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A B S T R A C T   

Prostaglandins (PGs) play a crucial and multifaceted role in various physiological processes such as intercellular 
signaling, inflammation regulation, neurotransmission, vasodilation, vasoconstriction, and reproductive func
tions. The diversity and biological significance of these effects are contingent upon the specific types or subtypes 
of PGs, with each PG playing a crucial role in distinct physiological and pathological processes. Particularly 
within the immune system, PGs are essential in modulating the function of immune cells and the magnitude and 
orientation of immune responses. Hence, a comprehensive comprehension of the functions PG signaling path
ways in immunosuppressive regulation holds substantial clinical relevance for disease prevention and treatment 
strategies. The manuscript provides a review of recent developments in PG signaling in immunosuppressive 
regulation. Furthermore, the potential clinical applications of PGs in immunosuppression are also discussed. 
While research into the immunosuppressive effects of PGs required further exploration, targeted therapies 
against their immunosuppressive pathways might open new avenues for disease prevention and treatment.   

1. Introduction 

Prostaglandins (PGs) were first discovered and described by von 
Euler in 1935 as bioactive substances found in human prostate and 
seminal vesicle secretions, exhibiting significant vasodilatory and 
smooth muscle-stimulating effects [1]. PGs are a class of active lipid 
compounds, including prostaglandin E2 (PGE2), prostaglandin F2α 
(PGF2α), prostaglandin D2 (PGD2), prostaglandin I2 (PGI2), and throm
boxane A2 (TxA2), which are biosynthesized from arachidonic acid (AA) 
(a 20‑carbon polyunsaturated fatty acid) [2]. PG signaling regulates a 
variety of physiological and pathological processes, covering aspects 
such as body temperature, cardiovascular stability, reproduction, and 
inflammation [3]. (See Figs. 1–6.) 

The immune system is composed of the innate immune system and 
the adaptive immune system [4]. The primary function of the immune 
system is to protect the host from the invasion of pathogens [5]. The 
immune system is a complex network of various organs, immune cells, 
and immunologically active substances (such as antibodies, lysozymes, 
complement factors, immunoglobulins, cytokines, etc.) distributed 

throughout the body, collaborating to perform immune surveillance, 
defense, and regulatory functions [6]. In this process, the transfer of 
metabolites and biological information between cells is crucial for the 
coordination and regulation of functions, with immune cells actively 
communicating through direct contact or the release of soluble cyto
kines [7,8]. 

PGs are essential bioactive lipids that play a crucial role in the 
regulation of inflammatory responses and immune system functions. 
Their ability to modulate the function and phenotype of T cells, thereby 
exerting both pro-inflammatory and anti-inflammatory effects, high
lights the intricate mechanisms through which they operate, including 
their impact on immune cell activation and immune response regulation 
[9–12]. The immune system plays a vital role in maintaining internal 
equilibrium and protecting against external pathogens [13]. Neverthe
less, dysregulation or hyperactivity of the immune response can result in 
autoimmune disorders, allergic responses, rejection of transplanted or
gans, and other complications [14]. Consequently, investigating the role 
of PGs in immunosuppression is essential for enhancing our compre
hension of immune modulation and for the advancement of novel 
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immunotherapeutic approaches [15,16]. 
The objective of this review is to comprehensively examine the 

diverse functions of PGs in immunosuppression, including their impact 
on immune cell regulation, maintenance of immune tolerance, treat
ment of autoimmune disorders, and potential utility in tumor immu
notherapy. By conducting a thorough analysis of PGs, our aim is to 
enhance comprehension of their significance in immunosuppression and 
offer robust recommendations for future investigations, facilitating the 
development of more efficacious immunoregulatory approaches to 
enhance human health. This review offers a thorough examination with 
the aim of encouraging further detailed discussions and pioneering 
research. 

2. Biochemical features 

PGs are bioactive lipids that contribute to normal development, tis
sue homeostasis, inflammation, and cancer progression [17,18]. PGs 
synthesis is mediated through a cascade of three sequential enzymatic 
processes. Initially, AA is liberated from membrane phospholipids by the 
enzyme phospholipase A2 (PLA2) in response to diverse physiological 
and pathological stimuli. Following this, prostaglandin H synthase 
(PGHS), commonly referred to as cyclooxygenase (COX), catalyzes the 
conversion of the liberated AA into the intermediate prostaglandin 
metabolites prostaglandin G2 (PGG2) and prostaglandin H2 (PGH2) 
[19–21]. Finally, PGH2 is metabolized into five principal prosta
glandins—PGD2, PGE2, PGF2α, PGI2, and TxA2—by specific enzymes: 
prostaglandin D synthase (PGDS), prostaglandin E synthase (PGES), 

prostaglandin F synthase (PGFS), prostaglandin I synthase (PGIS), and 
thromboxane A synthase (TxAS), each of which specifically catalyzes the 
transformation to regulate the type and function of the resulting PG 
[22–24]. After synthesis, PGs are rapidly transported to the extracellular 
microenvironment via prostaglandin transport protein (PGT), which 
belongs to the 12-transmembrane domain anion transport polypeptide 
superfamily [17,25,26]. This step is crucial for the regulation of PG 
levels and their signaling functions [27]. 

Physiological homeostasis depends on PG production and degrada
tion remaining in balance [28]. PGs are primarily metabolized by the 
initial oxidation of the 15(S)-hydroxyl group catalyzed by 15-hydroxy
prostaglandin dehydrogenases (15-PGDHs). 15-PGDHs are regarded as 
the principal enzymes responsible for the biological deactivation of PGs 
and related eicosanoids. This enzyme group includes two distinct types: 
Type I, which is NAD+-dependent, and Type II, which is NADP- 
dependent. Type I is regarded as the principal enzyme responsible for 
regulating the biological functions of PGs and related eicosanoids 
[29,30]. Overall, the regulation of PG production and clearance is 
mediated by a complex interplay of enzymes. These enzymes govern the 
synthesis of PGs from arachidonic acid, their transport to target sites, 
and their subsequent degradation. This intricate regulatory mechanism 
ensures precise control over the physiological and pathological effects of 
PGs. 

