450014, China. 4These authors contributed equally: Zhongsheng Feng, Ruicong Sun. ✉email: liuzhanju88@126.com

www.nature.com/mi

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00538-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00538-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00538-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00538-3&domain=pdf
https://doi.org/10.1038/s41385-022-00538-3
mailto:liuzhanju88@126.com
www.nature.com/mi


and activation of PKC. The PLC signaling pathway mediates the
modulation of substance metabolism, neurotransmitter synthesis,
and cellular growth and proliferation12. In addition to coupling with
G proteins that serve as canonical transducer proteins, GPCRs also
interact with regulatory and scaffolding proteins, such as arrestins13.
Arrestins can prevent the activated receptors from binding to G
proteins and target ligand-occupied GPCRs for endocytosis, there-
fore exerting a negative moderating effect. However, recent studies
have shown that arrestins also serve as scaffolds for initiating
additional signaling, such as activation of various mitogen-activated
protein kinases (MAPKs)14. Given the universal roles of GPCRs in
normal physiological processes, it is not surprising that disturbance
in GPCRs and/or their transducers participates in the initiation and
progression of various diseases, including IBD.

GPCRS IN INTESTINAL MUCOSAL HOMEOSTASIS AND
IMMUNITY
The intestinal mucosal immune system is composed of the
epithelium layer, the lamina propria layer, and the gut-associated
lymphoid tissues (GALTs). Intestinal immune cells express a variety
of GPCRs (Table 1). These GPCRs mediate the complex interactions
between immune cells and different environmental factors (Fig. 2).

Intestinal epithelial cells
Intestinal epithelial cells (IECs) participate in the innate immune
response of the intestinal mucosa in various ways, including
constructing a physical barrier between the exterior environment
and the host, as well as actively secreting and responding to
various cytokines and other immune active molecules15. Multiple
GPCRs are involved in regulating the proliferation and regenera-
tion of IECs. In human IECs, α2A adrenergic receptors are coupled
with Gi2/Gi3 and accelerate cell proliferation16. Mechanistically,
Gβγ subunit of Gi2/Gi3 proteins facilitates the formation of SHC-
transforming protein 1 (SHC1)-growth factor receptor-bound
protein 2 (GRB2)-son of sevenless homolog (SOS) complex, which

subsequently mediates the activation of MAPK/ERK kinase (MEK) 1
and MAPK to promote cell proliferation16,17. Besides, endogenous
production of leukotriene D4 promotes the survival and prolifera-
tion of IECs via cysteinyl leukotriene receptor 1 (CysLTR1)18.
Another leukotriene receptor, leukotriene B4 receptor type 2
(BLT2), also promotes epithelial cell proliferation and intestinal
wound repair through Gi/o protein- and PLC/PKC-dependent
signaling pathways19. N-formyl peptide receptors comprise a
group of Gi-coupled receptors that participate in the regulation of
innate immune responses. Interestingly, both formylpeptide
receptor-1 (FPR1) and formylpeptide receptor-2 (FPR2) are
expressed in IECs20,21, and enhance epithelial cell proliferation
and renewal upon activation, leading to epithelial wound healing.
The proteinase-activated receptors (PARs), a unique subset of
GPCRs, are activated through proteolytic cleavage of the N
terminus of the receptor, instead of traditional ligand binding22.
PAR2 stimulation activates MAPK/ERK kinase (MEK) 1/2 and
phosphoinositide-3-kinase (PI3K) to protect colonic epithelial cells
from apoptosis induced by proinflammatory cytokines such as
TNF-α and IFN-γ23. GPR81 (also known as hydroxycarboxylic acid
receptor 1, HCA1) is an endogenous receptor of lactate24.
Interestingly, it has been found that microbiota-derived lactate
activates GPR81 signaling to induce Wnt3 secretion by Paneth
cells and stromal cells and eventually promotes intestinal stem cell
proliferation25. Furthermore, some GPCRs are capable of regulat-
ing epithelial barrier function. For example, lysophosphatidic acid
(LPA) receptor 1 participates in maintaining apical junction
integrity26. Consistently, deletion of Lpar1 in mice results in the
decrease of claudin-4, claudin-7, and E-cadherin and the augment
of epithelial permeability. Additionally, activation of GPR39, a zinc
sensor, promotes an assembly of tight junctions in IECs via the
PLC-calcium/calmodulin-dependent protein kinase kinase 2
(CaMKK2)-AMP-activated protein kinase (AMPK) pathways27. In
contrast, artificial sweeteners can activate the sweet taste receptor
(T1R3) to induce claudin-3 internalization and promote cell
apoptosis, thereby significantly impairing the intestinal barrier

