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Editorial on the Research Topic 


New Insights into Mechanotransduction by Immune Cells in Physiological and Pathological Conditions


Mechanotransduction is the process in which mechanical and physical forces sensed by membrane receptors and/or channels (‘mechanosensors’) are converted into intracellular biochemical signals. This process plays fundamental functions in the regulation of development, immunity, inflammation, neurodegeneration, wound healing, fibrogenesis, pain transmission, and oncogenesis (1–6). Changes in matrix tension, stiffness (or rigidity), compression, and shear as well as cellular contact with neighboring cells and foreign bodies produce intracellular signals by acting on mechanosensors to affect a wide range of physiological or pathological outcomes (7–14, Gunasinghe et al.). Emerging data support a role for substrate tension, compression, and stiffness of the extracellular and intracellular matrix, in numerous cellular processes including gene expression, cell migration, cell proliferation, and differentiation (1–14, Gunasinghe et al.). Despite substantial progress in mechanotransduction field, the molecular pathways whereby mechanical and biochemical signals are integrated to elicit a specific cellular outcome are still poorly understood. The aim of this special Research Topic, which incorporates 6 original articles and 4 reviews - is to highlight the role of mechanotransduction by immune cells under physiological and pathological conditions.

All immune cells including T-cells, B-cells, Natural killer (NK) cells, macrophages/monocytes, neutrophils, and glial cells of peripheral and central nervous systems are subjected to biochemical and mechanical cues when in systemic circulation and in tissues. NK cells contribute to host immune protection against viruses and tumors by mediating target cell killing and secreting various cytokines. Santoni et al., reports findings on the involvement of mechanosensation and mechanotransduction that is mainly mediated by actin cytoskeleton, in the regulation of NK cell adhesion, migration, tissue infiltration and functions. Precise understanding of mechanotransduction in regulation of NK cell function may facilitate the development of nanomaterials tailored for NK cells, which would be important to develop new immunotherapeutic approaches.

Macrophages and neutrophils are mechanosensitive cells that perform diverse functions by sensing and responding to alteration of both physical and biochemical (soluble) cues in their tissue microenvironment. In contrast to the intense focus on soluble cues including cytokines, chemokines, as regulators of immune cell function, the physical microenvironment has traditionally received considerably less attention. Utilizing static and cyclic uniaxial stretch, Atcha et al. reports that the physical forces synergize with soluble signals to modulate macrophage morphology and function, and suggests a role for CD11b and Piezo1 crosstalk in mechanotransduction in macrophages. In this regard, Orsini et al. summarizes a systematic review to discuss the role of mechanosensitive ion channels, including Piezo1 and transient receptor potential vanilloid 4 (TRPV4), and cell adhesion molecules, including integrins, selectins, and cadherins in immune cells under various physiological and pathological conditions. They have highlighted that mechanical cues via activation of mechanosensitive ion channels and receptors activate intracellular signaling pathways, including MAPKs, YAP/TAZ, EDN1, NF-kB, and HIF-1α, to make a change in cellular responses. The precise understanding of the mechanisms by which immune cells transduce mechanosensitive cues presents novel targets to treat human diseases. The review by Nguyen et al. discusses recent understanding of cellular processes whereby macrophage TRPV4 plays a role in pathological conditions and inflammation, and the importance of applying unbiased methods including high-throughput and omics methods in future, for a broader understanding of the functional outcomes of TRPV4 activation.

Toft-Bertelsen and MacAulay, summarizes the current knowledge on cell volume regulation to discuss various mechanisms underlying the molecular coupling from cell swelling to TRPV4 channel activation and present the evidence of direct versus indirect swelling-activation of TRPV4. We believe the current knowledge discussed in this review will stimulate further research efforts in this area to precisely reveal TRPV4’s role in numerous physiological and pathological conditions.

Matsuyama et al., summarizes the current knowledge on gateway reflex, a process that explains how autoreactive CD4+ T cells cause inflammation in tissues harboring blood-barriers, such as the brain and retina, with a special interest on TRPV1 and mechanotransduction.

The role of TRP channels on inflammation during bacterial infections has been well recognized. Kono et al., reports a previously unsuspected role for TRPV1 and TRPV4 in Streptococcus pneumoniae nasal colonization and consequent development of pneumococcal disease in a mouse model. This results show that modulating host immune responses by TRPV1/TRPV4 could be a unique strategy against pathogenic bacteria generating local and/or systemic inflammation.

Trabecular meshwork (TM) cells are mechanosensitive cells with phagocytic and immune properties that actively regulate intraocular pressure (IOP). An increase in IOP stimulates actin polymerization via stretch-activated TRPV4 channels, which increases tissue resistance to outflow of aqueous humor to further elevate IOP. Yarishkin et al. report that sustained TRPV4 activation induces pacemaking calcium activity by stimulating TRPM4 (Transient Receptor Potential Melastatin 4), a calcium-activated sodium channel. By imbuing mechanotransduction with intrinsic time-dependence downstream from the tensile and compressive impact of IOP, TRPV4-TRPM4 interactions might provide immune regulation and outflow resistance in the anterior eye with an additional layer of signaling complexity.

Pathni et al., reports that activation of Cytotoxic T lymphocytes (CTLs) in the presence of interleukin (IL)-12 leads to differential modulation of the actomyosin and microtubule dynamics at the immune synapse leading to increased mechanical force exertion by CTLs to their targets. This result indicates a potential mechanotransduction via which IL-12 can augment the CTL response.

Initial studies probing mechanosensing role of T cells focused on planar hydrogel and elastomer surfaces. However, these approaches have several drawbacks including difficulties in separating mechanical stiffness from alterations in substrate chemistry required to regulate stiffness. Sachar and Kam, reports here the use of magnetically-actuated microscale elastomer pillars to change the stiffness of elastomer pillars, independent of substrate chemistry.

To precisely understand immune signaling and inflammation it is critical to define the mechanisms by which specific mechanotransduction processes occur, and how functional mechanosensing responses are influenced by the local, systemic and time-dependent biochemical factors. We would like to thank all the authors and reviewers who contributed to this special edition, for their time and expertise.
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Natural killer (NK) cells are a main subset of innate lymphocytes that contribute to host immune protection against viruses and tumors by mediating target cell killing and secreting a wide array of cytokines. Their functions are finely regulated by a balance between activating and inhibitory receptors and involve also adhesive interactions. Mechanotransduction is the process in which physical forces sensed by mechanosensors are translated into chemical signaling. Herein, we report findings on the involvement of this mechanism that is mainly mediated by actin cytoskeleton, in the regulation of NK cell adhesion, migration, tissue infiltration and functions. Actin represents the structural basis for NK cell immunological synapse (NKIS) and polarization of secretory apparatus. NK-target cell interaction involves the formation of both uropods and membrane nanotubes that allow target cell interaction over long distances. Actin retrograde flow (ARF) regulates NK cell signaling and controls the equilibrium between activation versus inhibition. Activating NKIS is associated with rapid lamellipodial ARF, whereas lower centripetal actin flow is present during inhibitory NKIS where β actin can associate with the tyrosine phosphatase SHP-1. Overall, a better knowledge of mechanotransduction might represent a future challenge: Realization of nanomaterials tailored for NK cells, would be important to translate in vitro studies in in vivo new immunotherapeutic approaches.
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Natural Killer (NK) Cell Target Recognition and Functions

