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Abstract
Although immune checkpoint blockade (ICB) has become the mainstay of treatment for advanced solid organ malignancies, 
success in revitalizing the host anticancer immune response remains limited. G-protein coupled receptors (GPCRs) are a 
broad family of cell-surface proteins that have been regarded as main players in regulating the immune system, namely by 
mediating the activity of T lymphocytes. Among the most novel immunoregulatory GPCRs include GPR171, lysophospha-
tidic acid receptors (LPARs), GPR68, cannabinoid receptor 2 (CB2), and prostaglandin E receptors, many of which have 
shown promise in mediating antitumor response via activation of cytotoxic T cells, inhibiting immunosuppressive lympho-
cytes, and facilitating immune cell infiltration within the tumor microenvironment across multiple types of cancers. This 
paper reviews our current understanding of some of the most novel GPCRs—their expression patterns, evolving roles within 
the immune system and cancer, potential therapeutic applications, and perspective for future investigation.
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Abbreviations
Δ9THC  9-Tetrahydrocannabinol
2-AG  2-Arachidonoylglycerol
A2AR  Adenosine 2A receptor
AEA  Anandamide
APCs  Antigen-presenting cells
cAMP  Cyclic adenosine monophosphate
COX  Cyclooxygenase;
CRC   Colorectal cancer
CTLA-4  Cytotoxic T-lymphocyte-associated protein-4
DC  Dendritic cell
GPCRs  G-coupled protein receptor
ICB  Immune checkpoint blockade
KO  Knockout
LPAR  Lysophosphatidic acid receptor
lysoPS  Lysophosphatidylserine
mAb  Monoclonal antibody
MDSC  Myeloid-derived suppressor cell
NK  Natural killer
PD-L1  Programmed death ligand 1

PDAC  Pancreatic cell adenocarcinoma
SqCC  Squamous cell cancer
Treg  T regulatory cell
TAM  Tumor-associated macrophage
Th  T helper cell
TIGIT  T cell immunoreceptor with immunoglobulin 

and ITIM domain
TILs  Tumor infiltrating lymphocytes
TME  Tumor microenvironment
WT  Wildtype

Introduction

Immunotherapy in the form of immune checkpoint blockade 
(ICB) has revolutionized the treatment of various solid organ 
cancers; however, the widespread success of these thera-
pies remains limited [1]. Currently, the most prominent ICB 
agents are monoclonal antibodies (mAbs) that block the co-
inhibitory interactions of the B7-CD28 superfamily such as 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and 
programmed death-(ligand) 1 (PD-1/-L1) on T cells with 
their ligands, CD80/86 and PD-L1, respectively, on anti-
gen-presenting cells (APCs) and/or cancer cells [2]. These 
ICBs can reinvigorate the host adaptive immune system to 
target various tumors generating durable and specific antitu-
mor effect. As such, they have become standard of care for 
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advanced stage melanoma, renal cell carcinoma, esophageal, 
and non-small cell lung carcinoma following randomized 
trials demonstrating significant survival benefit with ICB 
therapy [3–5]. Despite marked improvement in outcomes for 
these select cancers, ICBs continue to be limited by tumor 
immunogenicity and the presence of alternative immune 
escape pathways, resulting in overall tumor response rates 
less than 30% [6].

G-protein coupled receptors (GPCRs) comprise a ubiq-
uitous family of cell-surface receptors that are known to 
be important for immune response, with a primary role as 
chemokine receptors in mediating immune cell migration 
[7, 8]. Recent investigation into GPCRs as T cell immune 
checkpoints has given new insight into the mechanisms of 
tumor immune evasion as well as potential antitumor thera-
peutic targets [9, 10]. In this review, we provide a summary 
of select novel GPCRs with immunoregulatory functions 
within the broader context of immune checkpoints and sepa-
rated by predominant effect on CD8 + or CD4 + T cells, with 
emphasis on GPCRs’ roles in tumor immune escape and how 
we can leverage knowledge of these mechanisms to generate 
meaningful cancer therapies.

Emerging GPCR members with T cell modulatory 
functions

Activated T cells, namely CD4 + and CD8 + lymphocytes, 
are critical to an effective adaptive immune response to can-
cer. Activation and regulation of T cells are balanced by a 
two-signal activation/suppression system largely comprised 
of ligands from the B7-CD28 cell-surface immunoglobulin 
family. Manipulation of B7-CD28 members such as PD-1 
and CTLA-4 that play essential roles in driving the stimula-
tion or inhibition of T cell activity have ushered in a new era 
of cancer treatment and demonstrated the promising efficacy 
and durability of immunotherapy.

While blocking the interactions of the co-inhibitory 
B7-CD28 immunoglobulin family has demonstrated tre-
mendous success in activating cytotoxic T cell function in 
the clinic, it has also exposed the complexity of the numer-
ous mechanisms by which tumors continue to evade and/
or attenuate the host immune response despite ICB [11]. 
Apart from the B7-CD28 co-inhibitory effects on T cells, 
the activity of cell-surface GPCRs have emerged as impor-
tant players in regulating T cell-based immunity that may 
offer novel avenues to facilitate the host antitumor response 
[9, 12]. GPCRs are among the most ubiquitous cell-surface 
proteins known in humans, comprising 3% of the human 
genome translating to over 800 individual proteins [7, 8]. 
While GPCRs can be classified into six subfamilies based on 
amino acid sequence, the vast majority are part of the class 
A family of rhodopsin-like proteins [7]. GPCRs share a con-
served architecture: a three-loop extracellular N-terminus 

followed by seven transmembrane alpha helical segments 
followed by a three-loop intracellular C-terminus [7, 13]. 
The predominant function of GPCRs is to transmit extracel-
lular stimuli into intracellular signals, a role that is univer-
sally involved in normal, physiologic functions of the human 
body spanning neurotransmission to cardiac myocyte con-
traction to hormone signaling [7, 8]. In cancer, GPCRs can 
promote tumorigenesis by facilitating tumor cell prolifera-
tion, migration, and angiogenesis via mutations or aberrant 
expression of GPCRs [14]. A growing body of literature 
also suggests that malignancies can manipulate GPCR activ-
ity and expression to downregulate the T cell host immune 
response [9, 15]. Chemokine receptors, such as CXCR3 and 
4, are prime examples of GPCRs expressed on the surface of 
T cells that mediate T cell function and migration within the 
TME via binding of soluble chemokines that control T cell 
activation and into the TME [16, 17]. Beyond chemokine 
receptors, additional novel GPCRs have been characterized 
on the cell surface of T cells as well as cells of the TME 
that execute regulatory roles on T cell proliferation, migra-
tion, and activation. In the subsequent sections, we review 
the mechanisms and evidence supporting the regulatory role 
of select novel non-chemokine receptor GPCRs on T cell 
function stratified by major phenotype (CD8 + and CD4 + T 
cells) within the context of the TME.

