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Innate immunity comprises intricate cellular and tissue responses critical for host defense and tissue homeostasis. Intercellular communication is central to these responses and significantly influences infection, inflammatory disorders, and cancer. Connexins form hemichannels, gap junctions, and connexosomes to mediate signaling molecule transfer, including nucleotide derivatives, ions, antigens, and mitochondria, which occur between adjacent cells or between cells and their microenvironments. By modulating intercellular communication, connexins regulate various immune cell functions and contribute significantly to the coordination of innate immunity. This review summarizes recent insights into connexin-mediated innate immune networks and their implications in pathological contexts such as viral infections, inflammation, and tumorigenesis. Additionally, we discuss targeting connexins as an emerging pharmacological strategy for clinical intervention.
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1 Introduction

The innate immune system consists of physical barriers, chemical barriers, and cellular components that constitute the first line of defense of our bodies. Among these cellular components, phagocytic cells (such as neutrophils and macrophages), dendritic cells (DCs), natural killer (NK) cells, and a substantial set of non-immune somatic cells operate in an integrated manner to detect and neutralize a diverse array of harmful stimuli (1). This process is generally initiated by the recognition of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) through pattern recognition receptors (PRRs) (2), which trigger rapid and robust innate immune responses. These responses include the activation of inflammatory pathways, the recruitment of immune cells, and the clearance of pathogens and cellular debris while, at the same time, priming the adaptive immune system (3). Given its pivotal role in numerous diseases ranging from infectious diseases and chronic inflammation to organ fibrosis, neurodegenerative disorders, and cancer, the innate immune system has emerged as a critical therapeutic target (4, 5). The therapeutic potential drives intense investigation into their regulatory mechanisms, where intercellular communication emerges as a vital regulatory factor (6).

Recent studies have highlighted the importance of connexins in the innate immune system. Connexins, a family of 21 highly homologous transmembrane members in humans, are best known for their ability to form functional hemichannels and gap junctions. Connexins are named based on their molecular weight. For example, connexin 43 (Cx43) has a molecular weight of approximately 43 kDa. All connexins share a conserved structure featuring transmembrane domains, extracellular loops, a cytoplasmic loop, and cytoplasmic N- and C-terminal tails. Size variations mainly derive from differences in the C-terminal tail containing modification-prone sites, leading to functional differences (Figure 1). Additionally, connexins display distinct tissue distributions and are restricted to specific cell types, while some connexins, such as Cx43, are broadly expressed (7, 8). Connexins can oligomerize into hexameric structures termed connexons or hemichannels, which facilitate the exchange of molecules like ATP and NAD+ between a cell and its surrounding environment under certain physiological and pathological conditions like inflammation (9). This functionality resembles that of pannexin, which exclusively forms single-membrane channels. By contrast, connexin hemichannel typically docks with another hemichannel to form a gap junction between adjacent cells, which facilitates electrical coupling and the direct transfer of various signaling molecules, including second messengers, ions, and metabolites (8). In addition, connexins have also been recognized for their intriguing role in mitochondrial transfer (10).




Figure 1 | Linear maps of Cx43 and Cx26. Connexins share a similar motif structure, featuring four transmembrane domains (TM1, TM2, TM3, TM4), two extracellular loops (EL1 and EL2) that are notably conserved among connexins, one cytoplasmic loop (CL), amino-terminal and carboxy-terminal domains (NTD and CTD) within the cytoplasmic region (7, 11). The size variations of Cx43 and Cx26 mainly derive from differences in the C-terminal tail.



The connexin-containing channels critically modulate key innate immune pathways. For instance, hemichannels and gap junctions facilitate cytosolic cyclic GMP-AMP (cGAMP) transfer, amplifying STING-dependent interferon production (12, 13), while connexin-mediated ATP release primes the NOD-like receptor protein-3 (NLRP3) inflammasome activation and IL-1β/IL-18 secretion (14). Additionally, connexins, especially the most well-documented Cx43, have been reported to regulate innate immune cell functions, including antigen presentation (15), macrophage polarization (16, 17), and phagocytosis (18, 19). Connexins also exert non-channel roles in innate immunity. For instance, Cx43 interacts with poly(ADP-ribose) polymerase 1 (PARP1) to inhibit its nuclear translocation, thereby maintaining NAD+ levels and mitochondrial function, which suppresses excessive inflammation and immune homeostasis (20). Conversely, innate immune signals also influence connexins’ expression, localization, and function in a cell type-dependent manner. For example, upon stimulation with lipopolysaccharide (LPS), the expression and function of Cx43 in macrophages and leukocytes are enhanced (21, 22). In contrast, an adverse effect and degradation of connexins are observed in some parenchymal cells (23). Moreover, cytokines associated with innate immunity, such as IL-1β, can also modulate the opening of Cx43 hemichannels (24).

Despite these advances, only a limited subset of connexins has been extensively surveilled and studied in innate immunity, including Cx43, Cx40, Cx37, Cx26, Cx32, and Cx30.3, particularly in epithelial cells, monocytes, DCs, NK cells, and macrophages, and connexins exhibit some paradoxical roles in disease pathogenesis (19, 25). In the present review, we have examined connexins in transmitting vital innate immune signaling molecules, such as nucleotide derivatives, ions, metabolites, and antigens, to understand their varying contributions that depend on molecular specificity and disease context. Subsequently, the connexin-involved mitochondrial transfer has been addressed. We have also focused on the significance of connexins in regulating immune cell functions and bridging innate and adaptive immunity and discussed the therapeutic advantages of targeting connexins in diseases related to innate immunity.




2 Transmitted innate immune molecules via hemichannels and gap junctions

Channels formed by connexins have a pore diameter of 1.5–2 nm, allowing the passage of water-soluble molecules with sizes up to approximately one kDa (26). The transmission of innate immune molecules via hemichannels or gap junctions is crucial for a coordinated and swift immune response across multiple cells, particularly among immune cells (27). Under physiological conditions, hemichannels are typically closed or maintain low channel permeability, thereby preserving cellular homeostasis. However, during inflammation, PAMPs can trigger the opening of hemichannels, primarily facilitating the release of ATP and DAMPs (28). When gap junctions form between two cells, the channels are typically open to perform vital physiological functions, and their functionality is intricately linked to the molecules they convey. These molecules include nucleotide derivatives such as cGAMP, ions, and antigens in innate immunity (Figure 2). By enabling the rapid and synchronized exchange of signals, gap junctions enhance the efficiency at the tissue level of immune surveillance, inflammation, and clearance of pathogens or damaged cells (27). Clarifying the specific molecules that pass through connexin-mediated channels in diverse contexts contributes to elucidating the functions of connexins in various pathological states and enables us to better intervene in innate immune-related diseases.




Figure 2 | Inter- and extracellular transfer of innate immune signaling molecules through connexin channels. Connexin proteins comprise transmembrane domains, extracellular loops (EL1 and EL2), cytoplasmic loops (CL), and cytoplasmic amino-terminal and carboxy-terminal domains (8). Connexins assemble into hexameric complexes known as hemichannels or connexons. The most widely recognized function of hemichannels is mediating DAMP communications with the extracellular matrix under certain stress conditions. When two hemichannels dock, they form a gap junction channel that connects adjacent cells. Key molecules implicated in immune functions through gap junctions include nucleotide derivatives (such as ATP, cGAMP, cAMP, and cGMP), ions (such as K+ and Ca2+), and antigens (including small molecule antigens, peptide antigens, and nucleic acid fragments).





2.1 Nucleotide derivatives

In multicellular organisms, innate immune defense mechanisms depend on complex cell interactions, mainly mediated by soluble proteins like type I interferons (IFN-Is) (1). However, even in cells with compromised interferon receptors, the activation of immune signaling remains detectable between adjacent cells (6, 29). This persistence is attributed to intracellular communication, particularly the transfer of ATP and second messengers through connexin channels. Among nucleotide derivatives, ATP is the primary molecule for intracellular energy transfer, while cGAMP, cAMP, and cGMP function as critical second messengers. All of these molecules can be transferred through connexin channels.