Fig. 1 Overview of GPCR signaling pathways. Canonical GPCR signaling occurs by dissociating heterotrimeric G proteins into Gα and Gβγ
subunits. Gα proteins are subdivided into four major subtypes interacting with different downstream effectors. Gs proteins activate AC,
resulting in an accumulation of intracellular cAMP and activation of PKA. In contrast, the activated Gi inhibits AC. Gi proteins also activate both
PI3K/AKT and MAPK pathways. Activated Gq proteins stimulate PLC, eventually regulating Ca2+ signal and PKC activity, and G12/13 participates
in the regulation of small GTPase RhoA-related signaling pathways. GPCRs also interact with other regulatory and scaffolding proteins, such as
arrestins. Arrestins mediate the internalization of ligand-occupied GPCRs to exert a negative moderating effect. However, in some contexts,
arrestins can also serve as scaffolds for the activation of MAPK.
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function28. The small intestinal tuft cells, which play critical roles in
immunity against parasite infection29, use succinate receptor
(SUCNR1, also known as GPR91) to monitor helminth Nippos-
trongylus brasiliensis and protist Tritrichomonas rainier, and initiate
type 2 immunity30,31. Tuft cells also express another GPCR, the
bitter taste receptor (type 2 taste receptor, T2R) whose signaling
via G protein cascade activates tuft cells to protect the intestine
against Trichinella spiralis infection32. Recent work has shown that
tuft cells express an olfactory-related GPCR Vmn2r2633. By sensing
the bacterial metabolite N-undecanoylglycine through Vmn2r26,
tuft cells quickly expand in response to bacterial infection and
release prostaglandin D2 (PGD2) to enhance the mucus secretion
of goblet cells. These findings illustrate the additional effects of
tuft cells on intestinal mucosal immunity against bacterial
infection through various GPCRs.
The secretion of cytokines by IECs, such as IL-6, TNF-α, MCP-1,

CCL10, GM-CSF, and CXCL8 (IL-8), is tightly regulated by GPCRs.
P2Y receptors are a group of GPCRs that sense extracellular
nucleotides34. Intestinal inflammation concurrently upregulates
P2Y6 receptor expression and promotes the release of extra-
cellular UDP in the colon mucosa of colitic mice35. The activation
of P2Y6 by UDP in turn promotes the transcription and release of
CXCL8, which is critical for recruiting neutrophils. Activation of
either PAR1 or PAR2 also induces the transcriptional upregulation
of CXCL8 in IECs via a pathway that involves ERK/RSK p90, NF-κB,
and histone acetyltransferase (HAT) activity36. Colon epithelial cells
highly express free fatty acid receptor 3 (FFAR3, also known as
GPR41) and free fatty acid receptor 2 (FFAR2, also known as
GPR43)37, which are able to sense short chain fatty acids (SCFAs)
and activate the MAPK signaling pathway to promote the
production of various cytokines and chemokines. Therefore, at
the initial stages of intestinal bacterial infection, recognition of
SCFAs by IECs promotes an acute inflammatory response, which is
crucial for the clearance of pathogens. Furthermore, SCFAs act
through FFAR2 to induce IECs to express antimicrobial peptides
such as RegIIIγ and β-defensins 1/3/4 in a mTOR- and STAT3-
dependent manner38. In contrast to FFAR2 and FFAR3, hydro-
xycarboxylic acid receptor 2 (HCAR2, also known as GPR109A, a
receptor for niacin and butyrate) signaling profoundly suppresses
lipopolysaccharide (LPS)-induced NF-κB activation in normal and
colon cancer cell lines as well as in normal mouse colon39. Another
GPCR calcium-sensing receptor (CaSR) plays an important role in
sensing nutrients and monitoring ion balance in the intestine. A
recent report has demonstrated that activation of CaSR by
L-tryptophan or L-valine could block TNF-α-induced inflammatory
response in IECs40. Free fatty acid receptor 4 (FFAR4, also known as
GPR120), which senses medium- and long-chain unsaturated
fatty acids, also exerts an anti-inflammatory effect by binding to
β-arrestin2 and attenuating NF-κB activation in IECs41.