Modulators of CD8 + T cells

CD8 + T cells are the main effector cells of the adaptive 
immune system [18]. Activation of CD8 + T cells leads to 
direct target-cell death via a variety of mechanisms, includ-
ing release of cytotoxic granules (e.g., granzyme, perforin, 
and granulysin), direct endocytosis, or activation of death 
domains via Fas ligand interactions [19, 20]. Several GPCR 
molecules, including GPR171, A2AR, LPARs, ovarian can-
cer GPCR 1 (OGR1), and GPR28, have been described to 
modulate CD8 + T cell functions within the TME. Figure 1 
displays a schematic summary of intracellular signaling 
pathways and downstream function of CD8 + T cell immu-
nomodulatory GPCRs.

GPR171 (H963)

GPR171, also known as H963 or Platelet Activating Recep-
tor Homolog, is a class A rhodopsin-like receptor initially 
characterized for its role within the central nervous sys-
tem in modulating feeding and reward behaviors in mice 
[21–23]. Recently, work has shown GPR171 to be expressed 
on CD8 + and CD4 + T cells, natural killer (NK) cells, and 
directly on certain cancers cells [24, 25].

GPR171 is predominantly activated by BigLen, an amino 
acid neuropeptide, and GPR83, a colocalized receptor 
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mainly expressed by cells of the nervous system [26]. Bind-
ing of BigLen to GPR171 has been shown to inhibit T cell 
activation via abrogation of the TCR signaling cascade, 
reducing T cell proliferation, and decreasing release of 
cytokines important for T cell activation and differentia-
tion, such as IL-2, IFNγ, TNFα, IL-10, IL-17, and IL-22 
[25]. In preclinical studies, T cells of GPR171 knockout 
(KO) mice were less susceptible to T cell inhibition [25]. 
Pertinent to the TME, GPR171 has found to be upregulated 
on tumor infiltrating lymphocytes (TILs) and to inhibit T 
cell-mediated antitumor immunity [25]. GPR171 ablation in 
mice resulted in enhanced T cell activity, enabling improved 
antigen stimulation in an acute graft-versus-host model. 
Mice adoptively transferred with splenocytes from GPR171 
negative mice demonstrated a nearly 2.5-fold increase in 
donor CD4 + and CD8 + T cells compared to wildtype (WT) 
counterparts [25]. Not only has GPR171 been found to be 
expressed directly on TILs, but directly on malignant cells 
such as breast and small cell lung cancer, providing a path 
to evade the host immune system and support their own pro-
liferation and metastatic dissemination [24, 27]. The role 
of GPR83, a colocalized receptor to GPR171 expressed 

throughout the CNS and immune system, in conjunction 
with GPR171 to influence the immune response is subject 
to ongoing investigation [26, 28, 29].

Preclinical studies have demonstrated promising antitu-
mor effect of GPR171 blockade. In murine colorectal cancer 
(CRC) and melanoma models, treatment with small mol-
ecule GPR171 inhibitor resulted in significant reductions 
in tumor growth of up to 40% [25]. Treated tumors showed 
not only an increased intratumoral CD8 + T cells but con-
comitant upregulation of pro-inflammatory cytokines such 
IFNγ and TNFα with upregulation of immune checkpoint 
receptors PD-1 and T cell immunoreceptor with immuno-
globulin and ITIM domain (TIGIT). Furthermore, GPR171 
antagonist appears to offer a potential avenue to bolster ICB 
efficacy. Combination of GPR171 antagonist with anti-PD-
L1 treatment of mice inoculated with either murine mela-
noma or CRC tumors resulted in significant enhancement 
of T cell activity, reduction of tumor burden, and improved 
survival compared to anti-PDL-L1 therapy alone [25]. 
Furthermore, GPR171 can be utilized in conjunction with 
other tumor modifying treatment in creating a more robust 
response. A 2016 study combining anti-GPR171 antibodies 

Fig. 1  Summary of GPCR signaling modulating CD8 + T cell activ-
ity. SPC, sphingosylphosphorylcholine; OGR1, ovarian cancer GPCR 
1; NAGly, N-arachidonyl glycine; A2AR, adenosine A2A receptor; 
LPAR, lysophosphatidic acid receptor; LPA, lysophosphatidic acid; 

Tim-3, T cell immunoglobulin and mucin domain-containing protein 
3; PD-1, programmed cell death protein 1; ERK, extracellular sig-
nal-regulated kinase; PI3K, phosphoinositide 3-kinase; Akt, protein 
kinase B; cAMP, cyclic adenosine monophosphate
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with epidermal growth factor receptor inhibitors reduced 
human lung cancer cell viability by 66.3%, nearly triple the 
effect observed with each agent individually [24]. In addi-
tion, the same study found that these mice also demonstrated 
decreased metastatic burden compared to control mice, up to 
87% depending on the tumor cell line [24]. While epidermal 
growth factor itself is not an immune checkpoint, studies 
have reported that epidermal growth factor receptors do play 
a role in modulating PD-L1 expression through the activa-
tion of the receptor pathway. The synergistic combination 
of both EGFR and GPR171 serves as an important possi-
bility for further research that would enable both targeting 
both tumor apoptosis directly and enhancement of the innate 
immune system. Taken together, there is mounting evidence 
that while epithelial tumors can upregulate GPR171 to evade 
the host immune response, antagonizing GPR171 activity 
results in promising antitumor activity.

Currently, no human clinical trials investigating anti-
GPR171 treatment in patients with solid tumors have been 
initiated. As one of the most recently found GPCRs that ena-
ble tumor immunosuppression, much investigation remains 
to be conducted to definitively define GPR171’s role in the 
TME and immune cell inactivation.

Adenosine A2A receptor (A2AR/ADORA2)

Adenosine 2A receptor (A2AR), also known as ADORA2 
and RDC8, is a rhodopsin-like class A GPCR akin to the 
adenosine deaminase (ADA) receptors first reported in the 
1990s [30]. Adenosine is A2AR’s most well-characterized 
ligand; however, other ligands, such as neuronal calcium-
binding protein and caffeine, have also been reported to 
activate the receptor [31–35]. Though A2AR activation 
has previously been shown to alter neutrophil migration 
through inhibition of mTOR and mitochondrial signaling, 
only recently has A2AR been found to be highly expressed 
on CD8 + T cells with substantial roles in mediating T cell 
function [36–39].

Adenosine, a purine nucleoside base and by-product 
of energy metabolism, is predominantly secreted by the 
liver but has been shown to be produced by both effector 
CD8 + T cells and immunosuppressive T regulatory  (Treg) 
cells to attenuate the effector immune response [40, 41]. 
Furthermore, high concentrations of adenosine have been 
found in the TME of both blood-borne cancers (leuke-
mias) and solid tumors (SqCC) via upregulation of the 
hypoxia–adenosine–A2AR axis [42–45]. Binding of aden-
osine to A2AR has been shown to downregulate CD8 + T 
cell immune function as well as augment CD4 + T cell 
clonal expansion via stimulation of the A2AR-cyclic aden-
osine monophosphate (cAMP) axis, resulting in downregu-
lation of TCR signaling and IFNγ production [40, 46].  Treg 
cells can bind to adenosine, increase intracellular cAMP 

levels, and eventually lead to extracellular adenosine pro-
duction not only inhibiting effector T cells function via 
A2AR signaling while promoting its own positive feed-
back loop.  Treg cells deficient in A2AR resulted in reduced 
number of CD4 + T cells and decreased differentiation into 
Th17 cells [40].