PGs are lipid mediators derived from arachidonic acid that mediate a 
variety of biological functions through their specific G-protein-coupled 
receptors (GPCRs) [31]. The PGD2 receptors are comprised of two G 
protein-coupled receptors, the D-type prostanoid receptor (DP or DP1), 

Fig. 1. The biosynthesis, transport, and functional activation of PGs. Beginning with AA, released by PLA2, AA is then converted into PGH2 by the action of 
cyclooxygenase enzymes (COX-1 and COX-2). PGH2 is subsequently metabolized to the five primary PGs (PGD2, PGE2, PGF2α, PGI2, TxA2) and is expelled from the 
cell through PGT. These PGs execute their biological functions by interacting with specific GPCR, thereby initiating a multitude of signaling pathways that regulate 
immune functions and various other physiological processes. 
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and the chemoattractant receptor-homologous molecule expressed on 
Th2 cells (CRTH2 or DP2) [32,33]. PGE2 has four receptors, prosta
glandin E receptor 1–4 (EP1–4) [34].There are also prostaglandin F 
receptors (FP), prostacyclin receptors (IP), and thromboxane A2 re
ceptors (TxA2R), classified according to their specific ligands [35–37]. 
The binding of PGs to specific receptors leads to the activation of these 
receptors and the subsequent dissociation of the heterotrimeric G pro
tein complex [38]. This activation initiates a cascade of downstream 
signaling pathways that are pivotal in a multitude of (patho)physio
logical processes. These pathways regulate immune functions, including 
the differentiation, activation, proliferation, migration, and cytokine 
secretion of immune cells [27,39,40]. The effects of these pathways on 
immune functions can be either synergistic or antagonistic, under
scoring the complex interplay between PGs and the immune system. 

3. Prostaglandins and immune cells 

Over a century ago, researchers established the immune system as a 
pivotal defense against infectious diseases, a revelation that continues to 
significantly shape our comprehension of immunology and its portrayal 
in academic texts [41–43]. While traditionally regarded as a defense 
mechanism, this perspective only partially encompasses the immune 
system’s role in sustaining tissue homeostasis and systemic integrity 
[44]. Immunosuppressive cells play a crucial role in mitigating over
activation of the immune system and preserving its homeostasis [45]. 
The tumor microenvironment not only supports tumor growth, pro
gression, and dissemination through angiogenesis but also allows tumor 
cells to evade host immune surveillance. This tumor-associated immu
nosuppression is characterized by enhanced immunosuppressive cells, 
defective antigen-presenting cell function, a shift from T-helper 1 (Th1) 
to T-helper 2 (Th2) and T-helper 17 (Th17) immune responses, and 
impaired cytotoxic activity of CD8+ T and natural killer (NK) cells 
[46–48]. Immune cells infiltrating the tumor, activated stromal cells 
within the tumor microenvironment (TME), and the tumor cells 

themselves generate and release various functional mediators, including 
PGs, believed to instigate inflammation and contribute to immunosup
pression [49,50]. 

4. PGE2 

PGE2 plays an important role in chronic and acute inflammatory 
responses [51,52]. PGE2 is produced by a diversity of cell types 
including epithelial cells, fibroblasts, and infiltrating inflammatory cells. 
It plays a pivotal role in mediating numerous physiological and patho
logical responses, encompassing vascular homeostasis, inflammatory 
processes, nociception, and renal functionality [53–55]. The production 
of PGE2 involves specific synthases, and to date, three types have been 
identified: microsomal PGE synthase-1 (mPGES-1), microsomal PGE 
synthase-2 (mPGES-2), and cytosolic PGE synthase (cPGES). A major 
function of mPGES-1 is to increase production of PGE2, especially under 
conditions of inflammation. However, mPGES-2 and cPGES expression 
are constitutive rather than regulated [56]. As a result of degradation by 
15-PGDH, PGE2 has a faster turnover rate in vivo. [57]. PGE2 exerts its 
effects through four GPCRs, EP1, EP2, EP3, and EP4 [58]. PGE2 
signaling is dependent on the expression of each EP receptor and the 
strength of each EP signal [59]. Calcium mobilization by PGE2 is 
mediated by EP1 (couple to Gq) and EP3 (couple to Gi). EP2 and EP4 can 
increase intracellular cyclic AMP (cAMP) and phosphorylation of pro
tein kinase A (PKA) in response to PGE2, which is closely related to 
cancer development and suppression of anti-tumor immune responses 
[60,61]. 

Natural killer (NK) cells are cytotoxic innate lymphocytes that are 
important for killing virus-infected cells and tumor cells [62,63]. Spe
cifically, PGE2 impairs NK cell function through several mechanisms: (i) 
downregulation of NK cell receptors via the cAMP/PKA pathway; (ii) 
inhibition of NK cell production of interferon-γ (IFN-γ) through the EP2 
receptor; and (iii) suppression of NK cell proliferation and induction of 
apoptosis [48]. Research has demonstrated that tumor cell-secreted 

Fig. 2. The mechanism of PGE2-mediated immunosuppression. PGE2 exerts its immunosuppressive effects by influencing a variety of immune cells, including NK 
cells, T cells, macrophages, DCs, MDSCs, and B cells. It mediates these effects through downregulating NK cell receptors, inhibiting the production of IFN-γ, hindering 
NK cell proliferation and apoptosis, suppressing T cell activation and proliferation, promoting macrophage polarization towards an M2 phenotype, reducing DCs 
maturity, enhancing the immunosuppressive function of MDSCs, and both directly and indirectly inhibiting the development and activation of B cells. These actions 
are achieved through impacts on cell surface receptor expression, cytokine production, cell signaling pathways, and intercellular interactions, highlighting the 
complexity and diversity of PGE2 in regulating immune responses. 
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PGE2 hampers NK cells activation and IFN-γ production through both 
EP2 and EP4 receptors, consequently diminishing NK cells cytotoxicity 
and their capacity to recruit subsequent adaptive immune responses 
[64]. PGE2 exerts its effects not only by directly inhibiting NK cells 
activation and cytotoxic functions but also by indirectly hampering NK- 
dendritic cell (DC) interactions through the modulation of chemokine 
and cytokine secretion by mature DCs. This results in a decreased NK 
cell-mediated Th1 polarization and tumor cell elimination [65]. 
Furthermore, a recently identified function of NK cells is their ability to 
engage in reciprocal communication with T cells and DCs. The secretion 
of cytokines and chemokines, along with the regulation of T cell polar
ization, migration, and the activation of DCs, are intricately regulated by 
activated NK cells. The interaction between NK cells and activated DCs, 
crucial for NK cells function, involves both membrane-bound molecules 
and soluble mediators, such as cytokines and PGs. This bidirectional 
communication is often compromised by PGE2 [66]. 