Neutrophils
Neutrophils are the first leukocytes mobilized and recruited into
the sites of infection and inflammation42. They are responsive to a

broad array of chemically diverse chemoattractants, many of
which are sensed by GPCRs, including FPR1/2 (sensing bacteria-
derived N-formyl peptides), C5AR1 (sensing C5a), BLT1 (sensing
LTB4) and multiple chemokines receptors43. FFAR2 is also a
chemoattractant receptor highly expressed in neutrophils44,45.
During Clostridium difficile infection in the intestine, acetate
enhances neutrophil accumulation in the inflamed sites and
prevents bacterial translocation. This effect is partly mediated by
FFAR246. Moreover, it has also been demonstrated that the SCFA-
FFAR2 interaction in neutrophils could induce apoptosis, reduce
MPO and ROS production and inhibit the chemotaxis to N-formyl
peptides and C5a44. Collectively, the current evidence indicates
that the SCFA-FFAR2 signaling fine-tunes neutrophils by concur-
rently guiding the recruitment of neutrophils at the early stage of
infection and preventing the overactivation during the inflamma-
tory response, which is crucial for host defense against pathogens
and resolution of inflammation. Recent data have also demon-
strated that FPR1 is not just a chemoattractant receptor that
modulates the recruitment of neutrophils, but also promotes local
immune cell activation and survival, thereby contributing to the
inflammatory process47. Consistently, Fpr1 knockout mice have
shown an increased resistance to 2,4,6-trinitrobenzene sulfonic
acid (TNBS)-induced experimental colitis. The endocannabinoid
system consists of cannabinoid receptors, the endogenous lipid
ligands (known as the endocannabinoids), and the enzymes that
catalyze the metabolism of these lipids48. Both cannabinoid
receptor 1 (CNR1) and cannabinoid receptor 2 (CNR2) are GPCRs
mainly coupling with Gs. Accumulating evidence indicates that
the endocannabinoid system profoundly inhibits inflammatory
response through multiple mechanisms, including direct regula-
tion of neutrophils49–52. Indeed, neutrophils isolated from Cnr2−/−

mice exhibit an upregulated migration-related transcriptional
profile and enhanced adhesion and transmigration capacity
toward activated endothelial cells, suggesting that CNR2 restrains
the recruitment of neutrophils to local inflammatory sites52.

Mononuclear phagocytes
The intestinal lamina propria contains a variety of mononuclear
phagocyte subsets, including monocytes, intestinal resident
macrophages, and dendritic cells (DCs), which are critical for
triggering proper active immune responses against various
commensal microorganisms and pathogens53. Intestinal mono-
nuclear phagocytes express a series of GPCRs, which exert a broad
regulatory effect in response to various tissue microenvironment-
related stimuli. Adenosine accumulates extracellularly in states of
stress54,55, such as hypoxia and cell damage. Extracellular
adenosine acts as an endogenous regulator of immune response
by binding to and activating four kinds of GPCRs, designated A1,
A2A, A2B, and A356. A2A receptor signaling has been shown to
augment IL-4- or IL-13-induced M2-like macrophage polarization
in vitro57, whereas adenosine acts via the A2B receptor to induce
small intestinal DCs to express IL-6, which further promotes the
development of Th17 cells58. In chemically induced murine

Table 1. Summary of GPCRs in the intestinal mucosal immune system.

Cell type Activation receptor Inhibition receptor

Intestinal epithelial cells ADRA2R, CYSLTR1, BLT2, FPR1, FPR2, PAR2, LPAR1, GPR39, P2RY6, FFAR2, FFAR3 T1R3, GPR109A, GPR120

Neutrophils FPR1, FPR2 FFAR2, CNR2

Mononuclear phagocytes A2AR, A2BR, GPBAR1, ADRB2, GPR55, CHRM3, BLT1, GPR84 GPR109A, GPR40, CNR2

Innate lymphoid cells NUMR1, CRTH2, CYSLTR1, CYSLTR2, GPR183, FFAR2, GPR34 ADRB2, CALCRL

T lymphocytes GPR15, S1PR1, FFAR2, GPR120, GPR65 GPR55, GPR174, CNR2, A2AR

B lymphocytes BLT1, CCR9, CCR6 –

GPCRs are widely expressed in the intestinal mucosal immune system and play different roles. Some receptors promote cell proliferation or upregulate the
production of proinflammatory cytokines (namely activation receptor), while others play the opposite effects (namely inhibition receptor).
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models of colitis, activation of GPBAR1, a GPCR for secondary bile
acids, has been found to shift colonic lamina propria macrophages
to a M2-like phenotype to alleviate the intestinal inflammation59.
Moreover, the effect of GPBAR1 on macrophage polarization is
dependent on IL-10. Similarly, activation of both D prostanoid
receptor 1 by prostaglandin D2 and GPR40 by α-linolenic
acid (ALA) facilitates intestinal macrophage polarization toward
M2-like cells60,61. Colonic macrophages and DCs also express
GPR109A62,63, and the butyrate- or niacin-GPR109A signaling
endows macrophages and DCs with an anti-inflammatory
phenotype characterized by upregulated expression of IL-10 and
aldehyde dehydrogenase 1A1 and enables them to induce
differentiation of regulatory T cells (Tregs)64. Furthermore, it has
been shown recently that GPR109A signaling could limit
microbiota-induced production of IL-23 by colonic DCs to restrain
the overactivation of ILC3s65. GPR81, a metabolite-sensing
receptor for lactate, also imparts a regulatory phenotype on
colonic macrophages and DCs to maintain the balance of Treg and
Th1/Th17 effector populations, which is critical to maintaining