Adenosine’s role in influencing the immune component 
within solid is subject of ongoing investigation. Ohta et al. 
found that silencing adenosine signaling in tumor-specific 
T cells in lymphoma bearing mice resulted in significantly 
reduced lung metastasis [46]. In contrast, research has also 
shown that the absence of adenosine promotes tumor expan-
sion. A 2014 report found that selective knockout of A2AR 
on T cells in malignant melanoma and urothelial tumors 
resulted in lower CD8 + T cell populations and effector-
memory differentiation in these tumors [43]. The authors 
postulate that this reduction of CD8 + T cell expansion is 
predominantly a local rather than global response that is 
dependent on both the type of tumor and the level of adeno-
sine required for T cell activation. While studies support 
both the anti- and pro-tumorigenic effects of A2AR signal-
ing on immune activation within the TME, increased activity 
of the adenosine-A2AR seems to favor increased tumor size, 
metastasis, and histologic grade by inactivation of CD8 + T 
cells in the TME of a variety of malignancies [47].

A2AR expression on T cells and the growing body of 
evidence suggesting adenosine’s pro-tumorigenic effects 
have led to promising preclinical studies demonstrating the 
efficacy of A2AR modulation. In a study examining the 
effects of A2AR agonism, WT mice treated with A2AR 
agonists demonstrated impaired CD8 + T cell function 
through downregulation of CD25—a component important 
for T cell activation — and promotion of FoxP3 + transcrip-
tion and CD39, CD73, and CTLA-4 expression on CD8 + T 
cells inhibition activity of CD4 + T cells [48]. Conversely, 
antagonism of A2AR demonstrated improved CD8 + T 
cells cytotoxic effects evidenced by higher levels of IFNγ 
and TNFα and reduced CD4 +  Treg cells, particularly when 
used in combination with classic ICB agents in transform-
ing growth factor beta receptor (TGFBR) and phosphatase 
tensin homolog (PTEN) double conditional KO mice with 
SqCC [47]. Leone et al. also found that administration of a 
different A2AR small molecule antagonist improved density 
of TNFα + and IFNγ + expressing CD8 + T cell in mice with 
either B16-OVA melanoma or CRC (CT26 or MC38) tumor 
models, leading to improved overall survival, and reduced 
tumor growth in addition to decreased surface cell receptors 
PD-1, TIM-3, and LAG-3 on both CD8 + and CD4 + tumor 
draining lymph nodes [49]. Despite this, combination of 
anti-PD-1 inhibitors still improved tumor regression in the 
mice which they suggest is likely due to an expanded pool 
of cytotoxic lymphocytes that are subsequently responsive 
to anti-PD-1 therapy (Supplementary Figure). Nevertheless, 
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promising preclinical results in murine models have spurred 
transition to human clinical trials.

Compared to other novel immunomodulatory GPCRs, 
targeting A2AR has made substantial headway in human 
clinical trials. Ciforadenant, a selective, reversible small 
molecule A2AR inhibitor, has demonstrated a favorable 
response rate of nearly 11% when used in combination with 
atezolizumab (anti-PD-L1 inhibitor) compared to 3% with 
ciforadenant monotherapy in patients with refractory renal 
cell carcinoma [44]. In a recent phase I trial, patients with 
metastatic non-small cell lung cancer were treated with 
combination A2AR antagonist and spartalizumab (PD-L1 
inhibitor) which showed reactivation of antitumor CD8 + T 
cells and an improved disease control rate of 67% of the 
patients compared to 43% with an A2AR antagonist alone 
[50]. Though their reports reflect the utility of A2AR with 
standard therapies, a second phase II study showed that 
combination therapy was not sufficient to alter the standard 
of care [51]. However, antagonism of A2AR is still being 
investigated in other tumor types such as breast and CRC. 
While the combination of A2AR and PD-L1 inhibitors in 
CRC during a phase II clinical study did not yield a sig-
nificant response rate to alter standard therapy, a phase II 
clinical trial showed that the addition of taminadenant, a 
A2AR antagonist, to PD-L1 inhibitor therapy resulted in a 
dose-dependent CD8 + T cell response and overall response 
rate of 11% in 27 patients, higher than when either inhibitor 
was used alone [52, 53].

Though our knowledge of how A2AR antagonism acti-
vates the immune system is in its nascent stages, promising 
preclinical and clinical data suggests benefit of continued 
investigation into its mechanisms of action. Given its clinical 
success thus far, new trials continue to expand upon the use 
of A2AR treatment with current chemotherapy regimens of 
malignancies such as renal cell carcinoma. Exploring the 
interactions and downstream signaling pathways involving 
A2AR, its ligands, and the TME is paramount to maximizing 
therapeutic efficacy and safety.

Lysophosphatidic acid receptor family

The lysophosphatidic acid receptor (LPAR) family is a group 
of six receptors that possess diverse roles within the bio-
logical system [54]. LPARs are expressed on a variety of 
cells from neuronal ganglia to cardia to intestinal, and most 
notably on immune cells [55, 56]. LPAR1-3 are a part of 
the endothelial differentiation gene receptors, and LPAR4-6 
are homologous to those of the P2-type purine receptors 
[54, 57]. Within the immune system, LPAR1-6 have been 
found to be expressed on CD8 + and CD4 + T cells as well as 
directly on tumor cells of the prostate, breast, and endome-
trium [55, 58–61]. LPAR’s main ligand is lysophosphatidic 

acid (LPA), a pleiotropic bioactive signaling lipid acting 
primarily as a growth factor when bound to its receptor [62].