Natural Killer (NK) cells represent the prototype of innate lymphoid cells that act as first line of defense against microbial infections, and tumor cell transformation, growth and metastatic spreading (1–3). NK cells prompt the response mainly on their ability to release lytic mediators, such as perforin and granzymes, or to express ligands triggering death receptors on target cells; moreover, they can secrete a wide array of cytokines and chemokines to recruit and educate other immune cell types (4, 5). NK cell activation depends on a delicate balance between activating and inhibitory signals, being the latter mainly transduced by killer-cell immunoglobulin-like receptors (KIRs), cluster of differentiation 94 (CD94)/natural-killer group 2, member A (NKG2A) receptors for class I MHC. Recognition of abnormal self on tumor or viral infected cells triggers a number of non MHC I-restricted activating receptors such as NKG2D, the receptor for the human MHC I-related sequence A and B (MICA/B) and UL16 binding proteins (ULBPs), DNAX accessory molecule-1 (DNAM-1) that recognizes nectin-2 (Nec2, CD112) and nectin-15 (Necl5, PVR, CD155), and the natural citotoxicity receptors (NCR) receptors (1). In addition, NK cells express receptors belonging to the β1 and β2 integrin family with lymphocyte function-associated antigen 1 (LFA-1) playing a central role in priming NK cells for cytotoxicity. The dialog of the β1 and β2 integrins with a number of chemokine receptors is also crucial for the homing and migration of NK cells in lymphoid and non-lymphoid organs.

Moreover, it is becoming clear that although they act in cooperative manner, different activating receptors can independently trigger discrete steps of NK cytolytic process (i.e. target cell contact and adhesion, granule polarization, degranulation and target lysis) by initiating diverse signaling cascades (6). In this regard, signaling components controlling cytoskeleton rearrangement, are emerging as critical events for NK cell cytotoxicity and migration.

NK/target cell interaction is regulated by adhesion molecules such as β1 and β2 integrins that play either a receptor or co-receptor role (7). High-avidity/affinity of integrins occurs in response of different activating receptors and depends on the activation of different signaling pathways including tyrosine kinases (PTK) belonging to the proto-oncogene tyrosine-protein kinase (Src) family, phosphoinositide 3-kinase (PI3K), small G proteins, and cytoskeletal integrity (inside-outside signaling). β2 integrins have been also shown to be critical in the interaction between NK and target cells by controlling the formation of the immunological synapse, which is an assembly of membrane receptors and signal transduction molecules largely driven by actin cytoskeleton. Development of NK cell cytotoxic functions requires the activation of a complex cascade of signaling pathways, including the activation of spleen tyrosine kinase (Syk) family PTKs, phospholipase C gamma (PLC-γ) and D (PLD), PI3K, Vav/Rac pathway, ERK, p38 and MAPKs (6). Some of these events are shared by different activating receptors, but distinct signals are also transduced depending on the type of receptor or the sensitive target triggering the cytotoxicity. In this regard, it has been reported that the activation of focal adhesion PTK Pyk2, that has been shown to be activated by β1 and β2 integrins, is a discriminating event between natural and antibody-mediated cytotoxicity. Moreover, ligation of integrins on human NK cells transduces intracellular signals leading to tyrosine phosphorylation of paxillin, intracellular calcium elevation (8), and co-stimulation of NK cell cytotoxic functions.



Mechanosensing in the NK Cell-Mediated Immune Responses

Mechanotransduction is the process in which physical forces sensed by mechanosensors are translated into chemical signaling pathways. This mechanism mediated by the cytoskeleton that serves as a global mechanosensor apparatus, permits cells to sense their extracellular environment and rapidly respond to different stimuli. NK cell mechanosensors include a large range of activating receptors as well as β1 and β2 integrins and CD62L selectin (9, 10).The actomyosin network plays an important role in mechanotransduction, in that actin polymerization generates a “pushing” force, whereas the myosin produces a “pulling” force, and together are translated into several signaling cascades (11, 12). Thus, the actin cytoskeleton provides the mechanical forces necessary for adhesion, migration and tissue infiltration of NK cells as well as for their cytotoxic function. The actin interactome represents the structural basis for the formation of a stable NKIS, integration of molecular complexes and signaling components, and the secretion of cytolytic granules and mediators (e.g., perforin) leading to target cell killing. The mature activating NKIS contains a central and peripheral supramolecular activation cluster (SMAC). The β2 integrins, namely αLβ2 (LFA-1) and αMβ2 (Mac-1) and F-actin accumulate in the peripheral SMAC (pSMAC), whereas perforin is present in the central SMAC. The accumulation of F-actin and β2 integrins is rapid, it depends on Wiskott–Aldrich syndrome protein (WASp)-driven actin polymerization, and is not affected by microtubule depolymerization. Conversely, the polarization of perforin is slower and requires intact actin, WASp protein, and microtubule function (13–15).



Uropods and Nanotubes Mediate Mechanotaxis in NK Cells

Cell guiding is involved in a number of biological processes, but however, its mechanisms remain still partially elucidated. Immune cells are able to migrate directionally thanks to chemical guiding or chemotaxis in response to chemo-attractants, to haptotaxis in response to surface-bound chemicals, and to mechanical guiding or mechanotaxis in response to mechanical stimuli such as substrate stiffness, cell deformation or osmotic stress (16).

A large body of evidences mainly regard chemotaxis, whereas mechanotaxis has been considered only recently. Although a role in the activation of leukocytes has been reported (17), the basic remain largely elusive. Immune cell trafficking is not only supported by chemical signals, but also involves mechanical signals like hydrodynamic shear stress (18–21). The external forces are perceived by leukocytes mainly through the integrin receptors, which undergo conformational changes by inside-out (22) and outside-in (23) signaling, and initiate an intracellular signaling cascade in response to mechanical forces. Thus, integrins are key players both in the tissue recruitment of leukocytes from blood flow, and in leukocyte mechanotaxis under flow.

Two types of orientation mechanisms by flow have been suggested to mediate leukocyte integrin-mediated adhesion. Shear stress involves integrin-mediated outside-in signaling at anchoring sites (24–26). Such mechanisms are considered “active”, in that a specific intracellular signaling pathway is initiated in response to flow, and relies on mechanotransduction. Alternatively, a “passive” model that does not require signaling by the external cue, has been also proposed for upstream crawling lymphocytes (27). In this model, flow direction is detected by the passive orientation uropod, which is not adherent and freely rotates. Reorientation of the whole cell against flow, follows tail orientation via the cell realignment by front-rear polarization. At molecular level, the cross-talk between LFA-1 and integrin very late antigen-4 (VLA-4, α4β1) and the opposite polarization of LFA-1 and VLA-4 integrins sustain a differential adhesion of leukocytes either by their leading or trailing edge.