ATP serves as an important DAMP and purinergic signaling molecule, participating in the regulation of inflammation progression. In damaged or dying cells, ATP can be released through fragmentation of cells, Ca2+-dependent exocytosis, or connexin- and pannexin-formed hemichannels, leading to a several hundred-fold increase of extracellular ATP (30). Intriguingly, in innate immune cells, such as macrophages and neutrophils, LPS-induced ATP release was inhibited by deleting the Cx43 gene but not by the pannexins blocker probenecid (31). This observation suggests that connexins and pannexins exhibit distinct patterns of opening and regulation within immune cells despite their structural similarity. Subsequently, extracellular ATP activates the P2X7 receptor on neighboring immune cells, leading to the activation of NLRP3 inflammasome and cleavage of caspase-1, which promotes the secretion of proinflammatory cytokines such as pro-IL-1β and pro-IL-18 (32). Given the role of connexins in ATP efflux, inhibitors of connexin hemichannels can reduce ATP concentrations in the microenvironment, thereby dampening inflammatory signaling. In inflammatory diseases, specific hemichannel inhibitors, such as the Cx43 mimetic peptides TAT-GAP19 and Peptide 5, have demonstrated protective effects in conditions like liver fibrosis, hepatic ischemia/reperfusion injury, and lethal microbial infections (31, 33). Additionally, inhibiting autocrine Cx43-dependent ATP release in macrophages improves the sepsis outcome (34).

cGAMP is a second messenger produced by the enzyme cGAMP synthase (cGAS) in response to the presence of abnormal cytoplasmic double-stranded DNA and functions as a pivotal PAMP and DAMP to produce IFNs and various immune mediators (12, 35). cGAMP can be transferred from producing cells to neighboring cells through gap junctions, which initiates a signaling cascade that amplifies the intensity of innate immune responses (36). This intercellular transmission can occur between epithelial cells, tumor cells, macrophages, and DCs, enhancing antiviral and antitumor responses. The transfer of cGAMP through gap junctions provides a rapid, transcription-independent, horizontal propagation mechanism for activating innate immunity (37). However, the transfer of cGAMP through the gap junction does not always appear beneficial. For example, brain metastatic cancer cells use gap junctions to transfer cGAMP to astrocytes, activating STING signaling and promoting the release of inflammatory cytokines to enhance tumor growth and chemoresistance (12).

cAMP and cGMP, structurally similar to cGAMP, are cyclic nucleotides that can also be transmitted rapidly between adjacent cells through gap junctions (38). However, connexin types affect the permeability of such transmission. For instance, Cx43 is highly expressed in the heart, nervous system, and immune system and plays an important role in facilitating the passage of cAMP and cGMP, which are strongly linked with cardiac and neurological disorders (39, 40). Although limited studies regarding the connexins with cAMP and cGMP transfer in immune cells, their pivotal roles in regulating cell and tissue homeostasis suggest a potential in regulating the innate immune system (41).




2.2 Ions

Ion transport is another pivotal function of gap junctions to maintain innate immune homeostasis. The activation of connexin channels enables the free interchange of potassium (K+) and calcium (Ca²+) ions between adjacent cells, which plays a key role in modulating the NLRP3 inflammasome (42, 43), a process vital in orchestrating the inflammatory response to infection and tissue damage, by activating caspase-1. Caspase-1 also cleaves gasdermin D (GSDMD), leading to pyroptosis, a regulated cell death that contributes to inflammation (44). Ca²+ influx is necessary to generate mitochondrial reactive oxygen and activate the NLRP3 inflammasome, and the opening and closing of these hemichannels are controlled by calcium and potassium concentrations (45). NLRP3 inflammasome is closely associated with various connexin-related diseases, including autoimmune disorders, neurodegenerative conditions, and cancers (46). During wound healing, an injury-induced calcium wave increases Ca²+ influx, enhancing the activity of nuclear factors of activated T-cells, and these long-term transcriptional and functional responses are regulated by connexins (47). In addition, the deregulated function of connexin channels can mediate abnormal ion flow, leading to cytotoxicity and homeostatic imbalance (48), and subsequently activate innate immune signals.




2.3 Antigens

The intercellular transmission of antigenic information from donor to recipient cells can be mediated by gap junctions, which are crucial in regulating immune responses (49). These biomolecules include small-molecule antigens, peptide antigens, and nucleic acid fragments and typically originate from pathogens or foreign substances that activate PRRs and trigger defensive immune responses (50). Connexin-mediated antigen transfer effectively enhances the utilization of antigens and broadens and prolongs the range and duration of immune responses. Early studies on the role of gap junctions in antigen cross-presentation originated in virology. Specifically, disrupting gap junction-mediated intercellular communication reduced immunoglobulin and cytokine expression in mixed lymphocyte cultures, herpes simplex virus (HSV), and human papillomavirus (HPV) suppressed the expression of connexins during latent infections in Vero cells (51). Furthermore, gap junctions facilitate the transfer of intercellular antigen epitopes for presentation on MHC class I molecules, making them accessible for recognition by cytotoxic T lymphocytes (52). Gap junction-mediated antigen cross-presentation is also a key mechanism for activating DCs (53). Additionally, some tissue-resident DCs have limited direct exposure to pathogens; thus, intercellular antigen transfer can effectively overcome this limitation (15). Interestingly, in studies of gap junctions formed by Cx43, peptide segments with molecular weights less than one kDa exhibit excellent passage efficiency (54). By contrast, larger peptide segments restricted by MHC class II tend to be less compatible (55), reflecting the influence of molecular size on the passage efficiency through gap junction channels.

In antitumor immunity, antigen spreading is a common phenomenon. For instance, bacteria-treated melanoma cells can form functional gap junctions with adjacent DCs to transfer antigenic peptides (56). Meanwhile, CCR7-expressing CD103(+)/CD141(+) DCs in melanoma can efficiently transport tumor antigens to activating T cells (57). Connexin-mediated antigen transfer may occur in various physiological and pathological environments, including the thymus, intestines, sites of allergic reactions, lesion areas, and vaccination sites (58). During vaccination, host cells responding to infections or vaccinations transfer antigens to DCs, helping prevent damage to DCs from direct contact with viruses. This transfer compensates for certain subtypes of DCs with limitations in acquiring distal antigens, thereby enhancing specific immune responses against natural infections, tumor development, and vaccine-induced immunity (58). The transfer of antigens at these sites can significantly influence immune outcomes. Therefore, investigating how connexins precisely regulate antigen transfer is important to understanding innate immune modulation toward acquired immunity.





3 Connexin-involved mitochondrial transfer

As a dynamic organelle within the cell, the mitochondrion plays a central role in energy production, cellular metabolism, and damage monitoring. Some PRRs on the mitochondrial membrane, such as the RIG-I-like receptors, can sense the presence of pathogens and promote the production of interferons and other inflammatory factors (59). Besides, key components in innate immunity, such as TBK1 kinase, regulate the fusion and fission of mitochondria (60). Intriguingly, recent emerging research has suggested that some cells can export some of their mitochondria and deliver them to recipient cells, such as between tumor cells and macrophages, and is associated with the functional regulation of immune cells (61).

Several connexin-involved mechanisms have been reported to facilitate intercellular mitochondria transfer. Tunneling nanotubes represent one of these mechanisms that enhance macrophage phagocytosis (62) and host defense (63), and connexins, such as Cx43, regulate the formation of tunneling nanotubes in some scenarios (64–66). However, since tunneling nanotubes can mediate the sharing of multiple cellular components, it is not easy to attribute their phenotypes solely to mitochondrial transfer. In addition, mitochondria can be incorporated into double-membrane vesicles, called connexosomes or annular gap junctions. The formation of these structures is a consequence of the internalization process of gap junctions (10). Moreover, connexins are also implicated in extracellular vesicle-mediated mitochondrial transfer (61). Extracellular vesicles released from cells expressing connexins may carry connexons on their surface, which can couple with corresponding connexons on the recipient cells, facilitating direct or double-walled vesicle transfer (Figure 3). In addition to mitochondria, extracellular vesicles containing connexins can transfer other contents, significantly increasing their potential for engineering intracellular drug delivery (67).




Figure 3 | Mechanisms of connexin-involved mitochondrial transfer. Mitochondria can be encapsulated in double-layered vesicles, called connexosomes or annular gap junctions, and is intercellularly transferred by internalizing these connexin-related structures. Mitochondrial transfer between cells can also occur via extracellular vesicles that carry connexons on their surface, enabling fusion with target cells and the transfer of contents directly or through double-layered vesicles. Additionally, tunneling nanotubes, which facilitate the exchange of cellular components, including mitochondria, are modulated by connexins such as Cx43.



Connexin-involved mitochondrial transfer has also been detected in diseases associated with innate immunity, such as acute injury, infection, and cancer (68). For example, in the mouse model treated with LPS, bone marrow-derived mesenchymal stromal cells (BMSCs) can transfer mitochondria to alveolar epithelial cells in a Cx43-dependent manner, thereby protecting the mice from acute lung injury (69). These findings suggest the multifaceted role of mitochondria in innate immunity and their potential importance in intercellular communication and immune modulation.

Mitochondria play a double-edged role in modulating innate immunity: they initiate inflammatory responses and activation, while excessive oxidative stress may lead to cellular damage and immune dysfunction (59). Beyond the direct transfer of mitochondria, various mitochondrial components, such as mitochondrial DNA (mtDNA), reactive oxygen species (ROS), and specific metabolic byproducts, can also be conveyed between cells through gap junctions (37, 70). The ability of mitochondria to influence immune responses and to be transferred between cells via gap junctions establishes them as pivotal players in the intricate interplay between cellular metabolism and immunity.