Activation of LPAR on CD8 + T cells following ligand 
binding generally leads to two pathways: firstly, an LPA-
LPAR5-Gαq path, resulting in reduction of calcium mobili-
zation, increases in cAMP levels, and impairing target-cell 
immune synapse formation, the inositol 1,4,5-triphosphate 
receptor (IP3R1) specifically; and secondly, initiation of the 
LPA-LPAR5-Gα12/Gα13 pathway that alters both stress fib-
ers of the cell and the actin-microtubule cytoskeleton.[63] 
Both pathways result in interference with TCR signaling 
preventing CD8 + T cell inactivation and ERK activation 
[60, 61]. Furthermore, LPA signaling appears to induce 
a host of negative effects on CD8 + T cells via LPAR5. 
In vitro studies demonstrate that LPA via LPAR5 induces 
upregulation of CD8 + T cell exhaustion markers PD-1 and 
Tim-3, disrupts expression of other proteins and receptors 
such as Nur77 and CD69, as well as hinders actual cyto-
toxic functions of CD8 + T cells [58, 60]. Further in in vivo 
tumor models, Tox and Lag-3 expressions were decreased 
in LPAR5 KO mice compared to WT counterparts. Func-
tional assays demonstrate that LPAR5 deficiency improved 
in vivo antigen-specific killing of immunized target cells 
in addition to decreased gross tumor size in murine lung 
cancer models. Lastly, LPA signaling via LPAR5 appears 
to limit metabolic capacity of CD8 + T cells rendering them 
more susceptible to oxidative stress and fatty acid oxidation/
metabolic exhaustion [58]. Other investigations have cor-
roborated these findings as LPAR5 deficient CD8 + T cells 
demonstrated significant improvement in tumor control with 
increases in CD8 + proliferation and hyperactivity compared 
to WT controls in in vitro and in vivo B16 murine mela-
noma [64, 65]. Similarly, inhibition of LPAR5 with a small 
molecule antagonist attenuated LPA-driven dampening of 
TCR signaling, resulting in an overall improved antitumor 
response and enhanced CD8 + T cell function in murine 
melanoma and non-small cell lung cancer models [60, 66, 
67]. Collectively, these lines of preclinical evidence suggest 
an important role of LPA-LPAR5 signaling in regulating T 
cell function and metabolism.

LPAR6 is the most recently characterized GPCR of the 
LPAR family and is highly expressed on CD8 + T cells. 
Activation of LPAR6 alters the proliferation, survival, 
and cytoskeleton of CD8 + T cells via Gα12/13-coupled 
signaling pathway [54, 68, 69]. In patient ex vivo derived 
TILs, LPAR6 has been shown to play an inhibitory role in 
T cell migration causing chemorepulsion of TILs in mela-
noma tumors with addition of ligands LPA and autotaxin 
(ATX) [68]. However, rescue of ex vivo TIL to overcome 
chemorepulsion was observed with administration of 
XAA, a novel xanthylene-based LPAR6 antagonist [68]. 
As a prognostic marker, LPAR6 expression appears to be 
associated with variable outcomes across solid tumors. For 
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hepatocellular carcinoma (HCC) and PDAC, higher LPAR6 
expression has been shown to be associated with tumor pro-
gression and worse survival compared to higher LPAR6 
expression being protective in lung adenocarcinoma. LPAR6 
has been found to have a prognostic association with various 
cancers [70, 71].

While significant progress has been made in understand-
ing the immunomodulatory roles of LPAR5/6 on CD8 + T 
cells, the impact of LPAR activation on CD4 + T cells is less 
well characterized. Current evidence suggests that LPAR1/2 
activation facilitates CD4 + T cell migration as in vivo stud-
ies have demonstrated impaired CD4 + T cell migration and 
infiltration from lymphoid structures in LPAR1/2 KO murine 
models [72–74]. Knowlden et al. demonstrated that although 
LPAR2 deficiency on CD4 + T cells did not attenuate chem-
otaxis to adhesion molecules such as ICAM-1 and CCL21, 
these LPAR-deficient lymphocytes demonstrated overall 
reduced migratory speed [75]. Interestingly, Mata-Rico 
et al. demonstrated that ATX-expressing tumors excluded 
CD8 + T cells but not conventional nor regulatory CD4 + T 
cells [68]. From these studies, it appears that LPARs may 
influence CD4 + T cell function, yet definitive studies are 
needed to clarify such interactions.

Despite strong preclinical evidence supporting LPAR 
mediation of T cell activity, there are no active clinical tri-
als examining LPAR antagonists in the treatment of cancer. 
Given the well-characterized upregulation of LPARs on can-
cer cells that mediate proliferation and migration of tumor 
cells as well as emerging evidence demonstrating LPAR 
modulation of immune cell activation, opportunities to tar-
get the LPAR cascade in the clinic are warranted [76]. An 
LPAR antagonist has recently shown promise in reducing the 
rate of decline in lung function in patients with idiopathic 
pulmonary fibrosis which may offer avenues for application 
in cancer-centered clinical trials [77].

Ovarian cancer G‑protein coupled receptor 1 (OGR1)

Ovarian Cancer GPCR 1 (OGR1, aka sphingosylphosphoryl-
choline (SPC), GPR12A, A12A6, and GPR68), despite its 
name, is expressed on smooth muscle and epithelial cells of 
the respiratory system, gastrointestinal tract, renal tubules, 
placenta, and pertinently, CD8 + T cells [78, 79]. Further-
more, OGR1 has evolved to function optimally in acidic 
environments, a characteristic feature of the TME known to 
impair T cell activation [80–82]. OGR1 expression, while 
low at baseline, has also been found to be upregulated in 
several solid cancers such as CRC, pancreatic ductal ade-
nocarcinoma (PDAC), cutaneous melanoma, SqCC, and 
prostate [78, 83]. Within the immune system, the receptor 
appears to be expressed on CD8 + and CD4 + T cells [79, 
84]. While main ligand for OGR1 is thought to by hydrogen 
ions, other ligands such as SPC, isoxazoles, and metal ion 

such as zinc or copper have been found to initiate down-
stream pathways of OGR1 such as phospholipase C (PLC)/
inositol phosphate (IP)/Ca2 + /extracellular signal-regulated 
kinases (ERK), thereby increasing intracellular cAMP con-
centrations [85–87].

OGR1’s role in tumorigenesis is the subject of ongoing 
investigation. Preclinical murine melanoma models in OGR1 
KO mice exhibited improved survival accompanied by a sig-
nificant increase in tumor infiltrating CD8 + T cells [84]. A 
proposed mechanism driving improved antitumor response 
in OGR1 KO mice is increased release of effector cytokines 
such as IFNγ from intratumoral CD8 + T cells and myeloid-
derived cells [88, 89]. Interestingly, only male mice deficient 
in GPR68 experienced an increase in CD8 + T cell activities 
and thereby a decrease in tumor burden compared to female 
mice that showed no difference between the KO and WT 
strains. In prostate cancer, Yan et al. demonstrated that pros-
tate cancer tumors in GPR68 deficient mice had increased 
number of tumor infiltrating CD8 + and CD4 + T [89]. To 
date, there are no active trials testing OGR1 manipulation 
as an anticancer therapy in the clinic; however, mounting 
evidence suggests that it holds promise as a potential thera-
peutic target capable of reinvigorating cytotoxic CD8 + T 
cells within the TME.

GPR18

GPR18, a class A GPCR now recognized as a receptor for 
several endogenous neurotransmitters, namely endocannabi-
noid N-arachidonyl glycine (NAGly), was initially investi-
gated for its ability to alter microglial migration; however, it 
has recently been found to play a regulatory role on CD8 + T 
cell lymphocytes [90, 91]. Upon activation, GPR18 helps 
to establish and maintain CD8 + effector memory T cells, 
especially within the lymphoid and reproductive organs such 
as spleen and testis, respectively [90–93].