Within the immune system, the influence of PGE2 on T cell function 
has been established, serving as a pivotal mechanism in immunosup
pression [67]. Initially, PGE2 was found to impede T cell receptor (TCR) 
signaling and T cell activation by elevating intracellular cAMP levels, 
thereby activating PKA and facilitating the inhibition of Lck by Csk [68]. 
Moreover, PGE2 was shown to suppress the transcription of the IL-2 gene 
during T cell activation, leading to diminished IL-2 secretion and, 
consequently, reduced T cell proliferation [69]. Research has indicated 
that PGE2 significantly reduces T cell proliferation in a dose-dependent 
manner and encourages the differentiation of CD4+ T cells towards a 
Th2 phenotype by enhancing the IL-4/IFN-γ ratio in CD4+ T cell cul
tures. This effect is primarily mediated through the overexpression of 
indoleamine 2,3-dioxygenase (IDO), thereby promoting the formation 
and proliferation of regulatory T cells (Tregs) [70]. Additionally, PGE2 
signaling was found to disrupt T cell receptor signaling in CD4+ T cells 
via the EP2 receptor and compromise CD8+ T cell function by inducing a 
tolerant phenotype in DCs, thus inhibiting inflammatory T cell responses 
[71,72]. In the tumor microenvironment, PGE2 facilitates inflammation 
and immunosuppression via the EP2/EP4 signaling pathways, by acti
vating the regulatory DC-Treg axis, which leads to the recruitment and 
activation of Tregs, thereby supporting tumor progression [73]. PGE2 
enables tumor cells to evade T cell-mediated cytotoxicity and induces 
the recruitment of myeloid-derived suppressor cells (MDSCs) and the 
polarization of M2-type macrophages, thereby promoting lung metas
tasis through both endogenous and exogenous pathways [74]. In vitro 
studies have demonstrated that PGE2 inhibits the survival, Type I 
interferon production, and cytotoxic activity of CD8+ cytotoxic T lym
phocytes (CTLs) [75]. Lastly, PGE2 exerts immunosuppressive effects on 
peripheral Tregs by inhibiting their proliferation through the blockade 
of the IL-2 pathway and preventing Th1 induction, thereby obstructing 
the initiation of inflammation [76]. 

PGE2 exerts a complex and pivotal role in modulating the immune 
responses of macrophages [77,78]. Due to their significant plasticity, 
macrophages can respond to various stimuli (such as IFN-γ, LPS, IL-4) 
and polarize into either M1 (pro-inflammatory) or M2 (anti-inflamma
tory) phenotypes in inflamed tissues or cancer environments [79,80]. It 
has been revealed that PGE2 facilitates macrophage polarization to
wards the M2 phenotype by activating hypoxia-inducible factor 1 alpha 
(HIF-1α) and the EP2/EP4 receptors. This process not only enhances 
their migratory capacity and pro-tumorigenic actions but also amplifies 
their suppressive effects on T cell function, thereby playing an immu
nosuppressive role in the tumor microenvironment [81]. Moreover, 
PGE2 regulates the expression of cPLA2 and COX-2 through epigenetic 
mechanisms, thereby increasing the production of inflammatory factors 
while simultaneously diminishing macrophage phagocytosis and 
bactericidal capabilities via the EP2 receptor, leading to impaired 
wound healing in diabetic patients [82]. PGE2 activates the cAMP- 
CREB/CRTC pathway and upregulates krüppel-like factor 4 (KLF4) 
expression, encouraging M2 macrophage polarization and diminishing 
inflammatory responses, which aids in maintaining insulin sensitivity 
[83]. Studies have shown that PGE2 reduces TNF-α production and en
hances IL-10 production by increasing intracellular cAMP levels and 
activating the EP2 and EP4 receptors, thus modulating macrophage re
sponses to inflammation [84]. Endogenous PGE2 was thought to sup
press the production of macrophage-derived chemokines via the EP4 
receptor [85]. Furthermore, PGE2 influenced macrophage migration to 
tumors, evidenced by the upregulation of CCL2, a crucial chemokine 
involved in macrophage recruitment to tumors [86]. PGE2 suppressed 
macrophage anti-tumor immune functions by reducing 15-PGDH 
expression, increasing IL-10 and IL-13 secretion, suppressing CD11c 
and major histocompatibility complex class II (MHC II) expression, and 
enhancing arginase activity [87]. By activating the cAMP-PKA signaling 
pathway and inhibiting salt-inducible kinase 2 (SIK2) activity, PGE2 
facilitated the nuclear translocation of cAMP-regulated transcriptional 
co-activator 3 (CRTC3), which associated with CREB to enhance the 
transcription of IL-10 and other suppressive factors, rendering macro
phages a regulatory phenotype [88]. The activation of the EP4 also 
shifted the polarization of adipose tissue macrophages towards an anti- 
inflammatory M2 phenotype, thus mitigating chronic inflammation 
[89]. 

Dendritic cells (DCs) play a key role in the immune system, acting as 
sentinels of immune surveillance by continuously monitoring changes in 
the immune microenvironment [90]. In peripheral tissues, PGE2 acti
vated DCs, enhancing their immunogenic activity. However, as these 
cells migrated to secondary lymphoid organs, PGE2 began to exhibit its 
immunosuppressive effects, primarily by reducing the maturity of DCs 
and the expression of MHC II, thereby weakening their ability to activate 
T cells [91,92]. Furthermore, PGE2, by activating COX-2 and EP2/EP4 

Fig. 3. The mechanism of PGI2-mediated immunosuppression. PGI2 interacts with the IP receptor to broadly inhibit the immune response. This includes suppressing 
B and T cells activity, enhancing Tregs stability, diminishing ILC2 function, modulating cytokine profiles to reduce pro-inflammatory and increase anti-inflammatory 
IL-10 levels, and inhibiting DCs maturation and function. 
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receptors, not only impeded the differentiation of monocytes into 
functional dendritic cells but also induced their transformation into 
MDSCs with immunosuppressive functions [93]. PGE2 increases cAMP 
levels and activates EP2 and EP4 receptors, thereby stimulating the 
RhoA-Rho-kinase pathway. This activation promotes actin contraction, 
which results in the loss of podosomes on the surface of DCs. Conse
quently, the migratory and antigen-presenting capabilities of DCs are 
diminished [94]. Furthermore, PGE2 was found to increase both the 
expression and activity of metalloproteinase-9(MMP-9) through the EP2 
and EP4 receptors, as well as the cAMP-PKA signaling pathway. This 
enhancement in MMP-9 activity facilitated the migration and matura
tion of DCs, which in turn, indirectly influenced the activation and dif
ferentiation of T cells [95]. PGE2 induces DCs to secrete IL-10, a cytokine 
that regulates the production of inflammatory mediators, thereby 
influencing the phenotype and function of DCs and highlighting its 
immunoregulatory properties [96]. Concurrently, PGE2 induces DCs to 
express IDO and CD25, processes that further suppress T cell prolifera
tion and the secretion of IFN-γ and TNF-α by decreasing tryptophan 
concentration and inhibiting the action of IL-2 [97]. By promoting the 
production of IL-10, PGE2 inhibited the secretion of IL-12, reducing the 
antigen-presenting function and T cell activation capacity of DCs [98], 
and regulated the maturation and function of DCs via the COX-2 
pathway, promoting Th2 cell differentiation and inhibiting Th1 cell 
immune responses [99]. 