4 Bridged innate and adaptive immune responses by connexins

In addition to mediating intercellular communication, connexins are crucial in regulating immune cell functions, particularly in macrophages and DCs. For instance, Cx43 expression in macrophages is upregulated during inflammation, which enhances their migratory abilities (71). Conversely, macrophages lacking Cx43 exhibit dramatic deficiencies in phagocytosis (18). Connexins facilitate intercellular communication between antigen-presenting cells (APCs) and drive the formation of the immunological synapse between DCs and T cells. These processes modulate antigen presentation, thereby regulating critical T lymphocyte activation (72). DCs are key accessory cells in acquired immunity, playing an essential role in antigen presentation, and isolated lymphocyte populations cannot respond effectively to antigens without them (73). In most instances, DCs fail to elicit an effective immune response when directly confronted with highly invasive and cytotoxic viruses or damaging conditions (58). However, plasmacytoid dendritic cells (pDCs) can tolerate infections from a subset of viruses and produce substantial amounts of IFN (74). Consequently, antigen transfer mediated by gap junctions is of significant importance for the functionality of DCs. Pathogens and innocuous antigens captured by gut-resident macrophages are transferred to migratory DCs via gap junctions, thereby inducing protective immunity (15). In tumors, forming functional gap junction channels between tumor cells and adjacent DCs is crucial for intercellular transport of antigenic peptides (75, 76). Therefore, connexins are important for DCs to perform effective antigen presentation, initiating a specific cytotoxic T lymphocyte response (Figure 4).




Figure 4 | Gap junctions in T cell activation by dendritic cells. Infected or damaged somatic cells and phagocytic cells that have engulfed antigens can transfer antigens to dendritic cells through gap junction channels. This transfer of antigens is essential for initiating an adaptive immune response and subsequently activating T cells.



PRR signaling pathways are another key route for modulating the transition from innate to adaptive immunity, with connexins being a key component in this regulatory network. For example, the intercellular transfer of cGAMP through gap junctions activates the STING in recipient cells (35). Traditionally associated with the innate immune system, STING critically modulates the function of cytotoxic T cells to influence adaptive immunity (77, 78). Similarly, connexin-mediated ATP signaling initiates an “eat me” signal for phagocytosis, a process regulated by immunoglobulin-like domain-containing proteins (IGLDCPs), including CD31, CD46, and CD47, which emit “do not eat me” signals to modulate phagocytic activity (72). The cross-activation between connexins and IGLDCPs also involves the regulation of Tregs to suppress the excessive immune responses through the release of cAMP and other immunosuppressive factors (79). Furthermore, connexins also contribute to trogocytosis, a process for lymphocytes to extract surface molecules from APCs and display them on their membranes. This process promotes antigen presentation and amplification, thereby enhancing adaptive immunity (58, 72).

Several other studies have indicated the involvement of connexins in the immunological synapse. An immunological synapse is a cellular interaction hub established at the interface between two opposing cells, with at least one being an immune cell, facilitating intercellular communication (27). Connexins, notably Cx43, are pivotal in modulating the signaling processes within various immunological synapses. The signaling molecules transmitted through connexin channels are instrumental in the signaling cascades that occur within the immunological synapse and are critical for the activation of T and NK cells, the suppression of immune responses by regulatory T cells, and the elimination of target tumor cells by cytotoxic T lymphocytes or NK cells (80). Considering that the cytoplasmic C-terminus of Cx43 can engage with numerous proteins, it is reasonable to propose that Cx43 serves as a scaffold protein at the IS, coordinating the assembly of various regulatory proteins (80, 81). This notion is reinforced by observations of multiple Cx43-associated proteins relocating to these pivotal cell-cell junctions, indicating a pivotal role of Cx43 connexins in modulating immune cell interactions.

In summary, the connexins are involved in the early stages of pathogen recognition and inflammation, as well as in the later stages of antigen presentation and the generation of immunological memory. Understanding the complex dialogue between innate and adaptive immunity by connexins is essential for developing novel therapeutic approaches to harness multiple phases of the immune response to combat a broad spectrum of health challenges.




5 Connexins in the disease pathogenesis

Dysfunctional connexin has been associated with a spectrum of innate immune-related disorders. Such impairments in signaling can result in either insufficient immune responses or overactive inflammation, thereby playing a role in the development of conditions such as viral infections, disruptions in tissue homeostasis, and various forms of cancer (82). However, determining whether the inhibition of gap junctions is beneficial or detrimental remains a contentious issue, with conclusions varying depending on the specific context, and is intimately linked to the types of signaling molecules transmitted through connexin channels. Here, we explore the connections between connexins and innate immunity under various pathological conditions, including viral infections, tissue homeostasis and inflammation, and tumorigenesis.



5.1 Microbial infection

In the context of viral infections, the regulatory dynamic of connexins exhibits a complex duality, which varies according to the type of signals transmitted through connexin channels, the nature of the viral proteins, the stage of infection, and the specific cell type involved, all significantly impacting innate immune responses. Various viruses downregulate connexin levels to evade immune surveillance (83). For instance, upon human papillomavirus 16 (HPV16) infection, the E5 protein disrupts gap junctional communication by inhibiting Cx43 phosphorylation (84, 85), and the E6 protein interacts with discs large homolog 1 (Dlg1) to reduce Cx43 levels and relocalizes Cx43 to the cytoplasm (86). These mechanisms are closely linked to the suppression of innate immune responses and cervical cancer progression (87). During human adenovirus type 5 (HAdV-5) infections, the early viral protein E4 open reading frame 1 (E4ORF1) suppresses gap junction gene transcription by activating β-catenin. Additionally, HAdV-5 infection promotes protein kinase B (AKT)-mediated phosphorylation of Cx43 at S373, causing transient gap junction plaque expansion before internalization. These effects lead to arrhythmias in infected hearts (88). Similarly, in human cytomegalovirus (HCMV) infections, the immediate early protein IE1 binds to the C-terminus of Cx43, promoting its degradation via the ubiquitin-proteasome pathway and impairing neuronal migration (89).

Conversely, a few viruses upregulate connexin levels or activities to facilitate viral invasion and disease progression. For example, human T-cell leukemia virus type 1 (HTLV-1) Tax protein and human immunodeficiency virus (HIV)-tat protein enhances mRNA levels of Cx43 (90), and the HIV envelope glycoprotein gp120 increases Cx43 hemichannel activity to transmit ATP, Ca2+ and nitric oxide in astrocytes (91). As such, HIV infection enables the transfer of toxic signals from infected astrocytes to neighboring cells, leading to neurocognitive disorders (92, 93). Intriguingly, the application of general gap junction blockers, such as octanol or α-glycyrrhetinic acid (AGA), can reduce apoptosis in cells adjacent to those infected with HIV (92), thus showing a critical role of gap junctions in facilitating HIV-induced neuroinflammation.

Additionally, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) exhibits differential regulation of Cx43. The spike protein 1 (S1) downregulates Cx43 expression, while short-term exposure to the spike/membrane protein (S/M) upregulates cell surface Cx43 (94–96), highlighting a distinct role of viral proteins at different stages of infection. Connexin regulation also exhibits isoform specificity, as seen in HPV18-infected normal immortalized keratinocytes (NIKS), from which Cx43 levels decrease while Cx45 was upregulated, accompanied by enhanced gap junction signaling (97). Both downregulated and upregulated connexin protein expression has been observed during bacterial infection (98). Bacterial LPS and serum amyloid A (SAA) upregulate Cx43 and pannexin1 hemichannel in macrophages, constituting a critical endogenous regulatory mechanism of innate immunity that exacerbates progressions like septic pathology (9). Overall, the dual regulation of connexins in microbial infections provides critical insights into host-pathogen interactions and highlights connexins as potential therapeutic targets for anti-infectious strategies.




5.2 Tissue homeostasis and inflammation

Under physiological conditions, connexins are crucial mediators in regulating innate immune cell activation and orchestrating the timely resolution of inflammatory responses, thereby maintaining tissue homeostasis. Dysfunction of connexins has been implicated in various pathological conditions across multiple organ systems, including skin, joints, cardiovascular system, and central nervous system (CNS) (99). Specific connexins play distinct roles in innate immune surveillance. For instance, Cx26 and Cx30 are essential for epidermal barrier function, and their deficiency leads to skin pathologies such as keratoderma and ectodermal dysplasia that compromise innate immune defenses (100). Similarly, Cx46 and Cx50 are implicated in developing cataracts due to disrupted lens homeostasis (99). Additionally, in the central nervous system (CNS), microglia form gap junctions to modulate oxidative stress responses, DNA damage repair, and immune surveillance (101), and microglial dysfunction has been implicated in neurodegenerative and demyelinating disorders (102). Beyond their role in specialized immune cells, connexins are essential for hematopoietic homeostasis, with bone marrow gap junctions supporting hematopoietic stem cell function and blood cell regeneration (103). These findings further highlight their critical contribution to tissue integrity and function.