Apart from NAGly and resolvin-D2, GPR18 can also bind 
to imidazothiazinones, and tricyclic xanthines resulting in 
ERK1/2 phosphorylation and PI3K/Akt signaling, a signal-
ing pathway that will inhibit cAMP and phosphorylation 
of ERK important for assisting in CD8 + T cell migration, 
accumulation, and differentiation [94–96]. This was found 
during an in vivo study of GPR18 KO mice that the pres-
ence of GPR18 was required for CD8 + T cells migration 
from intraepithelial compartments to other parts of the tissue 
such as lamina propria. Flow cytometry assessment of the 
tissue reflected that T cells deficient in GPR18 had impaired 
migration abilities compared to their WT counterparts [93]. 
In addition, GPR18 KO mice have been shown to have 
reduced CD8 + memory T cells and decreased expression 
of the cytotoxic granule granzyme B on cytotoxic T cells 
within lymphoid tissue [90, 93]. Due to its similar homology 
to the cannabinoid receptors, there have also been reports of 
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9-tetrahydrocannabinol (Δ9THC) though its exploration has 
primarily been found on its effects to endothelial cells rather 
than on T cells [94].

There have been several suggested antagonists of GPR18, 
including amauromine, synthetic cannabinoid O-1918, and 
a bicyclic imidazole-4-one derivative, that facilitate a range 
of functions including vasodilation and treatment of obe-
sity [96, 97]. However, no formal therapeutics manipulating 
GPR18 have been explored to alter T cell response in the 
context of solid organ cancers. Preliminary assessments have 
also suggested that GPR18 has a possible pro-oncogenic role 
in protecting malignancies such as melanoma [98–100]. In 
melanoma, it was found through quantitative expression 
profiling that GPR18 was highly active within in vitro cul-
tures of melanoma from human cell lines and has an anti-
apoptotic effect for these tumorous cells [101]. In contrast to 
other genomic profile studies, the presence of GPR18 has a 
more meaningful prognostic value against HCC and breast 
cancer from T cell responses [100]. Antagonism of GPR18 
has yet to reach clinical trials. Despite this, GPR18’s ability 
to facilitate CD8 + T cell migration and activation provides 
a potential avenue for future antitumor research.

Modulators of CD4 + T cells

In contrast to the direct cytotoxic functions of CD8 + T cells, 
CD4 + T cells predominantly facilitate antitumor function 
indirectly via the release of soluble cytokines and priming 
of effector lymphocytes such as CD8 + T cells and mac-
rophages to target tumor cells [102, 103]. CD4 + T cells 
differentiate into effector subtypes known as T helper (Th) 
cells through the signaling of soluble cytokines secreted by 
APCs that induce transcription of subset-dictating transcrip-
tion factors. Among the several Th subsets, Th1, Th9, Th17, 
and T follicular helper cells are suggested to have anti-solid 
tumor activity while T regulatory cells are largely consid-
ered pro-tumor [104, 105]. The following sections review 
the mechanisms by which select GPCRs—cannabinoid 
receptor 2 (CB2), T cell death-associated gene 8 protein 
(GPR65), GPR183, putative P2Y purinoceptor 10 (P2Y10), 
GPR174, and Prostaglandin E Receptor 2 and 4 (EP2 and 
EP4)—regulate CD4 + T cell function in the context of can-
cer. Figure 2 displays a schematic summary of intracellular 
signaling pathways and downstream function of CD4 + T 
cell immunomodulatory GPCRs.

Cannabinoid receptor 2 (CB2)

Cannabis use has been on the rise in the past decade particu-
larly in patients with cancer as a pain management strategy 
and an alternative treatment for cancer treatment-related 
side effects [106, 107]. Recent data suggest that increasing 

cannabinoid metabolite levels (Δ9THC), the main psychoac-
tive metabolite in marijuana, can impede the efficacy of ICB 
therapy in murine CRC and melanoma tumor models [108]. 
Cannabinoid receptor 2 (CB2), reported to be expressed on 
a wide variety of lymphoid cells such as macrophages, NK 
cells, dendritic cells (DCs), and eosinophils, has emerged 
as an important modulator of CD4 + T cell activity [106, 
109–111].

CB2 is a plasma membrane receptor thought to interact 
with many ligands, including Δ9THC, anandamide (AEA), 
and 2-arachidonoylglycerol (2-AG), which lead to negative 
effects on CD4 + T cells [111]. Interaction with these ligands 
leads to the activation of a Gi/o receptor, leading to a series 
of downstream, intracellular events such as initiation of the 
adenylate cyclase pathway and activation of protein kinase A 
(PKA) that increase the secretion of cytokines such as IL-10 
which in turn strengthen the development of immunosup-
pressive  Treg cells [112–114]. Furthermore, mice immunized 
with bovine serum albumin as an immune trigger demon-
strated that the addition of exogenous 2-AG impaired the 
secretion of pro-inflammatory Th1- and Th17-associated 
cytokines such as IL-6, IL-2, TNFα, and IFNγ [111]. Fur-
thermore, in a cecal ligation and puncture model of sepsis, 
mice with CB2 KO specific CD4 + T cells demonstrated 
improved mortality compared to the WT controls [115]. 
Interestingly, even high levels of endogenous cannabinoid 
ligands such as AEA have been correlated with worse sur-
vival in cancer patients and depressed tumor-specific T cell 
function via inhibition of the JAK1/STAT pathway [116]. 
CB2 selective agonists have been shown to inhibit nuclear 
transcription factors NF-kB and NFAT as well as mRNA 
expression of CD40L and CyclinD3, which was associated 
with decreased CD4 + expression of FoxP3 + Treg transcrip-
tion factor in a model of graft-versus-host reaction. In vitro 
assays show downregulation of IL-2 production in a dose-
dependent matter, impaired chemotaxis, and suppression of 
T cell proliferation with CB2 signaling [114, 117, 118].

CB2 also appears to mediate CD8 + T cell function [110, 
114]. CB2 KO mice inoculated with lung carcinoma dem-
onstrated an increase in CD8 + T cell infiltration within 
tumors with a concomitant increase in expression of PD-1 
[110]. Furthermore, although application of a CB2 agonist 
exhibited no difference in overall tumor burden or degree 
of tumor infiltrating lymphocytes within tumor tissue, CB2 
antagonism significantly reduced tumor weights by nearly 
100 mg compared to controls. Similarly, Xiong et al. found 
that CB2 deficient mice had increased CD8 + TILs, slowed 
tumor growth and prolonged survival rate across various 
tumor models, including CRC, melanoma, and Lewis lung 
carcinoma (LLC) [116]. Modulation of CB2 continues 
to show promise as a potential antitumor agent via with 
increasing evidence supporting its importance in influenc-
ing T cell function in other fields of study such as transplant 
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immunology that have found CB2 agonists reduce or slow 
immune rejection [117]. Investigation into CB2 remains 
confined to preclinical trials; however, given the available 
evidence, CB2 manipulation may be an effective modality 
to shift host immune response toward antitumor phenotype 
of both CD4 + and CD8 + T cells.