intestinal homeostasis66. In the lamina propria of the small
intestine, CX3CR1+ macrophages, a well-known immune regula-
tory subtype, express the highest level of CNR2, which can be
activated by endogenous cannabinoid anandamide (AEA). There-
fore, the AEA-CNR2 axis regulates immune tolerance in the
intestine through maintaining CX3CR1+ macrophages and enhan-
cing the competence of macrophages to induce a subset of
regulatory T cells (namely Tr1 cells) in an IL-27-dependent
manner67. In addition, CX3CR1+ macrophages can protrude their
dendrites into the lumen to access luminal antigens, which is
indispensable for intestinal immune surveillance68,69. Recent study
has also reported that intestinal bacterium-derived pyruvic acid
and lactic acid induce dendrite extension of CX3CR1+ macro-
phages to enhance immune responses via GPR31 signaling70.
The enteric nervous system conveys important information

about the environment to the immune system. β2-adrenergic
receptor (β2-AR) mediates the catecholamine-induced activation
of AC through the action of G proteins. Activation of
β2-adrenergic receptor in macrophages converts a general

Fig. 2 Potential roles of GPCRs in regulating the immune response in the intestinal mucosa. Intestinal epithelial barrier constitutes the first
line of defense against pathogen invasion. Activation of ADRA2, CysLTR1, BLT2, PAR2, and FPR2 promotes the survival and proliferation of IECs.
LPAR1, GPR39, and T1R3 participate in the regulation of tight junctions. During an immune response, UDP and SCFAs promote the production
of cytokines and chemokines in IECs via recognition of P2Y6 and FFAR2/3, respectively. On the contrary, GPR120 signaling suppresses NF-κB
activation in IECs. Multiple GPCR-mediated signalings (such as FPR1/2, C5AR1, BLT1) induce neutrophil migration to inflammatory sites,
whereas CB1/2 limits the recruitment of neutrophils. The SCFA-FFAR2 interaction in neutrophils restrains MPO and ROS production, although
FFAR2 is also a chemoattractant receptor for neutrophils. GPCRs (e.g., CHRM3, GPBAR1, GPR40, and A2A) are involved in the polarization of
macrophages. Moreover, several GPCRs also control the production of distinct cytokines to regulate the function of lymphocytes indirectly.
GPCRs such as GPR174, CB2, A2A, FFAR2, and GPR65 directly modulate the differentiation and function of different T cell subsets. In ILC2,
activation of NMUR1 and CRTH2 induces the secretion of type 2 cytokines (e.g., IL-4, 5, and 13), whereas the CGRP and ADRB2 signaling play
an opposite role. In ILC3, both FFAR2 and GPR34 promote the production of IL-22, which is critical to intestinal mucosal homeostasis. In Peyer’s
patches (PPs), B cells depend on CCR6 to migrate to the sup-epithelial dome (SED) and interact with DCs, which is essential for B cells to
accomplish antibody class switch and produce IgA. BLT1 signaling enhances the proliferation of IgA+ plasma cells in the intestinal lamina
propria.
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proinflammatory signal in response to TLRs into an anti-
inflammatory pathway and induces the rapid transcription and
secretion of IL-1071,72. In responding to luminal infection,
intestinal muscularis macrophages orchestrate a neuroprotective
program via a β2-adrenergic receptor signaling pathway and
prevent neurons from death post-infection through an arginase
1-polyamine axis73. In contrast, muscarinic stimulation through
type 3 muscarinic receptors acts synergistically with interferon-γ
to promote the development of classically activated macro-
phages, which contributes to host defense against the enteric
bacterium Citrobacter rodentium74. GPR55 responds to endogen-
ous L-α-lysophosphatidylinositol (LPI)75,76 and signals through
G12/13 and Gq proteins, leading to release of Ca2+ and activation
of NF-κB and nuclear factor of activated T-cells (NFAT)77.
Consistently, pharmacological blockade of GPR55 could alleviate
experimental colitis by inhibiting macrophage accumulation and
activation in the intestine78. BLT1 can act on DCs to upregulate
the expression of proinflammatory cytokines such as IL-6, IL-12,
and TNF-α, further promoting Th1/Th17 cell differentiation79. DC-
specific knockout of Blt1 significantly ameliorates TNBS-induced
colitis in mice. GPCR signaling also indirectly affects the function
of B cells through DCs. For example, acetate activation of FFAR2
induces the intestinal DCs to express aldehyde dehydrogenase
1A2, which converts vitamin A into its metabolite retinoic acid
(RA) to promote B cell IgA class switch and increase IgA
concentration in the intestinal lumen80.