Notably, connexins and innate immunity interplay is bidirectional, as inflammatory mediators dynamically influence connexin expression and function. Innate immune cytokines such as IL-1β and TNF-α regulate connexin activity through multiple signaling pathways. For instance, IL-1β induces Cx43 phosphorylation at Ser368 via mitogen-activated protein kinase (MAPK) (104), which manifests tissue-specificity during inflammatory responses. In brain inflammation, activated microglia release IL-1β and TNF-α, increasing astrocytic Cx43 hemichannel activity (105). The functional significance of this regulation is evident in ischemia, where Cx43 dephosphorylation increases hemichannel activity, and inhibitors like Gap26, GAP19, and Peptide5 mitigate neuronal damage (106). However, modulation of connexin function must precisely balance hemichannel and gap junction activities, as excessive Peptide5 administration exacerbates ischemic injury (107). Connexins also modulate innate immune responses in peripheral tissues. During lung inflammation, cx43-containing gap junctions between alveolar macrophages and epithelial cells coordinate Ca²+ wave-mediated intercellular communication, delivering immunosuppressive signals to regulate inflammatory responses (108). Conversely, Cx43 upregulation in various bone cells, including chondrocytes, synovial cells, tendon cells, and ligament cells, contributes to inflammatory pathologies in joint diseases. Therapeutic targeting of Cx43 using siRNA has shown promise in suppressing inflammatory cytokine expression and alleviating collagen-induced arthritis (109). Therefore, these findings suggest connexins as potential therapeutic targets for innate immunity-mediated diseases through their tissue-specific functions and dual roles in hemichannel and gap junction communication.




5.3 Tumorigenesis and metastasis

Connexins play multifaceted roles in cancer, orchestrating innate immune responses and the intricate dynamics of the tumor microenvironment. Connexins are frequently suppressed in various cancer types. Pharmacological upregulation of Cx43 using PQ1 in the PyVT spontaneous mammary tumor model substantially inhibits tumor progression (110). In agreement with this observation, Cx32-deficient mice are more susceptible to chemical and radiation-induced liver and lung cancer, while the inhibition of Cx43 increases the incidence of chemically induced lung tumors (111). Moreover, the reconstitution of connexins generally reduces tumorigenesis and promotes a favorable mesenchymal-to-epithelial transition (82, 112). Emerging evidence also suggests that gap junction function can profoundly influence antitumor immunity, particularly through the well-documented “bystander effect.” For instance, sulforaphane upregulates Cx43 expression, thus enhancing chemosensitivity to gemcitabine in pancreatic cancer models (113).

However, recent studies show that connexins also promote invasion, intravasation, extravasation, and metastasis of cancers (111, 114). In brain metastases of breast and lung cancer, PCDH7 promotes Cx43-mediated gap junctions between cancer cells and astrocytes, facilitating cGAMP transfer, which induces IFNα and TNFα production in astrocytes and, thereby, activates STAT1 and NF-κB pathways in cancer cells by a paracrine mechanism, driving tumor growth and conferring chemotherapy resistance (12). Additionally, Cx31 induces the phosphorylation of focal adhesion kinase (FAK) in a spontaneous breast cancer brain metastasis model, which prompts NF-κB activation, tumor cell-astrocyte interaction, and brain metastasis (115). Similarly, mitochondrial transfer influences the proliferation and survival of recipient cancer cells by restoring mitochondrial respiration (116). Cancer cells enhance ATP production and metabolic function by obtaining mitochondria from donor cells in acute myeloid leukemia (AML) models (117) and patient-derived organoid models of glioblastoma stem cells (118). These findings indicate the complex roles of connexins in tumorigenesis and metastasis. In addition to forming gap junctions and hemichannels, connexins have poorly understood non-channel functions in various subcellular compartments. For instance, Cx43 accumulation in the cytoplasm drives cervical cancer advancement, while cytoplasmic Cx26 promotes hypopharyngeal squamous cell carcinoma proliferation (119, 120). Additionally, cytoplasmic Cx32 confers drug resistance in non-small cell lung cancer and hepatocellular carcinoma (121), thus highlighting its therapeutic potential. Additionally, connexins can localize to the nucleus, which is associated with cancer prognosis (122), and to mitochondria, where they induce apoptosis (123). Collectively, therapeutic modulation of connexins in cancer must be carefully balanced, as excessive connexin activity in the tumor microenvironment may promote immune suppression by facilitating the release of immunosuppressive factors.





6 Conclusion

Connexins, which form hemichannels, gap junctions, and connexosomes, participate in intercellular mitochondrial transfer and regulate functions of both immune and tissue cells, constituting a vital part of the complex regulatory network in innate immunity. Here, we have highlighted the significance of connexins in mounting a rapid and coordinated defense against pathogens, maintaining physiological homeostasis, and modulating disease progression. Transiting molecules such as cGAMP, Ca²+, and antigens through hemichannels and gap junctions enhances immune surveillance and fosters critical crosstalk between innate and adaptive immunity. These interactions are important for elucidating the cellular mechanisms that govern immune responses and are beneficial for developing potent immunotherapies.

Numerous studies have found that modulating connexins offers a unique advantage in influencing innate immunity, with broad implications for managing infections, inflammatory conditions, and cancers (99). As a result, understanding the intricacies of this aspect of the immune system opens a new avenue for immune regulation. Researches on drugs targeting connexins reveal their potential to initiate and resolve inflammation as a promising avenue for developing innovative anti-inflammatory strategies. Most drug development programs aimed at modulating gap junctions for therapeutic purposes have focused on Cx43 (124) (Table 1). Moreover, connexin hemichannels serve as docking sites for extracellular vesicles, providing new insights for drug delivery (124). Noticeably, manipulating gap junctions may be key to restoring immune tolerance in autoimmune diseases. In summary, the intricate interplay between gap junctions and the innate immune system represents a fast-growing area of research with profound implications for human health. The challenge lies in deciphering the complexities of connexin-mediated immune responses and translating this knowledge into clinical applications, which may ultimately offer innovative therapeutic strategies for disease management.


Table 1 | Recent Cx43-targeting agents in clinical trials.







Author contributions

QW: Validation, Conceptualization, Investigation, Writing – original draft, Formal analysis. TZ: Writing – review & editing, Resources, Validation. PX: Supervision, Writing – review & editing, Conceptualization, Validation.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the NSFC Project (32400607 to QW, and 32321002, 32430028, and 31830052 to PX), the China Postdoctoral Science Foundation (2024T170780 to Q.W.), and the grant from the Special Support Program for High-level Talents in Zhejiang Province (2023R5242 to TZ).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Carpenter, S, and O’Neill, LAJ. From periphery to center stage: 50 years of advancements in innate immunity. Cell. (2024) 187:2030–51. doi: 10.1016/j.cell.2024.03.036

2. Takeuchi, O, and Akira, S. Pattern recognition receptors and inflammation. Cell. (2010) 140:805–20. doi: 10.1016/j.cell.2010.01.022

3. Carroll, SL, Pasare, C, and Barton, GM. Control of adaptive immunity by pattern recognition receptors. Immunity. (2024) 57:632–48. doi: 10.1016/j.immuni.2024.03.014

4. Mulder, WJM, Ochando, J, Joosten, LAB, Fayad, ZA, and Netea, MG. Therapeutic targeting of trained immunity. Nat Rev Drug Discov. (2019) 18:553–66. doi: 10.1038/s41573-019-0025-4

5. Hu, A, Sun, L, Lin, H, Liao, Y, Yang, H, and Mao, Y. Harnessing innate immune pathways for therapeutic advancement in cancer. Signal Transduct Target Ther. (2024) 9:68. doi: 10.1038/s41392-024-01765-9

6. Wu, Q, Leng, X, and Xu, P. Intercellular transmission of cGAS-STING signaling in cancer. Cancer Biol Med. (2023) 20:93–7. doi: 10.20892/j.issn.2095-3941.2022.0750

7. Lucaciu, SA, Leighton, SE, Hauser, A, Yee, R, and Laird, DW. Diversity in connexin biology. J Biol Chem. (2023) 299:105263. doi: 10.1016/j.jbc.2023.105263

8. Beyer, EC, and Berthoud, VM. Gap junction gene and protein families: Connexins, innexins, and pannexins. Biochim Biophys Acta Biomembr. (2018) 1860:5–8. doi: 10.1016/j.bbamem.2017.05.016

9. Li, J, Lou, L, Chen, W, Qiang, X, Zhu, C, and Wang, H. Connexin 43 and Pannexin 1 hemichannels as endogenous regulators of innate immunity in sepsis. Front Immunol. (2024) 15:1523306. doi: 10.3389/fimmu.2024.1523306