NK cells circulate in the blood against fluid flow, as shown by the orientation of the non-adherent cell rear, the uropod. Uropods sense and transmit flow directions into cell steering through the polarity maintenance (27). In addition, NK cell migration involves the convergence of signaling events triggered by engagement of both β2 and β1 integrins, and a number of chemokine receptors including C–X–C motif chemokine receptor (CXCR) 4, C–C chemokine receptor type (CCR) 2, CCR5 and CXCR3 (28, 29).

Cell polarization is also a crucial event for the formation of NK/target cell conjugates. NK cells contact target cells exploiting the region with high concentration of CCR2 and CCR5, whereas the ligands of β2 integrin intercellular adhesion molecule (ICAM)-1 and ICAM-3, are concentrated at the distal pole in the uropods. Blocking cell polarization and adhesion receptor redistribution, inhibits NK cell cytotoxic activity as result of impaired effector–target cell conjugate formation. Thus, cell polarization regulates different steps of NK cell functions: the leading edge where the CCR are concentrated, is involved in the adhesion to target cells, polarization of the secretory apparatus and release of lytic granules during the NK cell killing (30, 31); remarkably, different types of lytic granules undergo polarized secretion to the site of membrane contact between NK and target cells (32). The uropods by accumulating ICAM molecules, are involved in the recruitment of NK cells.

Cell polarization and cytotoxic activity, can be blocked by adenosine diphosphate (ADP) ribosylation of the guanosine-5’-triphosphate (GTP) binding protein Ras homolog family member A (RhoA), indicating the important role of this signaling pathway triggered by LFA-1 as well as by CCR in these events (33, 34).

Notably, formation of NK/target cell conjugates also stimulates chemokine release, which can further promote NK cell binding to target cells by inducing integrin inside-outside signaling and support NK cell migration.

Beside the involvement of uropods in the regulation of the intimate NK cell contact with target cells, NK cells can also generate membrane nanotubes that allow these cells to functionally interact with targets over long distances. Target cells that relocate along the nanotube path, are polarized with their uropods facing the direction of movement, are then lysed. Removing the nanotubes by a micromanipulator reduces target cell lysis (35). The frequency of nanotube formation depends on the number of interactions between activating receptor and the respective ligand(s), and increases upon the NK cell activation. Imaging studies have demonstrated that proteins, such as the signaling adaptor that associates with NKG2D, DAP10, the G protein exchange factor Vav-1, and the NKG2D ligand MICA accumulate at nanotube synapses in a such high concentration to stimulate cell activation (35).



NK Immunological Synapse (NKIS): Role of the Actin Cytoskeleton and Retrograde Flow in Controlling NK Cell Responses

As above mentioned, NK cell cytotoxicity is a tightly regulated multistep process. It moves through the initial contact between NK cells with target cells which is mediated by tethering receptors such as CD2 and the selectin CD62L, adhesive integrin receptors (LFA1 and Mac1) that interact with ICAM1, and activating receptors such as NCRs, NKG2D and DNAM1 (36). Both activating and integrin signaling initiate the formation of NKIS. In particular, engagement of β2 integrins, but not of CD-16 activating receptor on CD16.NK-92 cells, was found to affect the size and the dynamics of signaling microclusters in a Pyk2-dependent manner (37).

Signaling is required for cytoskeleton remodeling, formation of activating microclusters and adhesion ring junction, polarization of effector cells and cytolytic granule releases (34). Accumulation of F-actin at the NKIS is the pre-requisite for the clustering of activating receptors which stimulate the polarization of cytolytic granules to the immunological synapse (IS). Lytic granules navigate to actin meshwork at the IS and reach the plasma membrane through gaps sized to accommodate lytic granule movements. The movement of lytic granules is dependent to myosin IIa that generates force and movements along actin filaments. In NK cells, myosin IIa mediates the interaction between lytic granules and F-actin UNC45-dependent manner at the NKIS, and facilitates the movement of lytic cargo along actin filaments (38). The movement of lytic granules toward the IS, initially depends on dynein that mediates the movement of secretory vesicles to the MTOC (39), and then on the granule-associated small GTPase Rab27a that recruits the Slp3–kinesin-1 complex, thus enabling the polarized cytotoxic granules to reach the membrane and release their contents at the IS (9, 40, 41). Activating receptor-triggered secretion of lytic granules requires binding of Rab27a to Munc13-4, with formation of a complex that co-localizes with lytic granules (42). Lytic granules docked and tethered to NKIS, are primed through interaction between Munc 13-4 and STX11 to form a trans-soluble NSF attachment protein receptor (SNARE) complex comprising the syntaxin STX11 and synaptosomal SNAP23 protein together with the SNARE proteins vesicle associated membrane protein (VAMP) 4 and VAMP7, likely mediated by syntaxin-binding protein 2 (STXBP2) (43). After the fusion of lytic granules at the synaptic cleft, the lytic granule membrane proteins are endocytosed to replenish lytic granules for further killing.

F-actin is a major driver of the IS formation between NK and target cells, and the polarization of the secretory apparatus (44–46). Actin retrograde flow (ARF) regulates NK cell signaling and controls the equilibrium between NK cell activation versus inhibition. The actomyosin dynamics is responsible for the “mechanotransduction” (11, 12, 47). The F-actin turnover and myosin IIa force at the NKIS are the most important forces involved in the guide of the F-actin centripetal flow, with actin polymerization pushing at the external part of the spreading cell, and the contractile myosin force pulling the F-actin away from the cell membrane (48). It has been well accepted that the actin flow plays a pivotal role in the centralization of receptors and signaling proteins. Activating NKIS is associated with a rapid lamellipodial ARF, whereas a lower centripetal actin flow is present during inhibitory NKIS (49). It has been recently demonstrated that tyrosine protein phosphatase (SHP)-1 and β-actin specifically associate at the inhibitory NKIS where ARF is slower. In addition, SHP-1 is maintained in a closed status and catalytically inactive form, if actin flow is inhibited by using jasplakinolide or cytochalasin D pharmacological inhibitors, or by growing cells on rigid surfaces. Thus, SHP-1 inhibition is the result of actin flow reduction that leads to increased Vav-1 and PLCγ-1/2 tyrosine phosphorylation and to NK cell activation. SHP-1 does not interact with the actin machinery when ARF velocity is rapid and activating NK cell interactions occur; in this case it has a closed catalytically inactive conformation, allowing Vav-1 and PLC-γ1/2 tyrosine phosphorylation (Figure 1) (47, 50). Thus, stimulation of NK cell activating receptors induces a fast actin flow that inhibits the binding of SHP-1 with the actin network. This NK activating status favors SHP-1 closed inactive conformation promoting target cell killing. Engagement of KIR inhibitory receptors results in slow actin flow, enabling the formation of the SHP-1/β-actin complex. SHP-1 inhibits NK cell activation by dephosphorylating important signaling molecules. Given that the actin flow dynamics rapidly change, it may enable a rapid switching from an inhibitory to activating NK cell response (47).