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous 
group of immature myeloid cells that accumulate in cancer and play a 
crucial role in maintaining the immunosuppressive microenvironment 
[100]. Sinha et al. were the first to clarify the key role of PGE2 in MDSCs, 
demonstrating how PGE2 controls the differentiation of MDSCs in pre
clinical models of breast cancer. Their study indicated that PGE2 could 
enhance the levels of suppressive Gr1+CD11b+ cells by threefold in 
vitro, thereby supporting the hypothesis that PGE2 is involved in the 
differentiation process from bone marrow progenitor cells to MDSCs 
[101]. Existing research has shown that PGE2 plays a key role in the 
recruitment of MDSCs to tumor sites. The CXCR4-CXCL12 axis is widely 
considered a critical pathway for the recruitment of MDSCs to tumors 
[102]. Obermajer et al. identified a significant association between the 
expression levels of COX-2 and CXCL12 and the production of PGE2 in 
ovarian cancer. Their results demonstrated that COX-2 inhibitors sup
pressed CXCL12 secretion in ovarian cancer ascites, while PGE2 

promoted the synthesis of CXCL12 in the ovarian cancer environment 
and the upregulation of CXCR4 on MDSCs precursors. This mechanism 
facilitates the recruitment and retention of MDSCs in the tumor micro
environment [93]. In a murine glioma model, administration of COX-2 
inhibitors resulted in decreased PGE2 production, subsequently 
reducing the expression of the chemokine CCL2 responsible for 
attracting MDSCs to tumor sites. These findings suggest that COX-2 
blockade hinders the generation and infiltration of MDSCs within tu
mors via a CCL2-mediated pathway [103]. PGE2 promoted the nuclear 
translocation of p50 nuclear factor-κB (NF-κB) in monocytic MDSCs (M- 
MDSCs) via the EP2 receptor, further facilitating the binding of STAT1 to 
regulatory regions of IFN-γ-dependent genes such as nitric oxide syn
thase 2 (NOS2), triggering excessive production of NO and down
regulation of TNF-α, thereby inhibiting T cell proliferation and function 
[104]. PGE2 also enhanced the NF-κB/COX-2 signaling pathway in 
MDSCs by suppressing the expression of receptor-interacting protein 

Fig. 4. The immunomodulatory mechanism of PGD2. PGD2 exerts complex regulatory effects on the immune system through the activation of specific receptors, such 
as DP1 and CRTH2. It inhibits the immune response of macrophages to pathogens by modulating the MAPK and NF-κB signaling pathways, as well as the secretion of 
cytokines and chemokines. PGD2 also directly inhibits the activity of NK cells, reduces IFN-γ production by iNKT cells, and regulates the function of DCs, suppressing 
the development of Th1 cells while promoting the differentiation of Th2 cells. Furthermore, PGD2 influences the activation of ILC2s and the expansion of M-MDSCs, 
further establishing an axis of immune suppression. 

Fig. 5. The immunomodulatory mechanism of TxA2. TxA2 exerts multifaceted 
regulatory effects on the immune system through its interaction with the TP 
receptor. Initially, it can inhibit the interaction between low-affinity CD4+ T 
cells and DCs, enhancing the quality of the immune response, thereby pre
venting autoimmune reactions. Moreover, TxA2 regulates the adaptive immune 
response to exogenous antigens by inhibiting the adhesion and proliferation of 
T cells and DCs. It also induces apoptosis or functional incapacity in autor
eactive T cells in the thymus, generating tolerance to transplants. Finally, TxA2 
promotes the early development of B cells by activating the cAMP-PKA 
signaling pathway and regulating the JAK/STAT5 signaling pathway. 
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kinase 3 (RIPK3), increasing the immunosuppressive activity of MDSCs 
and their pro-tumor effects [105]. As an inflammatory mediator syn
thesized by COX-2 catalysis, PGE2 was able to promote the expansion 
and activation of MDSCs in the spleen, thereby inhibiting the prolifer
ation, secretion, and delayed-type hypersensitivity of CD4+ T cells, 
leading to post-sepsis immune dysfunction [106]. These studies high
lighted the significant role of PGE2 in the development and function of 
MDSCs, especially in creating an immunosuppressive environment that 
could promote tumor growth and hinder the effectiveness of immuno
therapy [107]. 

Recent studies have elucidated the significant impact of PGE2 in 
modulating B cell activity, particularly in immunosuppression. PGE2 has 
been found to inhibit the development of B cells in vivo [108]. Further in 
vitro studies showed that PGE2 promoted apoptosis of immature B cells 
induced by B cell receptor (BCR) and inhibited the proliferation [109] 
and activation of mature B cells activated by BCR through the EP4 re
ceptor [110]. Specifically, PGE2 acted on key molecules in the BCR 
signaling pathway through the EP4 receptor, reducing their transcrip
tional activity, including the inhibition of NF-κB and activator protein-1 
(AP-1), while decreasing the expression of MHC molecules, thereby 
suppressing the proliferation and function of B cells [111]. Beyond its 
direct effects on B cells, PGE2 exerts an indirect influence on these cells 
via its effects on mesenchymal stem cells (MSCs) and their immuno
regulatory functions. MSCs exhibit substantial immunosuppressive 
properties, capable of inhibiting the proliferation and activation of 
various immune cells, including T cells and B cells. This inhibition is 
facilitated through the secretion of PGE2 and other soluble factors, such 
as transforming growth factor-β  (TGF-β) and IDO [112]. This mecha
nism underscores the pivotal role of PGE2 in sustaining immune ho
meostasis, particularly through its direct and indirect pathways that 
modulate B cell function, thereby highlighting its intricate and multi
faceted roles in immune suppression. 

5. PGI2 

PGI2 is produced by vascular endothelin and trophoblastic cells 
[113,114]. PGI2 has a variety of pharmacological effects, including 
vasodilation, inhibition of smooth muscle cell proliferation, and platelet 
aggregation [115]. As an essential regulator of immunity, PGI2 in
fluences the functionality and differentiation of a diverse array of im
mune cells through interactions with its IP receptor [116]. 