Innate lymphoid cells
Innate lymphoid cells (ILCs) comprise a special population of
hematopoietic effector cells that mainly reside in mucosa-
associated tissues and play a crucial role in immune defense
and tissue remodeling81,82. They share numerous developmental
and functional characteristics with CD4+ T cells and are divided
into three subtypes based on the signature transcription factors
and effector cytokines: (1) ILC1s require the transcription factor
T-BET and express interferon-γ; (2) ILC2s depend on the
transcription factor GATA3 and mainly express the type 2
cytokines IL-5 and IL-13; and (3) ILC3s are dependent on the
transcription factor RORγt and produce IL-17 and IL-22.
ILC2s have emerged as critical regulators of defense against

parasites and protozoa and type 2 inflammation in intestinal
mucosa83–85. It has been shown that neuronal signals orchestrate
intestinal ILC2 activity through multiple GPCRs. Cholinergic
neurons-derived neuropeptide neuromedin U (NMU) acts through
NMUR1, which is coupled with Gαq, to promote ILC2 activation,
proliferation, and secretion of IL-5, IL-9, and IL-1386–88. In vivo
administration of NMU to mice triggers potent type 2 cytokine
responses and accelerates the expulsion of the gastrointestinal
nematode Nippostrongylus brasiliensis. Interestingly, cholinergic
neurons in the intestine also release another neuropeptide named
alpha-calcitonin gene-related peptide (α-CGRP), which inhibits
ILC2 proliferation and restrains type 2 immunity through a Gs-AC-
cAMP pathway89,90. Moreover, murine ILC2s express β2-adrenergic
receptor and colocalize with adrenergic neurons in the intestine91.
The β2-adrenergic receptor pathway functions as a cell-intrinsic
negative regulator of ILC2 responses by restraining cell prolifera-
tion and effector function, and its deficiency results in exagger-
ated ILC2 responses and type 2 inflammation in the intestine.
Chemoattractant receptor-homologous molecule expressed on
Th2 cells (CRTH2), a receptor for prostaglandin D2 (PGD2), is found
to be expressed in human ILC2s92. PGD2 activates ILC2s through
CRTH2 to induce cell migration, production of type 2 cytokines,
and upregulation of IL-33 and IL-25 receptor subunits (ST2 and IL-
17RA). Furthermore, during helminth infection in the small
intestine, leukotrienes released by tuft cells cooperate with IL-25
to activate ILC2s and drive rapid anti-helminth immunity. The
effect of leukotrienes is mediated through CysLTR1 and CysLTR2,
both of which belong to the GPCR family93.

ILC3s are enriched in the intestine, where they maintain
intestinal homeostasis by inducing lymphoid-tissue development,
containment of commensal bacteria, and regulation of host
defense and adaptive immunity94,95. Distinct signals control the
spatial and functional compartmentalization of ILC3s in the
intestine. Migration of CCR6−NKp46+ ILC3 to the lamina propria
occurs in a CXCL16- and CXCR6-dependent manner96, while 7α,25-
hydroxycholesterol (7α,25-OHC) acts through GPR183 to direct
CCR6+ ILC3s to colonic cryptopatches (CPs) and isolated lymphoid
follicles (ILFs), where they induce normal lymphoid tissue
development97,98. Consistently, Gpr183 deficiency in mice results
in a disorganized distribution of ILC3 in mesenteric lymph nodes
(MLNs), decreased ILC3 accumulation in the intestine, and
increased susceptibility to enteric bacterial infections. Colonic
ILC3 also expresses FFAR2, and activation of FFAR2 promotes cell
proliferation and IL-22 production in an AKT- and STAT3-
dependent manner99. Accordingly, deletion of Ffar2 in mice leads
to impaired intestinal barrier function characterized by decreased
production of mucus-associated proteins and antimicrobial
peptides and increased susceptibility to colonic injury and
bacterial infection. When intestinal tissue is damaged, lysopho-
sphatidylserine (LysoPS) released by apoptotic neutrophils acti-
vates GPR34 in ILC3s to enhance IL-22 production and tissue
repair in a PI3K-AKT- or ERK-dependent manner100. Collectively,
this uncovers a novel mechanism whereby GPCRs coordinate
different immune cells in the intestinal mucosa.