10. Norris, RP. Transfer of mitochondria and endosomes between cells by gap junction internalization. Traffic. (2021) 22:174–9. doi: 10.1111/tra.12786

11. Qi, C, Acosta Gutierrez, S, Lavriha, P, Othman, A, Lopez-Pigozzi, D, Bayraktar, E, et al. Structure of the connexin-43 gap junction channel in a putative closed state. eLife. (2023) 12:RP87616. doi: 10.7554/eLife.87616

12. Chen, Q, Boire, A, Jin, X, Valiente, M, Er, EE, Lopez-Soto, A, et al. Carcinoma-astrocyte gap junctions promote brain metastasis by cGAMP transfer. Nature. (2016) 533:493–8. doi: 10.1038/nature18268

13. Zhang, Y, Gao, Y, Wang, J, Tan, X, Liang, Y, Yu, W, et al. Connexin 43 deficiency confers resistance to immunotherapy in lung cancer via inhibition of the cyclic GMP-AMP synthase-stimulator of interferon genes pathway. J Cell Mol Med. (2024) 28:e70211. doi: 10.1111/jcmm.v28.22

14. Roger, E, Chadjichristos, CE, Kavvadas, P, Price, GW, Cliff, CL, Hadjadj, S, et al. Connexin-43 hemichannels orchestrate NOD-like receptor protein-3 (NLRP3) inflammasome activation and sterile inflammation in tubular injury. Cell Commun Signal: CCS. (2023) 21:263. doi: 10.1186/s12964-023-01245-7

15. Mazzini, E, Massimiliano, L, Penna, G, and Rescigno, M. Oral tolerance can be established via gap junction transfer of fed antigens from CX3CR1+ macrophages to CD103+ dendritic cells. Immunity. (2014) 40:248–61. doi: 10.1016/j.immuni.2013.12.012

16. Morel, S, Chanson, M, Nguyen, TD, Glass, AM, Richani Sarieddine, MZ, Meens, MJ, et al. Titration of the gap junction protein Connexin43 reduces atherogenesis. Thromb Haemostasis. (2014) 112:390–401. doi: 10.1160/TH13-09-0773

17. Wu, L, Chen, K, Xiao, J, Xin, J, Zhang, L, Li, X, et al. Angiotensin II induces RAW264.7 macrophage polarization to the M1−type through the connexin 43/NF−κB pathway. Mol Med Rep. (2020) 21:2103–12. doi: 10.3892/mmr.2020.11023

18. Glass, AM, Wolf, BJ, Schneider, KM, Princiotta, MF, and Taffet, SM. Connexin43 is dispensable for phagocytosis. J Immunol. (2013) 190:4830–5. doi: 10.4049/jimmunol.1202884

19. de Sousa, JC, Santos, S, and Kurtenbach, E. Multiple approaches for the evaluation of connexin-43 expression and function in macrophages. J Immunol Methods. (2024) 533:113741. doi: 10.1016/j.jim.2024.113741

20. Zhan, R, Meng, X, Tian, D, Xu, J, Cui, H, Yang, J, et al. NAD(+) rescues aging-induced blood-brain barrier damage via the CX43-PARP1 axis. Neuron. (2023) 111:3634–49.e7. doi: 10.1016/j.neuron.2023.08.010

21. Qin, J, Zhang, G, Zhang, X, Tan, B, Lv, Z, Liu, M, et al. TLR-Activated Gap Junction Channels Protect Mice against Bacterial Infection through Extracellular UDP Release. J Immunol. (2016) 196:1790–8. doi: 10.4049/jimmunol.1501629

22. Goswami, D, and Vestweber, D. How leukocytes trigger opening and sealing of gaps in the endothelial barrier. F1000Research. (2016) 5:F1000 Faculty Rev-2321. doi: 10.12688/f1000research

23. Eugenin, EA. Role of connexin/pannexin containing channels in infectious diseases. FEBS Lett. (2014) 588:1389–95. doi: 10.1016/j.febslet.2014.01.030

24. Diezmos, EF, Bertrand, PP, and Liu, L. Purinergic signaling in gut inflammation: the role of connexins and pannexins. Front Neurosci. (2016) 10:311. doi: 10.3389/fnins.2016.00311

25. Neijssen, J, Pang, B, and Neefjes, J. Gap junction-mediated intercellular communication in the immune system. Prog Biophys Mol Biol. (2007) 94:207–18. doi: 10.1016/j.pbiomolbio.2007.03.008

26. Harris, AL. Emerging issues of connexin channels: biophysics fills the gap. Q Rev Biophys. (2001) 34:325–472. doi: 10.1017/S0033583501003705

27. Handel, A, Yates, A, Pilyugin, SS, and Antia, R. Gap junction-mediated antigen transport in immune responses. Trends Immunol. (2007) 28:463–6. doi: 10.1016/j.it.2007.08.006

28. Murao, A, Aziz, M, Wang, H, Brenner, M, and Wang, P. Release mechanisms of major DAMPs. Apoptosis. (2021) 26:152–62. doi: 10.1007/s10495-021-01663-3

29. Gao, Y, Zheng, X, Chang, B, Lin, Y, Huang, X, Wang, W, et al. Intercellular transfer of activated STING triggered by RAB22A-mediated non-canonical autophagy promotes antitumor immunity. Cell Res. (2022) 32:1086–104. doi: 10.1038/s41422-022-00731-w

30. De Marchi, E, Orioli, E, Pegoraro, A, Sangaletti, S, Portararo, P, Curti, A, et al. The P2X7 receptor modulates immune cells infiltration, ectonucleotidases expression and extracellular ATP levels in the tumor microenvironment. Oncogene. (2019) 38:3636–50. doi: 10.1038/s41388-019-0684-y

31. Li, W, Bao, G, Chen, W, Qiang, X, Zhu, S, Wang, S, et al. Connexin 43 hemichannel as a novel mediator of sterile and infectious inflammatory diseases. Sci Rep. (2018) 8:166. doi: 10.1038/s41598-017-18452-1

32. Higashikuni, Y, Liu, W, Numata, G, Tanaka, K, Fukuda, D, Tanaka, Y, et al. NLRP3 inflammasome activation through heart-brain interaction initiates cardiac inflammation and hypertrophy during pressure overload. Circulation. (2023) 147:338–55. doi: 10.1161/CIRCULATIONAHA.122.060860

33. Sun, J, Qu, H, Ali, W, Chen, Y, Wang, T, Ma, Y, et al. Co-exposure to cadmium and microplastics promotes liver fibrosis through the hemichannels -ATP-P2X7 pathway. Chemosphere. (2023) 344:140372. doi: 10.1016/j.chemosphere.2023.140372

34. Dosch, M, Zindel, J, Jebbawi, F, Melin, N, Sanchez-Taltavull, D, Stroka, D, et al. Connexin-43-dependent ATP release mediates macrophage activation during sepsis. eLife. (2019) 8:e42670. doi: 10.7554/eLife.42670

35. Ablasser, A, Schmid-Burgk, JL, Hemmerling, I, Horvath, GL, Schmidt, T, Latz, E, et al. Cell intrinsic immunity spreads to bystander cells via the intercellular transfer of cGAMP. Nature. (2013) 503:530–4. doi: 10.1038/nature12640

36. Pépin, G, De Nardo, D, Rootes, CL, Ullah, TR, Al-Asmari, SS, Balka, KR, et al. Connexin-dependent transfer of cGAMP to phagocytes modulates antiviral responses. mBio. (2020) 11:e03187-19. doi: 10.1128/mBio.03187-19

37. Moriyama, M, Koshiba, T, and Ichinohe, T. Influenza A virus M2 protein triggers mitochondrial DNA-mediated antiviral immune responses. Nat Commun. (2019) 10:4624. doi: 10.1038/s41467-019-12632-5

38. Dunn, P, Annamdevula, NS, Leavesley, SJ, Rich, TC, and Phan, AV. A two-dimensional finite element model of intercellular cAMP signaling through gap junction channels. J Biomechan. (2023) 152:111588. doi: 10.1016/j.jbiomech.2023.111588

39. Kotini, M, Barriga, EH, Leslie, J, Gentzel, M, Rauschenberger, V, Schambony, A, et al. Gap junction protein Connexin-43 is a direct transcriptional regulator of N-cadherin in vivo. Nat Commun. (2018) 9:3846. doi: 10.1038/s41467-018-06368-x

40. Martins-Marques, T, Ribeiro-Rodrigues, T, Batista-Almeida, D, Aasen, T, Kwak, BR, and Girao, H. Biological functions of connexin43 beyond intercellular communication. Trends Cell Biol. (2019) 29:835–47. doi: 10.1016/j.tcb.2019.07.001

41. Chen, CX, Luo, KJ, Yang, JP, Huang, YC, Cardenas, ER, Nicholson, BJ, et al. Connexins and cAMP cross-talk in cancer progression and metastasis. Cancers. (2020) 13:58. doi: 10.3390/cancers13010058