GPR65 (T cell death‑associated gene 8 protein)

GPR65, originally known as T cell death-associated gene 
8 (TDAG8), like OGR1, is a member of the acid-sensing 
family of GPCRs mainly expressed on immune cells such as 
CD4 + T cells, macrophages, and eosinophils but also epi-
thelial cells of the intestinal villi. GPR65 has been found to 
be upregulated on several solid tumor cells (glioblastoma, 
esophageal, and PDAC) while downregulated on others (lung 
adenocarcinoma, adrenocortical carcinoma) [119–121]. 
Unlike OGR1, GPR65 appears to predominantly attenuate 
rather than propagate inflammatory responses; however, evi-
dence suggests that this may differ in autoimmune compared 

to tumor scenarios. Like OGR1, GPR65 activity is inversely 
related to environmental pH, resulting in increased activ-
ity/intracellular cAMP concentrations as the pH decreases. 
A well-characterized, physiologic role for GPR65 is in the 
thymus where it is expressed on immature thymocytes to 
promote self-tolerance by inducing thymocyte apoptosis 
upon TCR binding [122, 123].

In an autoimmune disease setting, there is evidence 
that GPR65 promotes contrasting effects on immune 
response compared to its immunosuppressive role in the 
TME. Employing an inflammatory bowel disease murine 
model, Lin et al. demonstrated that expression of GPR65 on 
CD4 + T cells was positively correlated with IBD activity 
and that GPR65 on peripheral CD4 + T cells promotes dif-
ferentiation into Th1 and Th17 subtypes implicated in driv-
ing IBD severity [120–122, 124]. The authors revealed that 
activation of GPR65 on CD4 + T cells suppresses expression 
of NUAK family kinase 2 (Nuak2) which enables CD4 + T 
cell differentiation into Th1 and Th17 subsets which ulti-
mately promote secretion of pro-inflammatory cytokines 

Fig. 2  Summary of GPCR signaling modulating CD4 + T cell activ-
ity. 2-AG, 2-arachidonoylglycerol; THC, 9-tetrahydrocannabinol; 
AEA, anandamide; CB2, cannabinoid receptor 2; LysoPS, lysophos-
phatidylserine; LPA, lysophosphatidic acid; ATP, adenosine triphos-
phate; S1P, sphingosine-1-phosphate; LPA, lysophosphatidic acid; 

PGE2, prostaglandin E2; EP2, prostaglandin receptor 2; CCL, 
chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; Treg, T 
regulatory cell; ROCK2, Rho-associated coiled-coil containing pro-
tein kinase 2; TNF, tumor necrosis factor
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[125]. Inversely, GPR65-deficient T cells resulted in activa-
tion of an alternate pathway (cAMP‐PKA‐C‐Raf‐ERK1/2‐
LKB1) which lead to increased NUAK2 expression. This led 
to reduced T cell proliferation and differentiation into pro-
inflammatory Th cell subtypes as well as reduced CD4 + T 
cell infiltration into mucosal tissue [121]. While the results 
from Lin et al. join a chorus of studies supporting a pro-
inflammatory role of GPR65 in autoimmune pathologies, 
others have shown that GPR65 deficiency is associated with 
worse disease severity in chemical-induced colitis and der-
matitis murine models [126]. While the role of GPR65 in 
autoimmune pathologies appears variable and specific to 
disease biology, evidence strongly indicates an impact of 
GPR65 on the immune response.

Regarding the function of GPR65 in the TME, recent 
preclinical work supports a key role of GPR65 in inhibit-
ing antitumor immune response. A small molecule GPR65 
inhibitor has shown promising results in revitalizing of the 
host immune response against tumor cells [127]. In synge-
neic murine CRC and melanoma models, GPR65 inhibi-
tion with a small molecule agent has been shown to coun-
teract the pro-tumor effects of an acidic environment on 
tumor-associated macrophages (TAM). This is executed by 
re-polarization of TAMs toward an antitumor phenotype, 
stimulating the release of pro-inflammatory cytokines and 
promoting the infiltration of antitumor effector cells such 
as T and NK cells into the TME. This stimulation of TAMs 
and subsequent antitumor effects resulted in substantially 
reduced tumor burden as a monotherapy and combined with 
conventional immune checkpoint blockade. Together, this 
line of evidence suggests that GPR65 inhibition is a prom-
ising solo or adjunct antitumor therapeutic avenue that has 
potential for success in human clinical trials.

GPR183

GPR183, initially identified as Epstein–Barr virus-induced 
G-protein coupled receptor 2 (EIB2) in light of its upregu-
lation on EBV-infected B cells, is an immunomodulatory 
GPCR that mainly acts within the lymphatic system [128]. 
GPR183 is expressed on B cells and CD4 + T cells and binds 
oxysterols, an interaction which facilitates migration, differ-
entiation, and maturation of both B and T cells [129–133].

GPR183 is functionally unique for two reasons: 1. it 
has been found to predominantly mediate B, T, and DCs 
interactions in the lymph system and 2. GPR183 is thought 
to synthesize its own ligand—oxysterol—initiating the 
Gα-RhoA-ROCK2 axis, a cascade that facilitates rearrange-
ment of the cytoskeletal proteins controlling cell migration 
and proliferation [134–136]. Upregulation and downregula-
tion of GPR183 expression on B and T cells in lymph nodes 
facilitate migration of these cells to various regions within 
the lymph node, for example, upregulation of GPR183 on B 

cells stimulates interaction with oxysterol which facilitates 
migration of B cells toward the marginal zone to increase 
exposure to T cells [137]. For T cells specifically, GPR183 
upregulation allows migration to the periphery of the T cell 
zone which maximizes interaction with antigen-presenting 
DCs facilitating differentiation into helper subsets [131, 
132]. Further mechanistic investigation found that CD4 + T 
cells deficient in GPR183 have decreased sensitivity to IL-2, 
a molecule that promotes Th cell differentiation [130]. As 
a result, these GPR183-deficient T cells displayed impaired 
chemotaxis and poor differentiation to Th2 subtype. Bap-
tista et al. also demonstrated impaired CD8 + T cell-medi-
ated memory response and prolonged antigen recognition 
by CD4 + T cells in the absence of GPR183 [138]. Similar 
studies in GPR183 KO mice have found both reduced secre-
tion of cytokines that promote the differentiation of T cells 
such as IL-6R and IL-2 and worse disease severity of mice 
in a tuberculosis model [131]. Lack of the pro-inflammatory 
signaling resulted in diminished Th cell responses, interfer-
ence with activation, and alteration of several other recep-
tor expression [135]. Collectively, normal GPR183 function 
appears to positively facilitate immune cell activation and 
effector differentiation.