T lymphocytes
The establishment and maintenance of adaptive immune
responses, immunological memory, and self-tolerance largely
depend on T cells. In the intestine, diverse effector T cells are
responsible for defense against the invasion of various pathogens,
while Tregs play a critical role in maintaining immune tolerance to
gut commensal microbiotas and innocent food antigens. As
discussed above, GPCRs orchestrate innate immune, especially
macrophages and DCs, to regulate T cells indirectly. Moreover,
T cells also express various GPCRs and are robustly regulated by
GPCR signaling.
The small intestine epithelium releases the chemokine CCL25,

an important ligand for the chemokine receptor CCR9101. Memory
and effector T cells activated in GALTs are recruited to the small
intestine in a CCR9-dependent manner, and Tregs homing to small
intestine lamina propria also express CCR9102,103. Another
chemokine receptor, GPR15, is important for the localization of
both regulatory and effector/memory T cells in the colon104,105. It
has been shown that environmental sensor aryl hydrocarbon
receptor directly binds to open chromatin regions of the GPR15
locus to enhance its expression in CD4+ T cells but not CD8+

T cells in the intestines106. However, GPR55, whose endogenous
ligand is lysophosphatidylinositol, has been demonstrated to
function as a negative regulator of T cell homing to the small
intestine via a Gα13/Rho/ROCK-mediated pathway107. Another
important mediator that regulates T cell trafficking is sphingosine-
1-phosphate (S1P). There are five GPCRs (namely S1PR1 to S1PR5)
widely expressed in vertebrates that can respond to extracellular
S1P108,109. S1PR1 signaling is crucial for the egress of lymphocytes
from lymphoid organs110,111. Its agonists induce internalization
and degradation of S1PR1, thus maintaining T cell retention in
secondary lymphoid organs110,112. This results in a reversible
decline of circulating lymphocytes in the periphery blood.
Distinct GPCRs also regulate specific subsets of T cells. GPR174,

which senses lysophosphatidylserine, is abundantly expressed in
developing and mature Tregs113. In vitro study has shown that
lysophosphatidylserine could act via activating GPR174 to inhibit T
cell proliferation and Treg differentiation. CNR2 is preferentially
expressed on Tregs, and selective agonists of CNR2 have been
shown to exert an anti-inflammatory effect in different settings of
murine colitis models114,115. Mechanistically, CNR2 activation
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induces Treg differentiation and enhances their suppressive
capacity via the p38-STAT5A pathway115. In contrast, the CCL20-
CCR6 signaling suppresses the TGF-β1-induced Treg (iTreg)
differentiation and dictates them towards the pathogenic Th17
phenotype116. Interestingly, such iTregs that differentiate in the
presence of CCL20 also show impaired suppressive functions
characterized by decreased expression of suppressor molecules
such as CD39, CD73, and FasL. A microbiota-modulated metabo-
lite, inosine, significantly activates adenosine A2A receptor to
inhibit the differentiation of Th1 and Th2 cells and associated
proinflammatory cytokine production117. Furthermore, SCFAs have
been found to directly act via FFAR2 to induce IL-10 expression in
Th1 cells118. Mechanistically, this effect is mediated through
activating STAT3 and mTOR, consequently upregulating the
transcription factor B lymphocyte induced maturation protein 1
(Blimp-1), which directly targets IL-10. Recently, it has been
reported that activation of GPR120 promotes the production of IL-
10 in CD4+ T cells by inducing Blimp1 and enhancing glycolysis119.

B lymphocytes
B lymphocytes participate in the first line of defense against gut
antigens by providing neutralizing immunoglobulins (mainly IgA)
directed against pathogens or toxins. Therefore, the effect of
GPCRs on B cells mainly involves the modulation of migration and
IgA production. Similar to T cells, IgA+ B cells in Peyer’s patches
(PPs) express high levels of CCR9120, which is required for
migration of IgA+ B cells via the draining MLN and thoracic duct
into the small intestinal lamina propria. During the migration, IgA+

B cells gradually mature into plasma cells with local IgA
secretion121,122. Accordingly, knockout of Ccr9 in mice results in
a loss of IgA+ plasma cells in the lamina propria of the small
intestine and impaired IgA response to an orally administered
antigen, ovalbumin (OVA). The CCL20-CCR6 and CXCL13-CXCR5
signals are essential for B cell recruitment and isolated lymphoid
follicle formation in the small intestine123,124. The microbiota has
been shown to promote the expression of CCL20 and CXCL13 in
the small intestine, but not in the colon97. Interestingly, activated
B cells also depend on CCR6 to access the sup-epithelial dome
(SED) of PPs and interact with SED DCs, which is critical for B cells
to accomplish IgA class switch125. In PPs, B cells gradually
upregulate BLT1 expression during their differentiation into IgA+

B cells and retain BLT1 expression after migrating to lamina
propria126. BLT1 signaling enhances the commensal bacteria-
dependent proliferation of IgA+ plasma cells in the intestinal
lamina propria by inducing MyD88. Therefore, BLT1 plays a critical
role in the production of antigen-specific intestinal mucosal IgA.