42. Muñoz-Planillo, R, Kuffa, P, Martínez-Colón, G, Smith, BL, Rajendiran, TM, and Núñez, G. K+ efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and particulate matter. Immunity. (2013) 38:1142–53. doi: 10.1016/j.immuni.2013.05.016

43. Jäger, E, Murthy, S, Schmidt, C, Hahn, M, Strobel, S, Peters, A, et al. Calcium-sensing receptor-mediated NLRP3 inflammasome response to calciprotein particles drives inflammation in rheumatoid arthritis. Nat Commun. (2020) 11:4243. doi: 10.1038/s41467-020-17749-6

44. Fu, J, and Wu, H. Structural mechanisms of NLRP3 inflammasome assembly and activation. Annu Rev Immunol. (2023) 41:301–16. doi: 10.1146/annurev-immunol-081022-021207

45. Yaron, JR, Gangaraju, S, Rao, MY, Kong, X, Zhang, L, Su, F, et al. K(+) regulates Ca(2+) to drive inflammasome signaling: dynamic visualization of ion flux in live cells. Cell Death Dis. (2015) 6:e1954. doi: 10.1038/cddis.2015.277

46. Vande Walle, L, and Lamkanfi, M. Drugging the NLRP3 inflammasome: from signalling mechanisms to therapeutic targets. Nat Rev Drug Discov. (2024) 23:43–66. doi: 10.1038/s41573-023-00822-2

47. Hudson, L, Begg, M, Wright, B, Cheek, T, Jahoda, CAB, and Reynolds, NJ. Dominant effect of gap junction communication in wound-induced calcium-wave, NFAT activation and wound closure in keratinocytes. J Cell Physiol. (2021) 236:8171–83. doi: 10.1002/jcp.v236.12

48. Ho, KYL, An, K, Carr, RL, Dvoskin, AD, Ou, AYJ, Vogl, W, et al. Maintenance of hematopoietic stem cell niche homeostasis requires gap junction-mediated calcium signaling. Proc Natl Acad Sci U S A. (2023) 120:e2303018120. doi: 10.1073/pnas.2303018120

49. Krenács, T, and Rosendaal, M. Immunohistological detection of gap junctions in human lymphoid tissue: connexin43 in follicular dendritic and lymphoendothelial cells. J Histochem Cytochem. (1995) 43:1125–37. doi: 10.1177/43.11.7560895

50. Oviedo-Orta, E, Gasque, P, and Evans, WH. Immunoglobulin and cytokine expression in mixed lymphocyte cultures is reduced by disruption of gap junction intercellular communication. FASEB J. (2001) 15:768–74. doi: 10.1096/fj.00-0288com

51. Fischer, NO, Mbuy, GN, and Woodruff, RI. HSV-2 disrupts gap junctional intercellular communication between mammalian cells in vitro. J Virol Methods. (2001) 91:157–66. doi: 10.1016/S0166-0934(00)00260-3

52. Neijssen, J, Herberts, C, Drijfhout, JW, Reits, E, Janssen, L, and Neefjes, J. Cross-presentation by intercellular peptide transfer through gap junctions. Nature. (2005) 434:83–8. doi: 10.1038/nature03290

53. Matsue, H, Yao, J, Matsue, K, Nagasaka, A, Sugiyama, H, Aoki, R, et al. Gap junction-mediated intercellular communication between dendritic cells (DCs) is required for effective activation of DCs. J Immunol. (2006) 176:181–90. doi: 10.4049/jimmunol.176.1.181

54. Rock, KL, York, IA, and Goldberg, AL. Post-proteasomal antigen processing for major histocompatibility complex class I presentation. Nat Immunol. (2004) 5:670–7. doi: 10.1038/ni1089

55. Afridi, S, Hoessli, DC, and Hameed, MW. Mechanistic understanding and significance of small peptides interaction with MHC class II molecules for therapeutic applications. Immunol Rev. (2016) 272:151–68. doi: 10.1111/imr.2016.272.issue-1

56. Saccheri, F, Pozzi, C, Avogadri, F, Barozzi, S, Faretta, M, Fusi, P, et al. Bacteria-induced gap junctions in tumors favor antigen cross-presentation and antitumor immunity. Sci Trans Med. (2010) 2:44ra57. doi: 10.1126/scitranslmed.3000739

57. Roberts, EW, Broz, ML, Binnewies, M, Headley, MB, Nelson, AE, Wolf, DM, et al. Critical role for CD103(+)/CD141(+) dendritic cells bearing CCR7 for tumor antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell. (2016) 30:324–36. doi: 10.1016/j.ccell.2016.06.003

58. Shi, Y, Lu, Y, and You, J. Antigen transfer and its effect on vaccine-induced immune amplification and tolerance. Theranostics. (2022) 12:5888–913. doi: 10.7150/thno.75904

59. Banoth, B, and Cassel, SL. Mitochondria in innate immune signaling. Trans Res. (2018) 202:52–68. doi: 10.1016/j.trsl.2018.07.014

60. Chen, S, Liu, S, Wang, J, Wu, Q, Wang, A, Guan, H, et al. TBK1-mediated DRP1 targeting confers nucleic acid sensing to reprogram mitochondrial dynamics and physiology. Mol Cell. (2020) 80:810–27 e7. doi: 10.1016/j.molcel.2020.10.018

61. Borcherding, N, and Brestoff, JR. The power and potential of mitochondria transfer. Nature. (2023) 623:283–91. doi: 10.1038/s41586-023-06537-z

62. Jackson, MV, Morrison, TJ, Doherty, DF, McAuley, DF, Matthay, MA, Kissenpfennig, A, et al. Mitochondrial transfer via tunneling nanotubes is an important mechanism by which mesenchymal stem cells enhance macrophage phagocytosis in the in vitro and in vivo models of ARDS. Stem Cells. (2016) 34:2210–23. doi: 10.1002/stem.2372

63. Mistry, JJ, Marlein, CR, Moore, JA, Hellmich, C, Wojtowicz, EE, Smith, JGW, et al. ROS-mediated PI3K activation drives mitochondrial transfer from stromal cells to hematopoietic stem cells in response to infection. Proc Natl Acad Sci U S A. (2019) 116:24610–9. doi: 10.1073/pnas.1913278116

64. Tishchenko, A, Azorín, DD, Vidal-Brime, L, Muñoz, MJ, Arenas, PJ, Pearce, C, et al. Cx43 and associated cell signaling pathways regulate tunneling nanotubes in breast cancer cells. Cancers. (2020) 12:2798. doi: 10.3390/cancers12102798

65. Okafo, G, Prevedel, L, and Eugenin, E. Tunneling nanotubes (TNT) mediate long-range gap junctional communication: Implications for HIV cell to cell spread. Sci Rep. (2017) 7:16660. doi: 10.1038/s41598-017-16600-1

66. Yao, Y, Fan, XL, Jiang, D, Zhang, Y, Li, X, Xu, ZB, et al. Connexin 43-mediated mitochondrial transfer of iPSC-MSCs alleviates asthma inflammation. Stem Cell Rep. (2018) 11:1120–35. doi: 10.1016/j.stemcr.2018.09.012

67. Hanafy, MS, and Cui, Z. Connexin-containing vesicles for drug delivery. AAPS J. (2024) 26:20. doi: 10.1208/s12248-024-00889-8

68. Zhou, X, Liu, S, Lu, Y, Wan, M, Cheng, J, and Liu, J. MitoEVs: A new player in multiple disease pathology and treatment. J Extracell Vesicles. (2023) 12:e12320. doi: 10.1002/jev2.12320

69. Islam, MN, Das, SR, Emin, MT, Wei, M, Sun, L, Westphalen, K, et al. Mitochondrial transfer from bone-marrow-derived stromal cells to pulmonary alveoli protects against acute lung injury. Nat Med. (2012) 18:759–65. doi: 10.1038/nm.2736

70. Hoorelbeke, D, Decrock, E, De Smet, M, De Bock, M, Descamps, B, Van Haver, V, et al. Cx43 channels and signaling via IP(3)/Ca(2+), ATP, and ROS/NO propagate radiation-induced DNA damage to non-irradiated brain microvascular endothelial cells. Cell Death Dis. (2020) 11:194. doi: 10.1038/s41419-020-2392-5

71. Shen, C, Chen, JH, Lee, Y, Hassan, MM, Kim, SJ, Choi, EY, et al. mTOR- and SGK-Mediated Connexin 43 Expression Participates in Lipopolysaccharide-Stimulated Macrophage Migration through the iNOS/Src/FAK Axis. J Immunol. (2018) 201:2986–97. doi: 10.4049/jimmunol.1700954