Figure 1 | NK cell cytotoxicity is regulated by changes in SHP-1 conformational state.



NK cell inhibition is also mediated by SHP-2 recruitment to KIR receptors (51, 52), and in non-immune cells SHP-2 is associated with the actin cytoskeleton (53). Given that SHP-1 and SHP-2 display a high level of structural homology, it can be suggested that a similar regulation of SHP-2 occurs also in NK cells via dynamic actin movement.

Overall, these data indicate that actin mechanotransduction is essential to increase the NK cell capability to rapidly respond to local environmental changes. While NKIS formation requires minutes/hours and is a slow process, alterations of the actin flow dynamics and the following SHP-1 status are fast events (seconds/minutes) that permit a rapid on/off control of inhibitory signaling (47). Thus, ARF, by controlling actin dynamics, represents a novel mechanism to regulate the functional outcome of NK cells.



Mechanical Properties of Surrounding Matrix and Targets Drive NK Cell Responsiveness

During their lifetime, NK cells infiltrate a variety of normal, inflamed, or neoplastic tissues with different mechanical properties, exposing the NK cells to big fluctuations in matrix stiffness with potential impact on their responsiveness (54). Moreover, during the development, bone-marrow NK cells are exposed to substrate stiffness ranging from 25 to 100 kPa (55). Both NK cell degranulation and cytokine production are modified by the rigidity of the target substrate. In the study by Malaton and colleagues, the effect of substrate stiffness on efficiency of NK cell degranulation was evaluated by using a cell-sized beads coated with sodium alginate at defined soft (9 kPa), medium (34 kPa) or stiff (254 kPa) alone, or in the presence of antibodies directed against LFA-1 or the NCR receptor NKp30. Increased substrate stiffness stimulated NK cell degranulation, that was further enhanced by NKp30 and LFA1 triggering. The lower degranulating capacity of NK cells contacting soft targets was suggested to depend on an impaired recruitment of phosphorylated zinc-finger antiviral protein (Zap) 70 PTK to the NKIS (47). Similarly, a recent report demonstrated that target rigidity impacts on perforin granule polarization and degranulation, being secretion of granzymes A and B, granulysin and FAS ligand improved with increased substrate stiffness (56). Soft target stiffness was found to reduce F-actin accumulation and talin polarization and recruitment at the NKIS, leading to the formation of an instable asymmetrical synapse and decreased proportion of NK cells in the conjugates with targets. In addition, interaction with softer targets resulted in impaired microtubule organizing center (MTOC) and lytic granule polarization (Figure 2) (56).




Figure 2 | Immunological synapse (IS) of Natural Killer (NK) cell and target cell. (A) NK cells engage other cells to create an immunological synapse (IS); (B) First, filamentous actin (F-actin) is recruited to the IS; (C) NK lytic granules move along microtubules by dynein–dynactin motor proteins toward the microtubule-organizing center (MTOC); (D) the polarized lytic granules and MTOC dock at the IS, and degranulate (57).



Stiffness of the activating substrates not only impacts on NK cell cytotoxic function, but secretion of cytokines, namely interferon-gamma (IFN-γ), is also modulated, with increased release observed upon NK cell interaction with the stiffer substrates.

The stiffness properties of a cell undergoes changes during the neoplastic process, with primary tumor cells being stiffer than healthy cells, and conversely metastatic cells showing profound reduction in stiffness (58); in addition, also viral infection increases stiffness by inducing cortical actin rearrangement (59). Thus, we would like to envisage that stiffening or softening would be able to profoundly affect the responsiveness of NK cells infiltrating neoplastic or infected tissues. Because no evidences are presently addressing this issue, we would like to suggest that investigation of mechanotransduction mechanisms in tissue resident NK cells would represent a research area of increasing interest.



Nanomaterials in the Regulation of NK Cell Functions

The use of nanowires or nanodots functionalized or not with ligands, permits now to explore more in depth the mechanosensitivity of NK cells, and in particular the mechanical features of NKIS. Shaping NK cell activity by nanomaterials to functionally upregulate their activating receptors, may represent an emerging strategy for NK-cell based adaptive immunotherapy. Enhanced NK cell activation on antigen-functionalized and mechanically stimulating nanowires and nanodots, and the isolation of activated NK cell subpopulations, foreruns novel nanoengineered platforms for cell expansion toward therapeutic purposes, with improved efficiency and control of cytotoxic activity (60).

Finally, in the recent years with the development of chimeric antigen receptor (CARs) of T and NK lineages, researchers are closer to achieving high specificity and low off-side effects, with clinical trials achieving remission rates. In this regard, a role of mechanosensing in the antigen/target discrimination is a key to engineered high specific CARs. Further work would be required to completely address the mechanosensing properties of NK cells in vivo. These studies can provide important fundamental insights on cytotoxic functions of NK cells and allow rational design of future immunotherapies.



Concluding Remarks

Cells sense their environment by transducing mechanical stimuli into biochemical signals. Conventional tools for study cell mechanosensing provide limited spatial and force resolution. Recent advances in biomaterials and device engineering have facilitated the generation of numerous artificial cellular microenvironments, which produce synthetic signals mimicking those delivered by the physiological environment. Several advanced materials and devices have been recently produced for the study of mechanical activity in NK cells. NK cells exposed to nanowires functionalized with MICA ligands exhibit higher expression of CD107 degranulation marker, suggesting that the combination of a physical stimulus with the chemical stimulus of MICA, enhances NK cell activation (60, 61). This model may mimic the in vivo NK cell/dendritic cell interaction, where the branched projections of DC are similar in size and shape to nanowires (62).
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The ability of cells to recognize and respond to the mechanical properties of their environment is of increasing importance in T cell physiology. However, initial studies in this direction focused on planar hydrogel and elastomer surfaces, presenting several challenges in interpretation including difficulties in separating mechanical stiffness from changes in chemistry needed to modulate this property. We introduce here the use of magnetic fields to change the structural rigidity of microscale elastomer pillars loaded with superparamagnetic nanoparticles, independent of substrate chemistry. This magnetic modulation of rigidity, embodied as the pillar spring constant, changed the interaction of mouse naïve CD4+ T cells from a contractile morphology to one involving deep embedding into the array. Furthermore, increasing spring constant was associated with higher IL-2 secretion, showing a functional impact on mechanosensing. The system introduced here thus separates local substrate stiffness and long-range structural rigidity, revealing new facets of T cell interaction with their environment.
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1 Introduction