GPCRS AND IBD
It is well established that GPCRs play important roles in the
pathogenesis of various autoimmune diseases, including IBD.
Recent research advances have shown that GPCRs have enormous
potentials in the diagnosis, treatment, and monitoring of IBD.
An acidic microenvironment with a decreased local tissue pH is

a hallmark of chronic intestinal inflammation, including IBD127–129.
Therefore, it is essential to determine the effect of the acidic
microenvironment on intestinal cells and the underlying signaling
pathways. Up to date, a pH-sensing GPCR family including GPR4,
GPR68 (also known as OGR1), GPR65 (also known as TDAG8), and
GPR132 (also known as G2A) has been found130–132. GPR4 is highly
expressed on vascular endothelial cells133,134. Activation of GPR4
in response to acidosis exerts a proinflammatory effect, including
induction of adhesion molecules and chemokines, which collec-
tively enhance leukocyte adhesion to endothelial cells and
subsequent extravasation into inflamed tissues135,136. GPR4 is
found to be increased in mouse and human IBD intestinal mucosal
tissues and highly enriched in microvessels adjacent to ILFs and
the specialized high endothelial venules (HEVs) in MLNs137. GPR68

has been reported to act through a Gq-coupled signaling pathway
to induce proinflammatory cytokine production. Concurrent
knockout of Gpr68 prevents Il10−/− mice from spontaneous
colitis138. Moreover, GPR68 is also increased in fibrosis-affected
human terminal ileum compared to that in the non-fibrotic
resection margin and positively correlated with pro-fibrotic
cytokines (such as TGF-β1 and CTGF) and pro-collagens139.
Consistently, Gpr68 deletion alleviates the intestinal fibrosis
formation in a heterotopic mouse intestinal transplant model,
further indicating a critical role in the development of intestinal
fibrosis. GPR65 is critical to maintaining lysosomal function and
efficient pathogen defense140. Loss of Gpr65 increases mouse
susceptibility to Citrobacter rodentium infection-associated colitis.
Mechanistically, increased intracellular cAMP by GPR65 signaling
induces V-ATPase trafficking to support a lysosomal acidic state
and normal protein-degrading function. In patients with an IBD-
associated GPR65 missense variant, I231L, lymphoblasts also
display disrupted lysosomal function and intracellular bacterial
clearance. Recently, we have found that GPR65 is significantly
upregulated in the inflamed mucosa of IBD patients and promotes
Th1 and Th17 cell differentiation and immune response by
suppressing the expression of the NUAK family SNF1-like kinase 2
(NUAK2)141. Consistently, selective knockout of Gpr65 in CD4+

T cells markedly alleviates acute and chronic murine colitis. Our
findings further reveal the important role of GPR65 in regulating
intestinal homeostasis and inflammatory response.
GPR84 is a putative medium-chain free fatty acid receptor that is

mainly expressed in myeloid cells142. Macrophages expressing
GPR84 are increased in the colonic mucosa of active UC patients143.
Consistently, deletion of Gpr84 reduces the susceptibility of mice to
dextran sulfate sodium (DSS)-induced colitis. CLH536, a novel GPR84
antagonist, is observed to alleviate acute colitis in mice by inhibiting
the polarization and function of proinflammatory macrophages. In
contrast, GPR132 signaling functions to dampen intestinal inflam-
mation via the production of IFN-γ, promoting monocyte maturation
with a less proinflammatory program144.
The endocannabinoid system exerts an immunosuppressive

effect, partly mediated by CNR2, which is decreased in the ileum
of CD patients114. In vitro treatment with CNR2 agonist promotes
epithelial cell proliferation and reduces MMP9 and IL-8 levels in
inflamed biopsies from IBD patients145, indicating that CNR2
contributes to mucosal healing in IBD. However, a common CNR2
functional variant, Q63R, is associated with a more severe
phenotype in both UC and CD146. Therefore, the critical role of
endocannabinoid system in the pathogenesis of IBD needs to be
further investigated.
It has been shown that succinate participates in the pathogen-