PGI2 plays a pivotal role in modulating the function and stability of 
Tregs. It accomplishes this by attenuating β-catenin signaling and sup
pressing the expression of immunoglobulin-like transcript 3 (ILT3), 

thereby enhancing the suppressive capacity of Tregs and their ability to 
mitigate Th2 cell reprogramming, ultimately reducing allergic inflam
mation [117]. Furthermore, PGI2, through its IP receptor, diminishes the 
activity of type 2 innate lymphoid cells (ILC2s) in both mice and 
humans, mitigating allergic inflammatory responses [118]. Experi
mental findings have elucidated that PGI2 regulates the development 
and functionality of CD4+ T cell subsets, predominantly exerting 
inhibitory effects on the activation, differentiation, and cytokine pro
duction of Th1 and Th2 cells, while simultaneously promoting Th17 cell 
polarization and cytokine production [116]. The PGI2/IP signaling axis 
contributes to immune regulation by obstructing STAT6-independent 
Th2 cell activation, reducing cytokine expression and allergic airway 
inflammation, curbing the production of inflammatory chemokines, and 
inhibiting CD4+ T cell proliferation [119]. PGI2, via its IP receptor, 
fosters the differentiation and functionality of Tregs, curtails Th2 cell- 
driven inflammatory responses, and prevents the conversion of Tregs 
into a pathogenic phenotype [120]. Research has highlighted the sig
nificance of PGI2 and its IP receptor in establishing immune tolerance to 
ovalbumin (OVA) within the airways, where the PGI2/IP pathway is 
instrumental in promoting immune tolerance, suppressing allergic 
inflammation, and Th2 immune reactions. Conversely, the blockade of 
COX or the deletion of the IP gene disrupts immune tolerance, exacer
bating allergic responses [121]. Studies reported the impact of endog
enous PGI2 through its IP receptor on lipopolysaccharide-induced acute 
lung injury (ALI). PGI2 was found to inhibit the infiltration and activa
tion of neutrophils in the lungs, reduce the expression of inflammatory 
and chemotactic factors, increase the expression of the anti- 
inflammatory factor IL-10, thus alleviating lung inflammation and 
damage [122]. 

Studies have shown that PGI2 and its analogues significantly reduce 
the production of various pro-inflammatory cytokines and chemokines 
by DCs through IP receptor signaling pathway, while increasing the 
production of anti-inflammatory cytokine IL-10. The observed effects 
are linked to increased levels of cAMP and decreased activity of NF-κB 
within the IP receptor signaling pathway [123]. Additionally, these 
analogs demonstrated inhibition of dendritic cell maturation and func
tion, characterized by the decreased expression of CD86, CD40, and 
MHC II, as well as suppression of dendritic cell-induced T cell prolifer
ation and cytokine production. These findings suggest that PGI2 and its 
analogs play a critical role in regulating immune responses [124]. 

6. PGD2 

PGD2 is produced by activated mast cells, macrophages, and Th2 
cells [125]. The biological actions of PGD2 are mediated through two G- 
protein-coupled receptors, DP and chemoattractant receptor homolo
gous molecules expressed on Th2 cells (CRTH2) [126]. DP1 is pre
dominantly expressed in cell types that mediate allergic and 
inflammatory reactions, including mast cells, basophils, eosinophils, 
Th2 lymphocytes, and dendritic cells in both humans and rodents 
[127,128]. DP1 is associated with allergic diseases like rhinitis and 
asthma and plays a crucial role in neurological diseases, reproductive 
development, digestive tract disorders, cardiovascular diseases, and 
maintaining hemodynamics in rodents and humans, including ischemia- 
reperfusion injury and niacin-induced vasodilation [129–132]. CRTH2 
has been detected in humans on type 2 polarized lymphocytes, baso
phils, eosinophils, and monocytes [133]. PGD2 signaling through DP and 
CRTH2 mediates different and often opposite effects in many cell types 
of the immune system [134]. Recent studies have identified PGD2 as a 
key regulator of tumor and inflammation-related functions [135–137]. 

PGD2 represents the most abundant prostanoid produced in central 
nervous system(CNS) of mammals [138], exerts anti-inflammatory ef
fects by signaling through the DP1 receptor [139,140]. Specifically, the 
action of DP1 on macrophages inhibited their activation and phagocytic 
functions, while on microglial cells, it promoted the expression of in
flammatory factors and the clearance of viruses. This indicates that the 

Fig. 6. The immunomodulatory mechanism of PGF2α. PGF2α regulates the im
mune system by activating the FP receptor, leading to the activation of multiple 
signaling pathways. These include PKC and calcium signaling via the Gq protein 
subtype, small G protein Rho activation by G12/G13, and the Raf/MEK/MAP 
kinase pathway through Gi activation. These pathways collectively modulate 
immune functions, such as reducing IL-1β and GM-CSF production, increasing 
IL-10 secretion, and affecting chemokine expressions like CXCL1 and CCL2, 
thereby influencing the behavior of mesenchymal stem cells, neutrophils, and 
other immune cells. 
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PGD2/DP1 axis plays a complex regulatory role in viral infections of the 
central nervous system [141]. Additionally, PGD2 was found to inhibit 
the increase in expression levels of IDO in macrophages. Previous studies 
have shown that IDO may exert immunosuppressive function through 
two different pathways, ‘tryptophan depletion’ and ‘tryptophan 
metabolite accumulation’ [142]. PGD2 may play an immunosuppressive 
role by interfering with tryptophan metabolism [143]. Studies have 
shown that PGD2 and its dehydration end product (such as 15-deoxy- 
Delta-prostaglandin J2, 15-dPGJ2) inhibit the expression of triggering 
receptor expressed on myeloid cells 1 (TREM-1) in macrophages 
through mechanisms independent of the PGD2 receptor and peroxisome 
proliferator-activated receptor γ(PPARγ). This inhibitory effect is ach
ieved by activating nuclear factor erythroid 2-related factor-2 (NRF2) 
and inhibiting NF-κB, demonstrating that PGD2 and its metabolites 
modulate key transcription factors to exert immunosuppressive and 
anti-inflammatory effects [144]. These findings highlight the multifac
eted roles of PGD2 in regulating immune responses and inflammation 
processes. 

PGD2 directly inhibits the cytotoxic activity of NK cells by elevating 
the levels of cAMP within NK cells, without affecting the binding of NK 
cells to their target cells [145]. PGD2 achieves this inhibitory effect by 
interacting with the D-prostaglandin receptor on the surface of NK cells, 
resulting in an increase in intracellular cAMP levels. Thus, this elevation 
would inhibit NK cell cytotoxicity, cytokine production, and chemo
taxis, thereby promoting Th2-type immune responses [146]. Recent 
studies have shown that PGD2, through the activation of the DP1, plays a 
pivotal role in modulating the immune response by inhibiting the pro
duction of IFN-γ by invariant natural killer T (iNKT) cells. IFN-γ is a key 
cytokine essential for combating tumors and pathogens [147]. 
Furthermore, the administration of PGD2 and DP1 agonists has been 
found to reduce the effectiveness of iNKT cell-mediated responses 
against B16 melanoma, underscoring the significant role of PGD2 in 
immune regulation [148]. 

PGD2 influences DCs differentiation and function through the DP1, 
inhibiting Th1 cells development and facilitating Th2 cells differentia
tion, thus playing a role in immune response regulation [149]. PGD2 
suppresses IL-12 production by DCs, promoting a Th2 immune response 
[150]. Increased levels of PGD2 in the lungs of aged mice result in 
reduced migration of respiratory dendritic cells (rDCs), with PGD2 
acting through the DP1 receptor and the cAMP/PKA signaling pathway 
to inhibit the expression of CCR7 on rDCs, affecting their chemotaxis, 
thereby diminishing virus-specific T cell responses and antiviral capa
bilities [151]. Studies have demonstrated that PGD2, secreted by ma
lignant cells in acute promyelocytic leukemia (APL), acts as an 
inflammatory mediator by binding to the CRTH2 receptor, activating 
ILC2s, and promoting the secretion of IL-13. This, in turn, leads to the 
expansion and activation of M-MDSCs, establishing an immunosup
pressive axis that inhibits T cell antitumor function [152]. It has been 
shown that mesenchymal COX2-derived PGD2 activates an ILC2-Treg 
axis to promote proliferation of normal and malignant hematopoietic 
stem and progenitor cells (HSPCs) [125]. 