72. Meng, JH, Chen, CX, Ahmadian, MR, Zan, H, Luo, KJ, and Jiang, JX. Cross-activation of hemichannels/gap junctions and immunoglobulin-like domains in innate-adaptive immune responses. Front Immunol. (2022) 13:882706. doi: 10.3389/fimmu.2022.882706

73. Mosier, DE. A requirement for two cell types for antibody formation in vitro. Science. (1967) 158:1573–5. doi: 10.1126/science.158.3808.1573

74. Ngo, C, Garrec, C, Tomasello, E, and Dalod, M. The role of plasmacytoid dendritic cells (pDCs) in immunity during viral infections and beyond. Cell Mol Immunol. (2024) 21:1008–35. doi: 10.1038/s41423-024-01167-5

75. Zhang, W, Lin, L, Zhang, Y, Zhao, T, Zhan, Y, Wang, H, et al. Dioscin potentiates the antitumor effect of suicide gene therapy in melanoma by gap junction intercellular communication-mediated antigen cross-presentation. BioMed Pharmacother. (2022) 150:112973. doi: 10.1016/j.biopha.2022.112973

76. Huang, MN, Nicholson, LT, Batich, KA, Swartz, AM, Kopin, D, Wellford, S, et al. Antigen-loaded monocyte administration induces potent therapeutic antitumor T cell responses. J Clin Invest. (2020) 130:774–88. doi: 10.1172/JCI128267

77. Jneid, B, Bochnakian, A, Hoffmann, C, Delisle, F, Djacoto, E, Sirven, P, et al. Selective STING stimulation in dendritic cells primes antitumor T cell responses. Sci Immunol. (2023) 8:eabn6612. doi: 10.1126/sciimmunol.abn6612

78. Hu, J, Sánchez-Rivera, FJ, Wang, Z, Johnson, GN, Ho, YJ, Ganesh, K, et al. STING inhibits the reactivation of dormant metastasis in lung adenocarcinoma. Nature. (2023) 616:806–13. doi: 10.1038/s41586-023-05880-5

79. Moreno-Fernandez, ME, Rueda, CM, Rusie, LK, and Chougnet, CA. Regulatory T cells control HIV replication in activated T cells through a cAMP-dependent mechanism. Blood. (2011) 117:5372–80. doi: 10.1182/blood-2010-12-323162

80. Tittarelli, A, Navarrete, M, Gleisner, MA, Gebicke-Haerter, P, and Salazar-Onfray, F. Connexin-mediated signaling at the immunological synapse. Int J Mol Sci. (2020) 21:3736. doi: 10.3390/ijms21103736

81. Hofmann, F, Navarrete, M, Álvarez, J, Guerrero, I, Gleisner, MA, Tittarelli, A, et al. Cx43-gap junctions accumulate at the cytotoxic immunological synapse enabling cytotoxic T lymphocyte melanoma cell killing. Int J Mol Sci. (2019) 20:4509. doi: 10.3390/ijms20184509

82. Aasen, T, Mesnil, M, Naus, CC, Lampe, PD, and Laird, DW. Gap junctions and cancer: communicating for 50 years. Nat Rev Cancer. (2016) 16:775–88. doi: 10.1038/nrc.2016.105

83. Scott, H, Martin, PE, and Graham, SV. Modulation of connexin 43 in viral infections. Tumour Virus Res. (2024) 18:200296. doi: 10.1016/j.tvr.2024.200296

84. Venuti, A, Paolini, F, Nasir, L, Corteggio, A, Roperto, S, Campo, MS, et al. Papillomavirus E5: the smallest oncoprotein with many functions. Mol Cancer. (2011) 10:140. doi: 10.1186/1476-4598-10-140

85. Solan, JL, and Lampe, PD. Spatio-temporal regulation of connexin43 phosphorylation and gap junction dynamics. Biochim Biophys Acta Biomembr. (2018) 1860:83–90. doi: 10.1016/j.bbamem.2017.04.008

86. Sun, P, Dong, L, MacDonald, AI, Akbari, S, Edward, M, Hodgins, MB, et al. HPV16 E6 controls the gap junction protein cx43 in cervical tumour cells. Viruses. (2015) 7:5243–56. doi: 10.3390/v7102871

87. Aasen, T, Hodgins, MB, Edward, M, and Graham, SV. The relationship between connexins, gap junctions, tissue architecture and tumour invasion, as studied in a novel in vitro model of HPV-16-associated cervical cancer progression. Oncogene. (2003) 22:7969–80. doi: 10.1038/sj.onc.1206709

88. Calhoun, PJ, Phan, AV, Taylor, JD, James, CC, Padget, RL, Zeitz, MJ, et al. Adenovirus targets transcriptional and posttranslational mechanisms to limit gap junction function. FASEB J. (2020) 34:9694–712. doi: 10.1096/fj.202000667R

89. Huang, SN, Pan, YT, Zhou, YP, Wang, XZ, Mei, MJ, Yang, B, et al. Human cytomegalovirus IE1 impairs neuronal migration by downregulating connexin 43. J Virol. (2023) 97:e0031323. doi: 10.1128/jvi.00313-23

90. Bazarbachi, A, Abou Merhi, R, Gessain, A, Talhouk, R, El-Khoury, H, Nasr, R, et al. Human T-cell lymphotropic virus type I-infected cells extravasate through the endothelial barrier by a local angiogenesis-like mechanism. Cancer Res. (2004) 64:2039–46. doi: 10.1158/0008-5472.CAN-03-2390

91. Gajardo-Gómez, R, Santibañez, CA, Labra, VC, Gómez, GI, Eugenin, EA, and Orellana, JA. HIV gp120 protein increases the function of connexin 43 hemichannels and pannexin-1 channels in astrocytes: repercussions on astroglial function. Int J Mol Sci. (2020) 21:2503. doi: 10.3390/ijms21072503

92. Eugenin, EA, and Berman, JW. Gap junctions mediate human immunodeficiency virus-bystander killing in astrocytes. J Neurosci. (2007) 27:12844–50. doi: 10.1523/JNEUROSCI.4154-07.2007

93. Saylor, D, Dickens, AM, Sacktor, N, Haughey, N, Slusher, B, Pletnikov, M, et al. HIV-associated neurocognitive disorder–pathogenesis and prospects for treatment. Nat Rev Neurol. (2016) 12:234–48. doi: 10.1038/nrneurol.2016.27

94. Prieto-Villalobos, J, Lucero, CM, Rovegno, M, Gómez, GI, Retamal, MA, and Orellana, JA. SARS-CoV-2 spike protein S1 activates Cx43 hemichannels and disturbs intracellular Ca(2+) dynamics. Biol Res. (2023) 56:56. doi: 10.1186/s40659-023-00468-9

95. Raghavan, S, Kenchappa, DB, and Leo, MD. SARS-coV-2 spike protein induces degradation of junctional proteins that maintain endothelial barrier integrity. Front Cardiovasc Med. (2021) 8:687783. doi: 10.3389/fcvm.2021.687783

96. Freda, CT, Yin, W, Ghebrehiwet, B, and Rubenstein, DA. SARS-coV-2 structural proteins exposure alter thrombotic and inflammatory responses in human endothelial cells. Cell Mol Bioeng. (2022) 15:43–53. doi: 10.1007/s12195-021-00696-7

97. Gallego, C, Jaracz-Ros, A, Laganà, M, Mercier-Nomé, F, Domenichini, S, Fumagalli, A, et al. Reprogramming of connexin landscape fosters fast gap junction intercellular communication in human papillomavirus-infected epithelia. Front Cell Infect Microbiol. (2023) 13:1138232. doi: 10.3389/fcimb.2023.1138232

98. Ceelen, L, Haesebrouck, F, Vanhaecke, T, Rogiers, V, and Vinken, M. Modulation of connexin signaling by bacterial pathogens and their toxins. Cell Mol Life Sci: CMLS. (2011) 68:3047–64. doi: 10.1007/s00018-011-0737-z

99. Laird, DW, and Lampe, PD. Cellular mechanisms of connexin-based inherited diseases. Trends Cell Biol. (2022) 32:58–69. doi: 10.1016/j.tcb.2021.07.007

100. Yasarbas, SS, Inal, E, Yildirim, MA, Dubrac, S, Lamartine, J, and Mese, G. Connexins in epidermal health and diseases: insights into their mutations, implications, and therapeutic solutions. Front Physiol. (2024) 15:1346971. doi: 10.3389/fphys.2024.1346971

101. Söhl, G, Maxeiner, S, and Willecke, K. Expression and functions of neuronal gap junctions. Nat Rev Neurosci. (2005) 6:191–200. doi: 10.1038/nrn1627

102. Xing, L, Yang, T, Cui, S, and Chen, G. Connexin hemichannels in astrocytes: role in CNS disorders. Front Mol Neurosci. (2019) 12:23. doi: 10.3389/fnmol.2019.00023