Although there are no officially approved GPR183-tar-
geting therapeutics successfully altering T cell for clinical 
cancer treatment, a GPR183 antagonist has been shown to 
successfully attenuate immune cell response utilizing mac-
rophage receptors to attenuate the viral load of viruses such 
as COVID and RSV [132]. Most recently, a 2023 pan-cancer 
analysis of GPR183 found that high GPR183 expression 
was associated with poor prognosis in chronic lymphocytic 
leukemia, lung SqCC, glioma, and uveal melanoma while 
serving as a positive prognostic indicator for urothelial carci-
noma and cutaneous melanoma [139]. Thus, this has opened 
possibilities into investigation of the influence GPR183 has 
on tumor immunity that can be continued to be investigated, 
particularly as new antagonists that can target GPR183 are 
uncovered.

Putative P2Y purinoceptor 10 (P2Y10)

P2Y purinoceptor 10 (P2Y10; aka GPR10, LYPSR2) is a 
recently deorphanized, class A GPCR with similar homol-
ogy to the purinergic (P2Y)-like family of receptors, 
although conflicting evidence as to its true origins has pre-
vented it from formally being included as a P2Y subtype 
[140]. P2Y10 is normally expressed on a diverse range 
of cells including those of the cardiac endothelia, smooth 
muscle, and brain [141]. Pathologic P2 expression has been 
found to be upregulated directly on tumor cells of select 
malignancies, including melanoma and various adenocar-
cinomas [140]. The physiologic roles of P2Y receptors are 
diverse—it facilitates platelet aggregation to hepatocyte 
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apoptosis and neuronal outgrowth [142, 143]. CD4 + T cells, 
along with other leukocytes, basally express P2Y10, but is 
significantly upregulated on activated CD4 + T cells that 
have strong migratory function suggesting a role of P2Y10 
in regulating CD4 + T cell activity [144–146].

In addition to nucleotide binding, P2Y10 is unique 
among its purinergic receptor relatives in its ability to bind 
lysophospholipids such as lysophosphatidic acid (LPA), 
lysophosphatidylserine (LysoPS), and sphingosine-1-phos-
phate (S1P) enhancers [144, 146]. Regarding CD4 + T 
cells, P2Y10 receptor enhances T cell migration via bind-
ing LysoPS, S1P, and adenosine triphosphate (ATP). In vivo 
studies demonstrated that binding of P2Y10 with LysoPS, 
S1P, and ATP, released in a chemokine-induced fashion, led 
to increase migratory ability of CD4 + T cells via RhoA pro-
tein activation, a mechanism believed to be also conserved 
in humans [147]. This aligned with findings that spinal-cord 
infiltrating CD4 + T cells had upregulated P2Y10 expres-
sion in a murine model of neuroinflammation, and that WT 
mice had significantly greater disease severity compared to 
P2Y10 KO controls. High expression of P2Y10 on CD4 + T 
cells has been shown to enhance T cell function and migra-
tion, and overall plays a crucial role in fine tuning T cell 
activation [148].

In a pan-cancer analysis, Liu et al. outlined significant 
associations between abnormal P2Y receptor expression, 
immune cell scores, and prognosis across several types of 
cancers [140]. Although P2Y10 was not included in this 
analysis, given its role in mediating CD4 + T cell activity 
and the relationships with other P2Y receptors and cancer, 
investigation into modulating P2Y10 as a cancer therapeutic 
seems warranted. Further, LPA, a bioactive lipid expressed 
by cancer cells to induce immunosuppression (discussed in 
previous sections), is a known ligand for P2Y10; however, 
the interaction between LPA and additional P2Y10 ligands 
with P2Y10 in the context of cancer has not been explored. 
Identifying relationships between CD4 + T cell migratory 
ability, P2Y10 expression, and tumor-induced exclusion 
of immune infiltrating lymphocytes may represent area of 
future research.

Prostaglandin E receptor 2 and 4 (EP2 and EP4)

Prostaglandin E Receptor 2 and 4 (EP2/4), like the majority 
of immunomodulatory GPCRs, are class A GPCRs. EP2/4 
are expressed ubiquitously across cell types, pertinently 
on T lymphocytes, facilitating signal transduction via  Gs 
coupling and subsequent increases in intracellular cAMP 
upon binding to its ligand, prostaglandin E2 (PGE2), a well-
characterized bioactive signaling lipid [149, 150]. Upregula-
tion of PGE2 production as a result of increased activity of 
cyclooxygenase-2 (COX-2) and breakdown of PGE2 pre-
cursor, arachidonic acid, is a well-characterized process in 

tumor tissue that has a variety of pro-tumor consequences, 
one of which is downregulation of effector CD4 + T cell 
activity. For T cells specifically, EP2 expression has been 
localized to CD4 + T cells while EP4 predominantly on 
CD8 + T cells [151, 152].

PGE2 plays a plethora of roles in normal physiology such 
as mediating fever, pain, and blood platelet function. PGE2 
is also released directly by tumor and host cells of several 
solid tumors such as lung, prostate, breast, and pancreas. 
In both clinical and preclinical investigations, PGE2-EP2/3 
interaction has been shown to promote tumor progression 
via enhancement of primary tumor growth, angiogenesis, 
and metastasis [153, 154]. PGE2 also facilitates tumor 
immune evasion by altering macrophages, NK cells, mye-
loid-derived suppressor cells (MDSCs), and DCs within the 
TME toward an immunosuppressive, pro-tumor phenotype 
[155]. Regarding CD4 + T cells, PGE2, via upregulation of 
IL-4 relative to IFNy, has been shown to promote differen-
tiation to the Th2 subtype, dampening the effector T cell 
response [156, 157]. Additionally, studies report that PGE2 
downregulates the IL-12 Th1 subtype-activating pathway, 
further enhancing the proportion of Th2 cells [158]. PGE2 
has also been shown to induce CD4 + T cells into immuno-
suppressive FoxP3 + Treg cells, a process that is attenuated 
in EP2 and four deficient cells [159, 160]. There is evidence 
that the effect of PGE2 on CD4 + T cell differentiation (pro-
inflammatory Th17 vs immunosuppressing Th2 subtypes) is 
dependent on PGE2 concentration; however, this remains an 
area of activity research. In translational studies, enhanced 
PGE2 signaling has been correlated with upregulation of 
immune checkpoints such as PD-1 on immune cells [151, 
161]. Collectively, several lines of evidence suggest that 
PGE2 via interaction with EP2 and 4 results in suppression 
of effector CD4 + T cell function within the TME, thus limit-
ing the host adaptive immune response.