7. TxA2 

TxA2 was one of the first prostaglandins discovered in washed 
platelets in 1975, produced in large quantities when platelets come into 
contact with damaged blood vessels. Due to its potent platelet aggre
gation and vasoconstriction activities, the function of TxA2 has been 
primarily studied in the cardiovascular system [153,154]. The TBXA2R 
gene, located at chromosome 19 p13.3, encodes the TxA2 receptor, also 
known as thromboxane A2 receptor, a member of the G protein-coupled 
receptor superfamily with two human subtypes, TPα and TPβ 
[155–157]. 

Neutrophil-derived TxA2 can modulate the intensity and spread of T 
cell responses, thus regulating the immune response [158]. TxA2 inhibits 
the interaction between low-affinity CD4+ T cells and DCs through the 

TP receptor, thereby enhancing the quality of the immune response and 
preventing autoimmune reactions [159]. Kabashima et al. found that 
TxA2, produced by activated DCs, inhibited the adhesion and prolifer
ation of T cells with dendritic cells by binding to the thromboxane re
ceptor on T cells, thus regulating the adaptive immune response to 
exogenous antigens [160]. TxA2 induced apoptosis or functional 
incompetence of autoreactive T cells in the thymus by binding to re
ceptors on T cells within the thymus, thereby generating tolerance to 
transplants in the body [161]. Yang et al. found that TxA2, by binding to 
the TP receptor, activated the cAMP-PKA signaling pathway, which in 
turn modulated the JAK/STAT5 signaling pathway, thus promoting the 
early development of B cells. Therefore, low doses of aspirin inhibited B 
cell development by suppressing COX-1 and reducing levels of TxA2, 
offering potential immunosuppressive effects [162]. 

8. PGF2α 

PGF2α is an endogenous metabolite of arachidonic acid that exerts its 
effects by binding to and activating the GPCR, specifically the PGF2α 
receptor (FP). The FP receptor facilitates signal transduction through 
interactions with various G proteins, including Gαq/11, Gα12/13, and 
Gβγ (presumed to originate from Gαi), thereby regulating the physio
logical functions of multiple tissues and cell types [163]. PGF2α, a potent 
vasoconstrictor from the prostanoid family, is pivotal in female repro
ductive functions, including pregnancy physiology, labor initiation, and 
postpartum uterine contraction, and is also linked to hypertrophic 
growth in cardiomyocytes, vascular smooth muscle cells, and skeletal 
muscle cells [164,165]. 

Under agonist stimulation, the FP receptor primarily couples with 
the Gq subtype of G proteins, leading to its activation which subse
quently activates Protein Kinase C (PKC) and triggers transient calcium 
signaling in response to the formation of inositol trisphosphate. Besides 
Gq, activation of FP also proceeds via G12/G13, inducing the activation 
of the small G protein Rho, and activates the Raf/MEK/MAP kinase 
pathway through Gi [23]. PGF2α has been shown to modulate the pro
liferation, inflammation, and immunomodulatory properties of MSCs 
through its activation of the FP receptor and inhibition of the NF-κB 
signaling pathway. This mechanism results in decreased production of 
IL-1β and GM-CSF, while also promoting the secretion of IL-10 by 
lymphocytes [166]. Wallace et al. found that the PGF2α-FP signaling 
pathway could regulate the expression of the inflammatory chemokine 
CXCL1 in endometrial adenocarcinoma cells, thus modulating the influx 
of neutrophils within tumors [167]. PGF2α inhibited the expression of 
inflammatory mediators, reduced neutrophil migration, decreased pul
monary edema, protected alveolar epithelial cells, and thus suppressed 
HCl-induced acute lung injury by activating the FP receptor [168]. 
Research has indicated that PGF2α facilitates the systemic inflammatory 
response triggered by lipopolysaccharide (LPS) via activation of its re
ceptor FP. Conversely, the FP receptor antagonist AL8810 attenuates 
LPS-induced tissue inflammation and injury by augmenting the secre
tion of the anti-inflammatory cytokine IL-10 by neutrophils and mac
rophages [169]. PGF2α, a luteolysis-promoting factor, has the ability to 
induce porcine luteal cells to secrete chemokines such as CCL2, which in 
turn attract and activate immune cells to contribute to the process of 
luteolysis [170]. 

9. Multiple prostaglandins 

When multiple PGs coexist, their biological effects may be either 
diminished or enhanced, contingent upon the specific context and the 
varieties of PGs involved [171]. These PGs engage with their corre
sponding GPCRs, triggering a cascade of signaling pathways. Such in
teractions can result in either synergistic or antagonistic effects, thereby 
influencing the overall physiological outcome [172,173]. Under physi
ological conditions, PGI2 and TxA2 are expressed abundantly in the ce
rebral cortex and hippocampus. These metabolites play a critical role in 
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the pathophysiological mechanisms of ischemic brain injury [174]. 
PGE2 and PGI2 not only sensitize nociceptors but also play crucial roles 
in the development of pulmonary fibrosis [175,176]. PGI2 mitigates, 
while TxA2 promotes, the initiation and progression of atherogenesis via 
their antagonistic effects on vasodilation, platelet aggregation, and 
leukocyte-endothelial cell interactions. Given the crucial roles of PGI2 
and TxA2 in endothelial function regulation, maintaining a well- 
balanced PGI2/TxA2 homeostasis is essential for cardiovascular disease 
prevention [177,178]. 

PGD2 and PGE2 have opposite effects on alveolar macrophages 
infected with Histoplasma capsulatum. Although PGD2 serves as an 
immunostimulatory mediator in controlling H. capsulatum infection, 
PGE2 exerts immunosuppressive effects. The interplay between these 
two PGs may constrain collateral immune damage, potentially at the 
cost of microbial containment [179]. Recent studies have reported that 
following brain injury, the expression levels of the COX-2 and PGE2 
synthase are elevated, whereas PGD2 synthase shows a decrease. This 
suggests that PGE2 and PGD2 may exert opposing effects on inflamma
tion, with PGE2 promoting inflammation and PGD2 exerting anti- 
inflammatory effects [180]. 

In conclusion, the biological effects of various PGs are contingent 
upon their specific interactions and the contextual circumstances of 
their occurrence. These interactions can either amplify or mitigate the 
overall effects. Further investigation is essential to comprehensively 
understand these interactions and their ramifications across different 
physiological and pathological states. 