T cells are key agents of the adaptive immune response, coordinating precise and robust protection against pathogens, but in other settings also contributing to a range of diseases. These cells can also be leveraged to treat disease, and there is growing interest in the design of materials that direct ex vivo production of these living drugs in the context of cellular immunotherapy. In particular, tuning the mechanical properties of a biomaterial used to activate T cells can enhance subsequent function including cytokine secretion, proliferation, and population expansion (1–4). The early studies investigating T cell mechanosensing were carried out with flat, planar surfaces presenting ligands to the T Cell Receptor (TCR) and CD28, which provide activating and costimulatory signaling, respectively (3, 5). However, interactions between T cells and antigen presenting cells (APCs) are topographically complex, involving cellular protrusions, extensions, and other features that are defined over a range of spatial scales (6, 7). Subsequent studies using microstructured surfaces (8–11) showed that T cells can interact intimately with these topographies in model systems, altering a range of outputs associated with cell activation and function. Notably, T cells appear to respond to the structural rigidity of microscale elastomer pillars organized into long-range arrays, a system originally developed for measuring forces exerted by cells onto an underlying substrate (12). T cells respond to changes in pillar rigidity, expressed as that structure’s spring constant (the ratio of force applied tangentially at the tip to the tip deflection), by modulating microtubule organizing center (MTOC) transport and cytokine secretion (10). These experiments were carried out by altering the geometry (height and cross section) of each pillar, as previously described for other types of cells (13–15). This approach addressed a frequently-voiced critique of mechanobiology studies using planar substrates such as hydrogels in that stiffness was controlled through material chemistry; changing cross-linker density could affect local, nanoscale interactions with cells rather than substrate modulus alone (16). Microscale structuring allowed control over the larger-range mechanical response of a substrate while using the same material formulation, but introduced other issues. Changing parameters such as pillar width and depth also alters features such as local substrate curvature, area avaiable for cell adhesion, and/or nutrient availability which may alter cell response independently of system rigidity. This report introduces the use of magnetic fields to change the rigidity of micropillar arrays while keeping the structure dimensions constant, addressing such concerns.

The approach introduced here (Figure 1A) is a variation of a magnetic actuation micropillar system introduced by Sniakecki et al. (17). In that system, magnetic wires are embedded inside individual pillars. Application of a magnetic field tangential to the arrays (along the direction of multiple pillars and thus perpendicular to an individual pillar) imparts a torque to the wire. Since the wire is anchored to the substrate through the pillar, this torque is transmitted to adherent cells as a lateral force. In the present study, the magnetic field is applied perpendicular to the arrays rather than tangential, in the direction represented by Bmod in Figure 1A. The pillars are loaded with superparamagnetic nanoparticles (NPs). A magnetic field applied in this configuration induces a moment along the pillar axis which will tend to align with the field. Deflection of the pillar away from this alignment, for example by a cell producing Fcell in Figure 1A, will produce a restoring torque, τ, that seeks to realign the magnetic moment and field. The magnitude of this torque and resultant force applied to the cell are approximately linear to pillar tip deflection for small displacements. In short, application of a magnetic field in this configuration increases the apparent spring constant of NP-loaded pillars. This approach promises the ability to change the structural rigidity of a substrate independent of geometry or material formulation. This approach also avoids the need to introduce chemical or biomolecular agents into the system. Here, we use this magnetic actuation platform to investigate the interaction of T cells with topographically complex surfaces.




Figure 1 | Magnetic modulation of pillar rigidity. (A) A magnetic field applied perpendicularly to an array of pillars (thus along the axis of individual pillars, as indicated by Bmod) loaded with magnetic nanoparticles (NPs) produces a torque and associated force (τ, Fmag) that counter deflections, such as those induced by an adherent cell (Fcell). (B) Application of a magnetic field tangentially to the array (thus perpendicular to the axis of individual pillars, as indicated by Bcalib) causes deflection of pillars that are loaded with NP’s (right panel). Pillars without NPs do not respond to the applied field (left panel). Scale bar = 10 µm. (C) Estimation of the spring constant presented by individual pillars, modulated by controlling the bulk Young’s modulus of elastomer used to fabricate these arrays (Soft, S, or Hard, H), loading of pillars with NPs (M), and application of a magnetic field (F).





2 Materials and Methods


2.1 Cell Culture

Mouse CD4+ T cells were isolated from the spleens of C57BL/6 mice, age 6-10 weeks. After filtering through a 40 μm mesh, naive CD4+ cells were enriched via negative selection using the Miltenyi CD4+ T cell isolation system. Complete culture media consisted of RPMI 1640 supplemented with 10% fetal bovine serum, 10 mM HEPES, 2 mM L-glutamine, 50 µM β-mercaptoethanol (Sigma), 50 U/mL penicillin, and 50 µg/mL streptomyosin, and 50 U/mL rhIL-2 (Peprotech), all reagents from Thermo unless otherwise noted. Cells were used immediately in experiments as described below. Incubations were carried out under standard cell culture conditions (37°C, 5% CO2/95% air). For live-cell experiments, this environment was maintained using a Tokai Hit stage top incubation system. For inhibition experiments, cells were pretreated with inhibitor in complete culture media for 15 minutes, and then seeded onto experimental surfaces. Inhibitors included Y-27632 (ROCK inhibitor, 20 μM; Sigma-Aldrich) and CK-666 (Arp2/3 inhibitor, 100 μM; Sigma-Aldrich).



2.2 Elastomer Pillar Fabrication

Arrays of elastic micropillars were fabricated following a double-casting approach described by Tan et al. (12). Briefly, masters of the microscale pillar arrays were generated by nanolithography as previously described (10, 11, 18). Each array is made up of roughly 1000 by 1000 pillars. Individual pillars are of 6 μm height and 1 µm diameter of 1 μm, spaced 2 µm center-to-center in hexagonal arrays. Negative molds, containing pits that are the negative of the pillars, were prepared by pouring polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, mixed at the manufacturer-specified elastomer base: cross-linker ratio of 10:1) onto the silicon masters then curing for 8 hours at 65°C. These negative molds were then silanized over night with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane (United Chemical Technologies). The negative molds were used to cast PDMS pillar arrays (curing at 65°C for 8 hours) directly onto glass coverslips (thickness #0 Fisherbrand) (Figure 3). To release the pillars, the molds were inverted, peeled off in 100% ethanol to prevent pillar collapse, and the remaining upright pillars were washed in 3X phosphate-buffered saline (PBS).

The PDMS used to create the arrays consisted of either Sylgard 184 alone or Sylgard 527 mixed with Sylgard 184 at a ratio of 1:3 (v/v), each prepared following the manufacturers specifications (Dow Corning). The stiffness of each elastomer was estimated by indentation, using a flat cylindrical head of 8-mm diameter (D). Young’s modulus (E) was calculated from the deflection of the surface (h) in response to an applied weight of specified mass (m), using the Hertizan contact model, with Poisson ratio (ѵ) = 0.5 and gravitational field (g) = 9.81 m/sec2,

	

The samples used for these measurements were approximately 1 cm thick, and surface deflection was less than 10% of that depth.