esis of IBD through SUCNR1 (GPR91), which is highly expressed in
fibroblasts from CD patients compared to healthy controls147.
Stimulation with succinate induces fibrotic markers (such as
COL1A1, α-SMA) and proinflammatory cytokines through SUCNR1.
Deletion of Sucnr1 protects mice against intestinal fibrosis induced
by the heterotopic transplant of colonic tissue. Interestingly, in
penetrating CD patients, succinate and SUCNR1 are upregulated in
intestinal tissue that surrounds the fistula tract148. In vitro assay
has shown that in HT29 cell lines, SUCNR1 activation induces the
expression of Wnt ligands and a Wnt-mediated epithelial-to-
mesenchymal transition (EMT) process, which is associated with
fistula formation. Collectively, these data reveal that SUCNR1 may
serve as a novel target for the prevention and alleviation of IBD
complications, including intestinal fibrosis and fistula formation.
Mast cells have been shown to involve in IBD pathogenesis,

although the precise roles remain unclear. Mast cells are highly
infiltrated in the ileal tissues of CD patients and the colonic
tissues of UC patients, and highly express vasoactive intestinal
polypeptide receptor 1 (VIPR1), a GPCR coupled with Gs for
vasoactive intestinal polypeptide (VIP)149. Other studies have also
demonstrated that colonic mast cell-derived histamine promotes
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granulocyte infiltration into the colonic mucosa through the
histamine H4 receptor (GPR105). Specific blockade of histamine
production in mast cells reduces mucosal neutrophil infiltration
and intestinal inflammation in both oxazolone- and DSS-induced
experimental colitis models in mice. Another GPCR, MRGPRX2, has
been recently identified as a novel mast cell-specific receptor to
facilitate IgE-independent mast cell activation150,151. A unique
variant of MRGPRX2, D62S, appears protective in UC through
enhancing β-arrestin recruitment, decreasing IP-1, and increasing
phosphorylated ERK152.

GPCRS AS THERAPEUTIC TARGETS IN IBD
GPCRs constitute the largest membrane protein family and
participate in various cellular responses and pathophysiological
processes, which makes GPCRs among the most concerned drug
targets. Statistics show that more than 700 drugs targeting GPCRs
have been approved by the FDA, which target 134 unique GPCRs
and occupy almost 35% of all FDA-approved drugs153. Central
nervous system diseases (e.g., Alzheimer’s disease, Huntington’s
disease, and multiple sclerosis) remain the most widely used field
for GPCR-targeted drugs. In recent years some digestive diseases
have also been added to the expanding list of indications.
Naloxegol, a purely peripherally acting μ-opioid receptor antago-
nist, has been used to manage opioid-induced constipation and
other gastrointestinal symptoms of opioid-induced bowel dys-
function154. Pentoxifylline, an A2B antagonist, is the first GPCR-
targeted agent for irritable bowel syndrome, which was approved
by FDA in 1984. Eluxadoline is a mixed µ-opioid receptor agonist
and δ-opioid receptor antagonist that exerts effect locally in the
gastrointestinal tract, and has been approved by FDA to treat
adults who have irritable bowel syndrome with diarrhea (IBS-D)
since 2015155. Concerning IBD, although GPCRs play critical roles
in the regulation of inflammatory responses, intestinal barrier and
intestinal fibrosis, and even some agonists and antagonists have
been proven to be effective in animal models of IBD, translation
from basic research to clinical application is just in its infancy. Only
a limited number of drugs have entered clinical trials, including
prostaglandin E receptor 4 (EP4) agonist, CCR9 antagonist, GPR84
antagonist, FFAR2 antagonist, and some S1P modulators
(Table 2)156–160. More research efforts are warranted to expedite
GPCR-targeted drug discovery further.

CONCLUSIONS
GPCRs are receiving a great deal of attention as critical intestinal
mucosal immune system regulators. IBD is a highly complex
disease, and its pathogenesis remains fully undefined. With an in-
depth understanding of the biological role of GPCRs in different
intestinal immune cells, increasing evidence has supported the
involvement of GPCR signaling pathways in IBD-associated
pathophysiological processes, including leukocyte adhesion and
accumulation, inflammatory mediator production, intestinal bar-
rier maintenance, and defense against pathogens. Although many
agents targeting GPCRs have shown to be effective in the
preclinical stage, including in vitro cell assays and animal models,
translation to clinical and pharmaceutical practice is still a long
way off. New experimental technologies and drug biotechnologies
are urgently needed to promote GPCR-targeted drug discovery
and disease treatment further.
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