10. Prostaglandins and immune-associated diseases 

10.1. Rheumatoid arthritis 

Rheumatoid arthritis (RA) is a chronic, systematic autoimmune 
disease characterized by synovial inflammation and joint damage [181]. 
PGs, found in elevated levels in both the synovial fluid and the synovial 
membrane, are believed to be crucial in causing vasodilation, fluid 
extravasation, and pain in synovial tissues. Additionally, there is 
growing evidence that PGs, particularly PGE2, act as mediators in 
complex interactions that lead to erosions in articular cartilage and 
adjacent bone [182]. Knock-out mouse studies have demonstrated that 
PGE2 can elicit both proinflammatory and anti-inflammatory effects. 
These effects are influenced by the type of receptor, the specific cell 
population involved, the context in which activation occurs, and the 
expression of receptor genes within the tissues [183]. 

PGE2 induces elevated levels of IL-6 and serum amyloid A (SAA) in 
arthritis patients through the activation of EP4 receptors, resulting in 
both systemic and localized inflammatory reactions that exacerbate the 
degradation of articular cartilage and bone. Consequently, targeting EP4 
receptors with antagonists may present a novel therapeutic approach for 
RA [184]. In clinical, Nonsteroidal Antiinflammatory Drugs (NSAIDs) 
like Naprelan (naproxen sodium), Mobic (meloxicam), and Duexis 
(ibuprofen and famotidine) inhibit COX activity, thereby inhibiting PGs 
synthesis and producing antipyretic and analgesic effects used for relief 
of the symptoms and pain of rheumatoid arthritis [185]. PGE2 exerts 
immunosuppressive effects in RA by modulating NF-κB activity through 
ERK-dependent and -independent pathways in synovial fibroblasts, key 
mediators of RA inflammation and cartilage erosion. This process can 
inhibit the action of inflammatory cytokines and may contribute to the 
resolution phase of inflammation to prevent cartilage degradation in 
arthritis [186]. 

10.2. Multiple sclerosis 

Multiple sclerosis (MS) is a debilitating chronic inflammatory con
dition affecting the CNS, characterized by persistent inflammation, 
demyelination, gliosis, varying levels of axonal and oligodendrocyte 
damage, progressive neurological impairment, and significant 

infiltration by a diverse array of immune system cellular and soluble 
mediators [187]. In MS patients, increased PG levels in cerebrospinal 
fluid (CSF) can indicate the involvement of PGs in pathogenesis 
[188,189]. The prostaglandin synthesis enzymes PLA2 and COX, 
particularly COX-2 and mPGES-1, exhibit elevated expression levels in 
the lesion sites associated with MS, thereby facilitating the generation of 
PGE2 and subsequently contributing to neuroinflammation and demy
elination. Consequently, pharmacological agents targeting COX-2 and 
mPGES-1 may offer promising therapeutic avenues for the management 
of MS [187,190,191]. PGE2 increases Th1 cell differentiation and Th17 
cell expansion through EP2/EP4 receptor signaling pathway, thereby 
exacerbating neuroinflammation. Therefore, the use of EP2/EP4 re
ceptor antagonists may help to inhibit the development of MS [192]. 

Experimental autoimmune encephalomyelitis (EAE) is widely 
regarded as an effective MS model [193]. Xu et al. demonstrated that the 
cooperation between PGE2 and adenosine can suppress the progression 
of EAE. Additionally, they observed that the combination of PGE2 and 
adenosine significantly reduced the production of INF-γ and IL-17 from 
T cells. This inhibitory effect is mediated through EP4 and A2A receptors. 
These findings indicate that the combination of PGE2 and adenosine may 
protect against immune-mediated destruction in EAE by inhibiting T cell 
function [194]. These findings underscore the dual role of PGE2 in im
mune responses, further illustrating how prostaglandins can function in 
both pro-inflammatory and immunoregulatory capacities depending on 
the context and interactions with other mediators. 

10.3. Inflammatory bowel diseases 

Inflammatory bowel diseases (IBD) are chronic inflammatory dis
eases of the digestive system. The most common types of IBD are Crohn’s 
disease (CD) and ulcerative colitis (UC) [195]. PGs are a class of sig
nificant lipid mediators involved in regulating the defense and repair 
mechanisms of the gastrointestinal (GI) mucosa [196]. It has been re
ported that PGE2 can inhibit lesion formation in DSS-induced colitis in 
rats and reduce the levels of mucosal inflammatory cytokines [197]. 
Zhou et al. demonstrated the immunomodulatory effects of urine- 
derived stem cells (USC) on chemically-induced colitis by inhibition of 
Th1/Th17 immune responses in a PGE2-dependent manner [198].The 
synthesis of PGs is mainly dependent on the activity of COX, which can 
be inhibited by NSAIDs, leading to gastrointestinal injury and the 
exacerbation of IBD [199]. COX has two isoforms, COX-1 and COX-2, 
which play different roles in the defense and inflammation of the GI 
mucosa. COX-1 is primarily responsible for maintaining normal PG 
levels, whereas COX-2 is mainly induced to be expressed in situations of 
inflammation and injury, producing PGs with anti-inflammatory and 
pro-healing effects [200].The role of PGs in the treatment of IBD is 
complex and varied, depending on the subtype of prostaglandins, the 
type and expression level of their receptors and synthesizing enzymes. 

10.4. Atopic dermatitis 

Atopic dermatitis (AD) is a common chronic inflammatory skin dis
ease with a complex and heterogeneous pathogenesis, encompassing 
allergic/immune dysregulation, skin barrier dysfunction, and pruritus 
[201]. It has been reported that the skin of AD patients can produce 
various prostaglandin species, including PGE2 and PGD2, both of which 
play significant roles in the pathogenesis of atopic dermatitis [202]. 
PGD2 exerts different effects through two receptors, DP1 and CRTH2. 
DP1 has anti-inflammatory effects and maintains barrier function, while 
CRTH2 promotes chemotaxis of white blood cells and inflammatory 
responses. This demonstrates that prostaglandins can have both pro- 
inflammatory and regulatory effects depending on the receptor type 
involved. PGE2 regulates the functions of various cells, including kera
tinocytes, immune cells, and neurons, through four receptors, EP1-EP4, 
affecting the skin’s barrier, inflammation, and itchiness [203]. PGE2 
exacerbates the development of allergic contact dermatitis and atopic 
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dermatitis by promoting T-cell production of IL-22 through EP2 and EP4 
receptors, suggesting that inhibiting prostaglandin synthesis or receptor 
signaling could be a potential strategy for treating these skin in
flammations [204]. In an OVA-induced AD model, the DP agonist 
BW245c inhibits OVA sensitization by suppressing the migration of skin 
DCs [205,206]. The dual roles of PGs in AD underscore their complex 
function within the immune system. These molecules are shown to exert 
both inflammatory and regulatory effects, illustrating that PGs are not 
merely inflammatory mediators. Their contribution to immune regula
tion and the maintenance of skin homeostasis is dependent on the spe
cific receptors and pathways involved, highlighting the multifaceted 
nature of prostaglandin functions in dermatological contexts. 