2.3 Magnetic Pillar Fabrication

To fabricate magnetic pillars, the negative pillar molds were loaded with superparamagnetic nanoparticles (NP, 10-nm magnetite, EMG 1200) prior to casting of PDMS. The NP solution was prepared by dissolving 0.06 g of dry powder in 3mL Toluene in a 15mL round flask using a vortexer. Then, 5mL of Hexane and 5 mL of Hexadecane were added into the solution, and the solution was poured into a Teflon beaker. A drill mixer was used to dissolve the particles into the organic solvent for 5 minutes. Then, the mixture was sonicated with a wand sonicator (Branson SFX150 Sonifier) for 5 minutes. Finally, the mixture was sonicated in a bath (Branson B1510-MT) for 20 minutes. In preparation for loading, negative molds were placed on top of a neodymium permanent magnet (DXO8B, 1” D X 1/2” H cylindrical, N52, K&J magnetics). NPs were introduced into the negative molds using multiple loading cycles. For each cycle, 15 uL of the NP solution was placed directly onto the mold tops and allowed to sit for 15 minutes. The molds were then placed in a centrifuge dish, and 10 more microliters of the NP solution added to the system. Molds were then centrifuged for 8 minutes at 3100 rcf. After completion of all loading cycles, PDMS was poured onto the molds and cured as described for the elastomer-only pillars, incorporating the NPs into the resultant structure. Preliminary experiments showed that after 8 loading cycles, NPs overflowed the cylindrical holes of the pillar molds. Targeting pillars in which the upper half is loaded with NPs, four cycles of loading were used to prepare the arrays throughout this report.



2.4 Magnetic Field Application

To calibrate the NP-loaded pillars, a magnetic field was applied tangential to the array (horizontal in Figure 1A and perpendicular to individual pillars) by placing a spherical permanent earth magnet (SXO, 1” D spherical, N42, K&J magnetics) approximately 8 mm from the edge of the magnet to the edge of the pillar array. This allowed for an application of a 0.4 T field onto the pillars. To modulate the apparent spring constant of the pillars, a magnetic field was applied perpendicular to the array (vertical in Figure 1A and along the axis of individual pillars) using a cylindrical permanent magnet (DXO8B, N52, K&J magnetics) was mounted 7 mm above the pillar array, producing a field of 0.3 T at the pillar array surface. Magnetic field strength at the array position was confirmed using a gaussmeter (PCE-MFM 3500, PCE Instruments).

This report makes the simplifying assumption that magnetic field are uniform across the area of cell culture. To approximate a uniform magnetic field, the arrays were placed in line with the axis of the cylindrical magnet; it is recognized that the field produced by an individual, simple magnet is not completely uniform. However, the forces associated with such fields are small compared to those exerted by cells. In particular, the magnetic field along the axis of the DXO8B magnet was estimated to produce a gradient of approximately 300 Gauss/mm. For a coaxially oriented pillar with magnetic moment as described in the following section, this corresponds to a force of 1 pN, several orders of magnitude lower than those associated with cell traction forces.



2.5 Estimation of Pillar Mechanics

PDMS micropillars (not loaded with NPs) were modeled using Euler-Bernoulli beam theory (12) applied to a cylindrical beam of specified diameter (d), length (L), and material Young’s modulus (E); the spring constant (k) of this structure under a bending force (F) applied to the pillar tip and producing a resultant displacement (δ) can be estimated for small deflections as

	

It is noted that the actual pillars exhibit a slight tapering, being narrower at the tip that interacts with the cells and wider at the base (Figure 2A). This tapering was incorporated into the fabrication process to allow better release of pillars from the molds. From images of fluorescently-labeled pillars (such as Figure 2A), pillars measured 1 µm diameter at a height of 2 µm from their base. It is noted that the same molds were used for all pillar formulations, so an adjustment to the spring constant calculation that would result from this slight tapering would affect all conditions equally. For this reason, all calculations were based on the design parameters of uniform, 1-µm diameter cross section, 6-µm height pillars.




Figure 2 | T cells respond to the microscale rigidity of micropillar arrays. (A) Comparison of mouse naïve CD4+ T cell interaction with arrays made of Soft (S) or Hard (H) PDMS. Focal planes representing the top, middle, and bottom of the arrays are shown, along with vertical projections collected at sites indicated by blue arrows. Cells were fixed 25 minutes after seeding, and were labeled with an anti-CD45 antibody (green). Pillars are shown in red. Scale bars = 5 µm. (B) Example trajectories illustrating deflections associated with a single cell on either Soft (S) or Hard (H) arrays. Red traces report deflections of individual pillars being manipulated by the cell, while blue traces illustrate movement of background pillars. These traces were derived from Movies S1, S2. Deflections towards the edge of the cell were assigned a positive sign, while those towards the cell center were negative. (C) Comparison of pillar deflections as a function of array formulation and magnetic field manipulation. Each data point reports the average deflection of all pillars underlying one cell. Data were compared using Kruskal-Wallis test, and only comparisons within a PDMS formulation are indicated; additional comparisons are discussed in the main text. Bars represent mean ± s.d., representing at least 15 cells per condition from 4 independent experiments. (D) Comparison of IL-2 secretion. Each data point represents one cell. Bars are mean ± s.d., representing at least 35 cells per condition from 3 independent experiments. (E) Cell penetration depth into the pillar arrays, measured by microscopy of cell morphology. Each data point represent one cell. Bars are mean ± s.d., representing at least 22 cells per condition from 3 independent experiments. Data were analyzed by ANOVA. For all analyses, **P < 0.01, ****P < 0.0001.



Magnetic pillars were modeled as containing NPs in the upper half of each pillar, as suggested by the position of arrows indicating induced moments in Figure 1A. As an extreme approximation, it was considered that the NP-loaded material of each pillar is much stiffer than the non-loaded counterpart, EPDMS+NP >> EPDMS. The spring constant of these structures in the absence of magnetic field was estimated using Castigliano’s method (19),

	

The impact of an applied magnetic field on NP-loaded pillars was estimated by assuming a uniform magnetic field (B) that is along the axis of an individual pillar (Bmod in Figure 1A, perpendicular to the array). In this configuration, the induced magnetic field is aligned with the applied field, producing no torque (and under the assumption of a uniform, non-diverging field, no force). An applied force (Fcell in Figure 1A) will induce a misalignment between the pillar and field, resulting in a torque, τ = µ X B where µ is the pillar magnetic moment. In terms of magnitude, |τ| = |µ|*|B|*sin(θ) where θ is the angle between the µ and B vectors. For small displacements, θ ~ δ/L and the resultant τ would be associated with a restoring force Fmag = τ/L. Consequently, misalignment between µ and B results in a force Fmag that is proportional to the displacement δ, or

	

The total apparent spring constant of a magnetically actuated pillar is thus the sum of kPDMS+NP and kmag.

Finally, the induced moment of NP-loaded PDMS pillars in the presence of an applied magnetic field was estimated using the framework presented by Sniadecki et al. (19). In this case, a magnetic field (B, corresponding to Bcalib in Figure 1B) is applied tangential to the array (perpendicular to an individual pillar) as specified for the configuration of Sniadecki et al. This configuration induces a deflection of a magnetically loaded pillar,

	

with the last approximation arising since in this configuration, sin(θ)~ 1.