103. Gonzalez-Nieto, D, Li, L, Kohler, A, Ghiaur, G, Ishikawa, E, Sengupta, A, et al. Connexin-43 in the osteogenic BM niche regulates its cellular composition and the bidirectional traffic of hematopoietic stem cells and progenitors. Blood. (2012) 119:5144–54. doi: 10.1182/blood-2011-07-368506

104. Zhong, C, Chang, H, Wu, Y, Zhou, L, Wang, Y, Wang, M, et al. Up-regulated Cx43 phosphorylation at Ser368 prolongs QRS duration in myocarditis. J Cell Mol Med. (2018) 22:3537–47. doi: 10.1111/jcmm.2018.22.issue-7

105. Retamal, MA, Froger, N, Palacios-Prado, N, Ezan, P, Sáez, PJ, Sáez, JC, et al. Cx43 hemichannels and gap junction channels in astrocytes are regulated oppositely by proinflammatory cytokines released from activated microglia. J Neurosci. (2007) 27:13781–92. doi: 10.1523/JNEUROSCI.2042-07.2007

106. Freitas-Andrade, M, Wang, N, Bechberger, JF, De Bock, M, Lampe, PD, Leybaert, L, et al. Targeting MAPK phosphorylation of Connexin43 provides neuroprotection in stroke. J Exp Med. (2019) 216:916–35. doi: 10.1084/jem.20171452

107. Yang, P, Davidson, JO, Fowke, TM, Galinsky, R, Wassink, G, Karunasinghe, RN, et al. Connexin hemichannel mimetic peptide attenuates cortical interneuron loss and perineuronal net disruption following cerebral ischemia in near-term fetal sheep. Int J Mol Sci. (2020) 21:6475. doi: 10.3390/ijms21186475

108. Westphalen, K, Gusarova, GA, Islam, MN, Subramanian, M, Cohen, TS, Prince, AS, et al. Sessile alveolar macrophages communicate with alveolar epithelium to modulate immunity. Nature. (2014) 506:503–6. doi: 10.1038/nature12902

109. Donahue, HJ, Qu, RW, and Genetos, DC. Joint diseases: from connexins to gap junctions. Nat Rev Rheumatol. (2017) 14:42–51. doi: 10.1038/nrrheum.2017.204

110. Shishido, SN, Delahaye, A, Beck, A, and Nguyen, TA. The anticancer effect of PQ1 in the MMTV-PyVT mouse model. Int J Cancer. (2014) 134:1474–83. doi: 10.1002/ijc.v134.6

111. Naus, CC, and Laird, DW. Implications and challenges of connexin connections to cancer. Nat Rev Cancer. (2010) 10:435–41. doi: 10.1038/nrc2841

112. McLachlan, E, Shao, Q, Wang, HL, Langlois, S, and Laird, DW. Connexins act as tumor suppressors in three-dimensional mammary cell organoids by regulating differentiation and angiogenesis. Cancer Res. (2006) 66:9886–94. doi: 10.1158/0008-5472.CAN-05-4302

113. Georgikou, C, Yin, L, Gladkich, J, Xiao, X, Sticht, C, Torre, C, et al. Inhibition of miR30a-3p by sulforaphane enhances gap junction intercellular communication in pancreatic cancer. Cancer Lett. (2020) 469:238–45. doi: 10.1016/j.canlet.2019.10.042

114. Elzarrad, MK, Haroon, A, Willecke, K, Dobrowolski, R, Gillespie, MN, and Al-Mehdi, AB. Connexin-43 upregulation in micrometastases and tumor vasculature and its role in tumor cell attachment to pulmonary endothelium. BMC Med. (2008) 6:20. doi: 10.1186/1741-7015-6-20

115. Lorusso, G, Wyss, CB, Kuonen, F, Vannini, N, Billottet, C, Duffey, N, et al. Connexins orchestrate progression of breast cancer metastasis to the brain by promoting FAK activation. Sci Trans Med. (2022) 14:eaax8933. doi: 10.1126/scitranslmed.aax8933

116. Tan, AS, Baty, JW, Dong, LF, Bezawork-Geleta, A, Endaya, B, Goodwin, J, et al. Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA. Cell Metab. (2015) 21:81–94. doi: 10.1016/j.cmet.2014.12.003

117. Moschoi, R, Imbert, V, Nebout, M, Chiche, J, Mary, D, Prebet, T, et al. Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy. Blood. (2016) 128:253–64. doi: 10.1182/blood-2015-07-655860

118. Pinto, G, Saenz-de-Santa-Maria, I, Chastagner, P, Perthame, E, Delmas, C, Toulas, C, et al. Patient-derived glioblastoma stem cells transfer mitochondria through tunneling nanotubes in tumor organoids. Biochem J. (2021) 478:21–39. doi: 10.1042/BCJ20200710

119. Thiagarajan, PS, Sinyuk, M, Turaga, SM, Mulkearns-Hubert, EE, Hale, JS, Rao, V, et al. Cx26 drives self-renewal in triple-negative breast cancer via interaction with NANOG and focal adhesion kinase. Nat Commun. (2018) 9:578. doi: 10.1038/s41467-018-02938-1

120. Yang, J, Qin, G, Luo, M, Chen, J, Zhang, Q, Li, L, et al. Reciprocal positive regulation between Cx26 and PI3K/Akt pathway confers acquired gefitinib resistance in NSCLC cells via GJIC-independent induction of EMT. Cell Death Dis. (2015) 6:e1829. doi: 10.1038/cddis.2015.197

121. Xiang, YK, Peng, FH, Guo, YQ, Ge, H, Cai, SY, Fan, LX, et al. Connexin32 activates necroptosis through Src-mediated inhibition of caspase 8 in hepatocellular carcinoma. Cancer Sci. (2021) 112:3507–19. doi: 10.1111/cas.v112.9

122. Zhao, Y, Lai, Y, Ge, H, Guo, Y, Feng, X, Song, J, et al. Non-junctional Cx32 mediates anti-apoptotic and pro-tumor effects via epidermal growth factor receptor in human cervical cancer cells. Cell Death Dis. (2017) 8:e2773. doi: 10.1038/cddis.2017.183

123. Uzu, M, Sato, H, Shimizu, A, Shibata, Y, Ueno, K, and Hisaka, A. Connexin 43 enhances Bax activation via JNK activation in sunitinib-induced apoptosis in mesothelioma cells. J Pharmacol Sci. (2017) 134:101–7. doi: 10.1016/j.jphs.2017.05.005

124. Laird, DW, and Lampe, PD. Therapeutic strategies targeting connexins. Nat Rev Drug Discov. (2018) 17:905–21. doi: 10.1038/nrd.2018.138




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Wu, Zhao and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1594015-g003.jpg
Donor cell Mitochondria

D ‘ 4 =T ~\\\
v,l \\\v
Tunnelling
nanotube

Extracellular vesicle

Gap junction

Recipient cell





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Coordination of innate immune responses by connexins

      

        		

          1 Introduction

        



        		

          2 Transmitted innate immune molecules via hemichannels and gap junctions

        

          		

            2.1 Nucleotide derivatives

          



          		

            2.2 Ions

          



          		

            2.3 Antigens

          



        



        



        		

          3 Connexin-involved mitochondrial transfer

        



        		

          4 Bridged innate and adaptive immune responses by connexins

        



        		

          5 Connexins in the disease pathogenesis

        

          		

            5.1 Microbial infection

          



          		

            5.2 Tissue homeostasis and inflammation

          



          		

            5.3 Tumorigenesis and metastasis

          



        



        



        		

          6 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1594015-g001.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2025.1594015_cover.jpg
& frontiers | Frontiers in Immunology

Coordination of innate immune responses
by connexins





OEBPS/Images/fimmu-16-1594015-g002.jpg
———— e ———————— 1 Cytoplasm

(Cell 1) R o0

[ cAMP ¥ Peptide Extracellular

|
|
| I
: antigens :
O At : O
| N 0o Nucleic acid |
1 @® K fragments I
' 2+ I
: . Ca : Y | Connexon

F ‘ . XX
@) @
o oo @
Cytoplasm Nucleotide lons Antigens

(Cell 2) derivatives





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1594015-g004.jpg
Gap Junction Channels





OEBPS/Images/table1.jpg
Agel pe Mode of action Clinical t

AsODN Antisense oligonucleotides Decrease Cx43 levels Phase 2

aCT1 Peptide mimetics Decrease Cx43-ZO-1 interaction Phase 3

Rotagaptide Modified peptide Enhance the gap junction function Phase 2

Danagaptide Modified peptide Enhance the gap junction function Phase 2

ZP1609 Modified peptide Enhance the gap junction function Phase 2

Excleningen Small molecule compounds Selectively open Cx43 hemichannels Phase 1

Carbenoxolone Small molecule compounds Decrease Cx43 levels Orphan drug designation from the FDA

Peptide 5

Peptide mimetics

Decrease hemichannels

Planned