10.5. Allergic asthma 

PGD2 is the principal prostaglandin produced by mast cells and eo
sinophils, acting through DP1 and DP2 receptors. It can induce bron
choconstriction, vasodilation, exudation, and chemotaxis of effector 
cells, thereby playing a role in the pathogenesis of allergic asthma 
[207,208]. PGD2 also enhances the activation of ILC2 and Th2 cells and 
the secretion of Th2-type cytokines, such as IL-5 and IL-13. Levels of 
PGD2 are elevated in aspirin-exacerbated respiratory disease (AERD) 
and correlate with the severity and control of asthma. DP2 receptor 
antagonists have shown effects in improving asthma symptoms and lung 
function in some clinical trials, though some trials have not confirmed 
this [125]. Therefore, the DP2 receptor may be an effective target for 
asthma treatment, but further research and optimization are needed. 
PGE2 primarily exerts anti-inflammatory effects in allergic asthma by 
inhibiting the differentiation and function of Th2 cells through EP2 and 
EP4 receptors, reducing IgE production, decreasing eosinophil infiltra
tion, inhibiting mast cell release, and dilating bronchial smooth muscle 
[209]. Prostaglandin receptor antagonists, such as DP2 and EP2 antag
onists, can specifically block prostaglandin signaling, thereby alleviating 
symptoms and inflammation in allergic asthma. Some clinical trials have 
already indicated their potential efficacy in asthma treatment [210]. 

10.6. Cancer 

In numerous studies, PGs have been shown to play a key role in 
cancer progression [211]. PG pathways facilitate oncogenesis through 
their roles in regulating cellular proliferation, growth, apoptosis, inva
sion, migration, metastasis, and angiogenesis. The PGE2/EPs, TxA2/ 
TBXA2R, and PGF2α/FP pathways are primarily involved in promoting 
cancer, while the PGI2/IP and PGD2/DP axes are mainly involved in 
suppressing cancer [17]. Many tumor cells can secrete PGE2 to establish 
a TME not only favoring tumor growth but also suppressing anti-cancer 
immunity [212]. NSAIDs have been reported to prevent cancer and stop 
tumor growth by inhibiting PG synthesis through COX-2 hindrance 
[213–215]. Epidemiologic studies suggest that long-term use of NSAIDs 
has chemopreventive properties against colorectal cancer (CRC) [216]. 
In animal tumor models, NSAIDs or COX-2 inhibitors have been 
demonstrated to inhibit tumor growth by suppressing PGE2 signaling 
[217]. A recent study revealed that the accumulation of immunosup
pressive neutrophils in the lung impairs the antitumor efficacy of 
adoptively transferred T cells, leading to therapeutic failure. Inhibition 
of PGE2 signaling, which effectively prevented the induction of immu
nosuppressive neutrophils, significantly enhanced the effectiveness of 
adoptive T cell therapy in the treatment of lung metastases of breast 
cancer in murine models [218]. PGE2 and COX-2 levels in cancer pa
tients are significantly elevated when macrophages infiltrate the tumor 
[219]. PGE2 excretion from cancer cells is critical for macrophage 
infiltration of M2-type polarization by macrophages [220]. PGE2- 
treated xenograft tumors also showed increased M2 type macrophage 
infiltration [221]. Moreover, PGE2 has been shown to upregulate COX-2 
through a COX-2-PGE2-COX-2 positive feedback circuit, further eroding 
the immunosuppressive and immune-tolerating effects of PGE2 [222]. 

The PGD2 signaling pathway is purported to function as an oncogenic 
suppressor. A genetic deficit in the DP receptor has been shown to 
augment angiogenesis and neoplastic proliferation within a murine 
tumor xenograft model [223]. 

PGs play a crucial role in cancer progression, displaying complexity 
in their dual function of promoting and inhibiting tumor growth, as well 
as regulating inflammatory and immune processes. These findings un
derscore the potential therapeutic significance of targeting PG pathways 
in cancer treatment strategies, particularly in addressing the dual role of 
PG-induced immunosuppression and pro-inflammatory responses. 

11. Prostaglandins and solid organ transplantation 

In solid organ transplantation, the induction of tolerance can 
diminish the risk of acute and chronic graft rejection and thereby 
improve the survival of the allograft. The discovery of naturally occur
ring tolerance-inducing molecules offers a unique opportunity to design 
new therapeutic strategies to improve allograft survival [224]. 

PGE2 is an important immunomodulator with immunosuppressive 
function [225]. PGE2 exerts significant immunosuppressive effects 
through various mechanisms. These include directly inhibiting the 
proliferation and activation of NK cells and effector T cells, impairing 
antigen presentation by dendritic cells, and promoting the infiltration of 
MDSCs and Tregs [53]. Tregs, engineered to express chimeric antigen 
receptors (CAR), show promise in inducing transplant tolerance by 
targeting a broad range of antigens without Human Leukocyte Antigen 
(HLA) restriction. These CAR Tregs accumulate at the transplant site, 
maintaining their suppressive function more effectively than natural 
Tregs [226]. Further exploration of the role of PGs in immunoregulation 
and their mechanisms may facilitate the development of new thera
peutic strategies to enhance post-transplant management and long-term 
health of patients. 

12. Conclusion 

In this review, we explore the pivotal role of prostaglandins in im
mune regulation, with a particular emphasis on their critical function in 
immune suppression. Prostaglandins interact with specific receptors to 
initiate complex signaling pathways that intricately modulate immune 
cell functions. This modulation involves the downregulation of inflam
matory mediators, reduced migration, and infiltration of immune cells, 
effectively attenuating excessive immune responses and inflammation. 
These mechanisms are essential for preventing autoimmune diseases, 
maintaining immune tolerance following organ transplantation, and 
managing allergic disorders. Despite the therapeutic potential of pros
taglandins and their analogues in treating immune-mediated conditions, 
their clinical application is currently hampered by several challenges 
and limitations. Future research should aim for a more comprehensive 
understanding of prostaglandin mechanisms in immune regulation and 
seek ways to address these challenges through improved drug design 
and therapeutic strategies. 

In conclusion, the role of prostaglandins in immune suppression not 
only deepens our understanding of immune regulatory mechanisms but 
also establishes a robust foundation for the development of novel ther
apeutic approaches. Advancing our knowledge of prostaglandin func
tions and mechanisms in the immune system is crucial for creating more 
effective and targeted treatments, utilizing this key biological regulatory 
pathway to address a broad spectrum of immune-related disorders. 
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