2.6 Substrate Preparation

Pillars were coated with fluorescently labeled streptavidin (AlexaFluor 568, Thermo Fisher) at a concentration of 20 ug/mL, and then coated with biotinylated molecules anti-CD3 and anti-CD28 antibodies (eBioscience, clones 145-2C11 and 37.51) at a concentration of 20 ug/mL each, as described in previously (5). For experiments with diluted antibodies, anti-CD3 and anti-C28 were diluted with biotinylated rat anti-human IgG Antibody (BioLegend, 410718). Each step was performed for 1 hour at room temperature followed by 3X wash with PBS. The coated pillars were then immersed in complete media before cell seeding and imaging.



2.7 Immunostaining

Immunostaining was carried out using standard techniques. To label cell membranes, cells were stained with antibodies targeting CD45.2 (AlexaFluor 488, Biolegend, clone 104) before seeding onto substrates. For fixed-cell experiments, cells were fixed at the specified time points with 4% paraformaldehyde for 15 minutes, then washed 2X with PBS. To assay TCR activation, cells were stained with a primary antibody against phosphorylated Zap70 Tyr-319 (Biolegend B282374). The pZap70 signal was measured by fluorescence microscopy on cell-by-cell basis. All samples to be compared were included in each experiment, and all were stained, imaged, and processed in the same session. For experiments where a magnetic field was applied, the magnetic field was applied throughout the total incubation period upon cell seeding.



2.8 Cytokine Assays

Assays of IL-2 secretion were carried out using a surface-capture method as previously described (20, 21). Briefly, cells were incubated with an IL-2 capture reagent from a secretion assay kit (Miltenyi Biotec) before seeding. One hour after seeding, samples were rinsed with warm (37° C) RPMI-1640 media. After 6 hours of incubation (37°C), cells were rinsed and incubated on ice with a fluorescently labeled antibody to IL-2. The fluorescence intensity associated with APC-labeled IL-2 was measured by fluorescence microscopy on cell-by-cell basis. All samples to be compared were included in each experiment, and all were stained, imaged, background-subtracted, and processed in the same session to allow comparison among samples. For experiments where a magnetic field was applied, the magnetic field was applied throughout the total incubation period upon cell seeding.



2.9 Data Acquisition

Images were collected using an Olympus IX-81 fluorescence microscope with an Andor iXon3 EM-CCD and equipped with a 100X/1.45 NA Plan Apochromat objective (Olympus). Illumination channels 488, 568, and 647 nm were used for visualization of lymphocytes, pillars, cytokine markers, and fluorescent proteins. MetaMorph for Olympus was used to collect images. Image processing was performed with ImageJ/Fiji. Cell activity on pillars was carried out by seeding 1 x 105 T cells in a 100 µl volume onto prepared pillars. Cell physical activity was recorded by live-cell microscopy in the half hour after seeding using a stage top incubator (Tokai). Images were collected at 15 second intervals over the 30-minute observation period. For experiments with magnetic field application, the custom magnetic rig was placed within the stage top incubator upon cell seeding.

Image processing was carried out using Fiji (22). Pillar displacements were tracked using the Particle Tracker plug-in (Mosaic ETH). Traces were then imported into MATLAB where background pillars were identified and cellular deflection measurements of pillars of interest were calculated. To determine the sign of a pillar deflection, pillars under the cell periphery were used to identify the cell centroid, which was denoted the center. Then, the sign of each pillar deflection was determined by calculating the dot product between the pillar displacement and vector from cell center to the specific pillar. Pillars that deflected away from the cell center were thus assigned a positive sign, while those deflected towards the cell center were given a negative sign. The average directionality was taken across the pillars under a single cell. Deconvolution of image stacks was carried out using the Deconvolution Lab plugin (23).



2.10 Statistical Analysis

Quantitative comparisons conducted using t-tests (for two conditions) and one way ANOVA (three or more conditions) for parametric data. Multiple comparisons, when justified by ANOVA, were carried out using Tukey’s range test methods. Kruskal-Wallis with Dunn’s multiple correction tests and Mann-Whitney tests were used for non-parametric data, as indicated for each analysis. Statistical tests were carried out using a significance level α = 0.05. All data is representative of at least two independent experimental runs, each of which contained multiple independent surfaces and discrete cell cultures.



2.11 Ethics Approval

The animal study was reviewed and approved by Columbia University’s Institutional Animal Care and Use Committee (IACUC).




3 Results


3.1 Fabrication and Characterization of Magnetic Pillar Arrays

The multi-micrometer-scale pillars often used for traction force microscopy are not suitable for use with T cells, given their comparatively small size (5 – 10 µm). As such, we adopt a standard geometry of 6-µm tall, 1-µm diameter pillars spaced in hexagonal arrays at 2 µm center-to-center spacing for this study. The small diameter of these pillars made high-occupancy loading of pillars using the nanowire approach (19) or others for fabricating larger, magnetically actuated cilia (24, 25) impractical. Instead, micro-scale magnetic structures were created by loading what will be the upper half of each elastomer with 10-nm superparamagnetic iron oxide nanoparticles (as detailed in 2.3 Magnetic Pillar Fabrication); coupling between NPs in the presence of an applied field recapitulates the behavior of the nanowires, leading to torque generation (26). The ability of these nanoparticle-loaded pillars to respond to magnetic fields was measured using approaches developed by Sniadecki et al. (19). Specifically, a 0.4 T field placed tangential to the array (in the direction of Bcalib, Figure 1B) caused the tips of NP-loaded pillars cast of the standard Sylgard 184 elastomer (Young’s modulus, E, of 1.96 ± .09 MPa, mean ± s.d., n = 5, see 2.2 Elastomer Pillar Fabrication) to deflect 1.98 ± 0.38 µm (mean ± s.d., n > 500 pillars); by comparison pillars that were not loaded with NPs showed negligible deflections. From this calibration, it was estimated (2.5 Estimation of Pillar Mechanics) that the application of a 0.3 T magnetic field perpendicular to the array (Bmod in Figure 1A) would impart a spring constant, kmag, of 0.38 nN/µm.

Combining this approach with modulation of PDMS formulation produced a series of pillars presenting a range of estimated spring constants shown in Figure 1C. When cast from the standard Sylgard 184 elastomer, denoted “Hard” PDMS, the spring constant of each pillar is estimated to be 1.34 nN/µm (H in Figure 1C). Loading the upper half of each pillar with NPs is estimated to increase its spring constant to 1.53 nN/µm (HM, section 2.5 Estimation of Pillar Mechanics). This calculation is based on EPDMS+NP >> EPDMS, but even with this extreme approximation, the pillar spring constant increased by only 14%. Application of the magnetic field Bmod (HMF in Figure 1C) is estimated to increase the pillar total spring constant to 1.91 nN/µm, an increase of 43% compared to the PDMS pillar. Pillars were also cast from a comparatively soft Sylgard 527 elastomer mixed 1: 3 (v/v) with Sylgard 184. This mixture, denoted “Soft”, exhibited a Young’s modulus of 1.01 ± .06 MPa (mean ± s.d., n = 5) yielding the pillars designated as S in Figure 1C along with the NP-loaded condition SM and magnetically actuated SMF. Notably, the estimated spring constant for SMF is similar to that of H, allowing comparison between pillars made of the different PDMS formulations.