Mounting evidence in the last two decades suggests that 
downregulation of PGE2 via pharmaceutical COX inhibi-
tion (i.e., aspirin) may reduce the risk of developing various 
solid tumors [162, 163]. However, support for this approach 
applied to a therapeutic setting is less convincing and has 
not been substantiated consistently in clinical trials. Further-
more, long-term COX inhibition is known to have adverse 
side effects that may limit such practices [164]. Thus, spe-
cific targeting of EP2 and EP4 has emerged as an appealing 
antitumor therapeutic alternative in manipulating the PGE2 
axis. In murine prostate cancer models, EP4 small molecule 
inhibitor resulted in significant improvements in anticancer 
effector CD8 + T cells as well as concomitant downregula-
tion of MDSCs within the TME. Aside from the TME, He 
et al. demonstrated that blockade of PGE2-EP4 signaling 
by a small molecule inhibitor of EP4 significantly impairs 
murine PDAC migration and invasion in vitro and abrogates 
hepatic metastatic dissemination in vivo [165]. In humans, 
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an interim report of an active phase I trial investigating 
single-agent dual-antagonist small molecule inhibitor of 
EP2 and 4 or in combination with a PD-L1 blockade in a 
variety of advanced solid tumors such as has demonstrated 
acceptable safety profile across escalating dosing regimens 
with a 43% disease control rate with mono and combination 
therapy for over a median study time of 2 and 3 months, 
respectively [166]. Formal results following completion of 
enrollment in April 2024 are highly anticipated.

Perspective and conclusions

The advent of immunotherapy has altered the therapeutic 
landscape for cancer at-large. Reigniting the host immune 
response via T cell reactivation offers promising avenues 
toward specific and durable antitumor efficacy, evidenced 
by the success of immune checkpoint blockade in the clinic. 
The roles of GPCRs in tumorigenesis have largely been 
overlooked; however, as we have reviewed, recent work has 
revealed that several GPCRs play important immunomodu-
latory functions, particularly among T cells, serving as alter-
native immune modulators within the TME (Table 1). As 

such, targeting these GPCRs represents a potentially mean-
ingful antitumor strategy apart from conventional ICBs.

Questions regarding the mechanisms and applications 
of targeting GPCRs in the context of solid tumors remain. 
Outstanding mechanistic investigations include further elu-
cidation of endogenous binding ligands for novel GPCRs 
such as GPR18, OGR1, and GPR65 and associated down-
stream intracellular signaling pathways. Furthermore, care-
ful examination of the relationship between tumor cells with 
the expression and activity of immunomodulatory GPCRs 
would assist in understanding the cross talk between tumor 
and host that promote tolerogenic immune responses. 
Regarding therapeutic applications, the ubiquity of GPCRs 
such as LPARs, A2AR, and their associated ligands in nor-
mal physiologic processes present challenges in specifi-
cally targeting GPCRs of the TME. One potential strategy 
to enhance specificity of such agents could be elucidation of 
conformational changes of GPCRs that may occur secondary 
to malignant transformation/signaling as this could poten-
tially facilitate development of small molecule inhibitors 
or monoclonal antibodies specific to TME-related GPCRs. 
Furthermore, wide-scale genomic sequencing of solid and 
liquid tumors alike have elucidated patterns of aberrantly 

Table 1  Novel immunomodulatory GPCRs with associated T cell 
modulation. NECAB, neuronal calcium-binding protein; LPA, 
lysophosphatidic acid; ATX, autotaxin; NAGly, N-arachidonoyl gly-

cine; Δ9THC, delta-9-tetrahydrocannabinol; AEA, anandamide; 
2-AG, 2-arachidonoylglycerol; LysoPS, lysophosphatidylserine; S1P; 
sphingosine-1-phosphate; PGE2, prostaglandin-E2

GPCR Gene name Ligand(s) Expression Function in T cells Clinical development Reference

GPR171 GPR171
H963

BigLen CD4 + T cells
CD8 + T cells

Negative regulator T lympho-
cytes

Preclinical 31, 32

A2AR ADORA2A
RDC8

Adenosine, NECAB, caffeine CD4 + T cells
CD8 + T cells

Positive regulation CD4 + T 
cells

Negative regulator CD8 T cells

Phase 1
Phase 2

46, 47, 51–53

LPAR1
LPAR2
LPAR5
LPAR6

LPAR1
LPAR2
LPAR5
LPAR6

LPA, ATX CD4 + T cells
CD8 + T cells

Promote CD4 + /CD8 + T cells 
migration

Inhibit CD8 + T cell activation/
migration

Preclinical 69, 70
61, 66, 74, 76

GPR68 OGR1 Hydrogen ions CD8 + T cells
CD4 + T cells

Suppress CD8 + T cell activa-
tion

Preclinical 83, 88

GPR18 GPR18 NAGly, resolvin-D2, imi-
dazothiazinones, tricyclic 
xanthines

CD8 + T cells Promote CD8 + expansion and 
differentiation

Preclinical 73, 98, 99

CB2 CN2 Δ9THC, AEA, 2-AG CD4 + T cells Promote CD4 + T cells
Suppress CD8 + T cell activa-

tion

Preclinical 115–117

GPR65 GPR65 H + CD4 + T cells Promote differentiation into 
Th1 and Th17

Preclinical 123–125, 127

GPR183 GPR183 Oxysterol CD4 + T cells
CD8 + T cells

Promote CD4 + T cell activa-
tion

Preclinical 137–139

P2Y10 P2RY10 LPA, LysoPS, S1P enhancers, 
ATP

CD4 + T cells
CD8 + T cells

Regulate CD4 + T cell migra-
tion

Preclinical 145–147

GPR174 GPR174 Class A rhodopsin-Like T reg cells Suppress T cell proliferation
Suppress T reg generation

Preclinical 116, 153, 156

EP2
EP4

PTGER2
PTGER4

PGE2 CD4 + T cells
CD8 + T cells

Suppress CD8 + T cell infiltra-
tion

Phase 1 161, 162, 166
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produced or dysfunctional GPCRs characteristic of certain 
malignancies [167]. Such patterns have been described for 
cutaneous melanoma, lung, prostate, and breast cancer [14]. 
Downstream of the GPCRs themselves, certain signaling 
pathways, such as Wnt and PI3-Akt, are dysregulated in 
response to pathologic GPCR activity. Targeting both GPCR 
molecule interaction in combination with manipulation of 
downstream signaling with small molecules is a potentially 
amplified approach to targeting cancer-related GPCR path-
ways. Lastly, preclinical studies should evaluate the use of 
combined conventional T cell ICB and GPCR modulation 
in activating host cytotoxic immune response and if GPCR 
manipulation can serve as a rescue therapy in the setting of 
ICB resistance/exhaustion as this remains a significant bar-
rier to widespread success of current immune checkpoint 
inhibitors.

Although this review summarizes only some of the most 
current and promising immunomodulatory GPCRs, the 
enormous breadth of GPCR family ensures that there are 
still GPCRs with meaningful roles in tumorigenesis that we 
have not uncovered. The success, but also limitations, of cur-
rent immunotherapy in the clinic has highlighted the need to 
characterize new pathways and mechanisms by which cancer 
evades the cytotoxic immune system. As we have begun to 
understand, GPCRs, while ubiquitous, have a unique role 
in modulating the adaptive immune response, most perti-
nently the activity of T cells as we discuss in this review, 
but may seemingly influence immune cells of the TME writ 
large. Examining the clinical safety and efficacy of GPCR 
manipulation via clinical trials is the next step for GPCR-
based therapies. Like conventional immune checkpoints, 
such as PD-L1 and CTLA-4, GPCRs may provide the next 
revolutionary target in cancer care.
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