3.2 T Cells Respond to Pillar Spring Constant

The ability T cells to recognize differences in macroscopic rigidity was tested using the micropillar array series defined in Figure 1C. Comparing the interaction of mouse naïve CD4+ T cells with micropillar arrays cast from the Sylgard 184 (“Hard”) and Sylgard 527 + Sylgard 184 mix (“Soft”) PDMS formulations revealed two distinct types of interaction. Within minutes of contact with S arrays, T cells exhibited a contractile morphology, deflecting groups of pillar towards the center of the cell – substrate interface (Figures 2A, B and Movie S1). Cells extended processes partly into the arrays, but did not reach the bottom of the pillars. In contrast, cells on the H arrays embedded deeply between pillars, extending processes to the bottom of the arrays and pushing pillars towards the edge of the cell (Figures 2A, B and Movie S2). A lone pillar embedded inside these cells was frequently observed (vertical projection in Figure 2A and indicated by blue arrows), which would often be manipulated at later timepoints in the 30 minute observation period. Towards a cell-level representation of these behaviors, deflections of pillars towards the cell edge were assigned a positive sign, while those towards the cell center were negative in magnitude. These signed deflections were averaged over all pillars under a cell and used as a single measure of cell state, with positive average deflections suggesting an embedding interaction and negative reflecting a contractile state. The propensity of cells to exhibit contraction and embedding on S and H pillar arrays respectively is seen in Figure 2C (P < 0.005, Mann Whitney test). Notably, the contractile and embedding cell morphologies were stable on each substrate up to 6 hours, the longest that was examined in this report.

Comparisons of cell response across the entire pillar series addressed whether the change in cell interaction between the S and H pillars was associated with spring constant (structural rigidity) or elastomer formulation (local stiffness). For the Soft series, application of the magnetic field switched T cells from contractile to embedding interaction (S vs. SMF, Figure 2C). This effect was not observed for pillars either loaded with NPs (SM) or subjected to a magnetic field (SF), indicating that neither modification alone provided this effect. Notably, cell response on the SMF arrays was similar to that on the H arrays (P > 0.99), indicating that pillar spring constant, rather than difference in formulation between Hard and Soft PDMS was associated with promoting an embedded rather than contractile morphology. Finally, application of a magnetic field to NP-loaded Hard arrays further increased average deflection (Figure 2C) indicating that this effect extended to higher spring constants.

To determine if pillar spring constant had a functional impact on T cell response, we next compared secretion of the cytokine IL-2. This was measured using a cell-surface capture assay over six hours, providing a cell-by-cell picture of activation. As shown in Figure 2D, the H pillars promoted a stronger IL-2 response than the S counterparts. In addition, SMF pillars exhibited IL-2 secretion that was higher than the S arrays, and similar to H, indicating that a higher spring constant induced stronger IL-2 secretion. IL-2 secretion was highest on HMF arrays (P < 0.001 comparison with H but not indicated on Figure 2D), supporting the observation that increasing spring constant produced higher activation. However, it is noted that the H arrays also promoted more interaction between cells and pillars than S (Figure 2E), and it is possible that simply being exposed to additional activating antibody on the pillar walls led to enhanced IL-2 secretion. To address this possibility, 46% of the activating antibodies in the coating solution was replaced with an inert counterpart, reflecting the difference in process extension depth between S and H surfaces (Figure 2E). This dilution had no effect on IL-2 secretion or process extension length (Figures 2D, E), indicating that simply access to activating antibody does not explain the observed differences.

Towards molecular insights into T cell sensing of pillar rigidity, Zap70 activation was compared 15 minutes after seeding onto the substrates. On the soft S arrays, phospho-Zap70 (pZap70, Tyr319) was localized in small clusters along the cell membrane (Figure 3A). On H arrays, membrane localization was more uniform, conforming with the cell shape and even around pillars that protruded into the cells. Total pZap70 staining, measured on a cell-by-cell basis, was higher on more rigid SMF, H, and HMF conditions (Figure 3B), mirroring the wider localization suggests by microscopy. This result suggests that increased spring constant is associated with stronger TCR activation. However, no difference was detected between the HMF and SMF or H formulations. This was unexpected since HMF promoted higher IL-2 secretion than the other two systems, and suggests that additional aspects of cell signaling, such as duration of Zap70 phosphorylation or recruitment of alternative pathways, are involved in T cell mechanosensing sensing.




Figure 3 | Molecular mechanisms of T cell mechanosensing. (A) Distribution of phsopho-Zap70 (Tyr 319). Cells were fixed 15 minutes after seeding. These images illustrate a plane through cells at the pillar tips. Scale bar = 5 µm. (B) Quantitative comparison of pZap70. Each data point represents an individual cell, and bars report mean ± s.d., from at least 30 cells per condition from 3 independent experiments. Only significant comparisons with the Soft (S) condition are indicated; additional comparison are reported in the main text. (C) Effect of inhibitors of cytoskeletal dynamics on pillar deflection. Each data point represents an individual cell, and bars report mean ± s.d., from at least 15 cells per condition from 3 independent experiments. DMSO = vehicle control for both inhibitors. For all panels, data were analyzed by one way ANOVA; **P < 0.01, ****P < 0.0001.





3.3 Actin Polymerization Contributes to T Cell Embedding

This final section explores the systems of cytoskeletal dynamics that are involved with the ability of T cells to conform to and manipulate the pillar arrays. This was carried out by pretreating T cells with inhibitors of actin dynamics before seeding on arrays. Inhibition of Apr2/3-mediated actin polymerization with CK-666 largely abrogated pillar deflection on both S and H surfaces (Figure 3C). The effect was more pronounced on the H surfaces, for which cells did not embed into the micropillar arrays; cells on the S surfaces remained on the pillar tops. Pretreatment with the Rho/ROCK inhibitor Y-27632 had a smaller effect on cells, reducing pillar deflections but not to the same extent as CK-666. In addition, cells on the H surfaces in the presence of Y-27632 were able to reach the bottom of the arrays. These results indicate a major role of actin polymerization in both contractile and embedding morphologies. We note that these results do not consider all pathways modulating actomyosin contractility in T cells, and indeed blebbistatin is often included as an inhibitor for studies of mechanosensing (5). However, the hydrophobic characteristic of blebbistatin makes its use in the presence of PDMS substrates, which absorb hydrophobic molecules, problematic; for this reason, inhibition of contractility through this mechanism was not explored in the present study.




4 Discussion

Forces play increasingly recognized roles in T cell activation at many levels of organization. At the molecular level, mechanical loading of the TCR – Major Histocompatibility Complex (MHC) alters bond lifetime revealing a catch-bond behavior for specific subsets of interactions (27–29). Complementary studies using substrate-immobilized anti-CD3 and anti-CD28 revealed a cell-wide role of forces, in which forces applied to CD3 leads to TCR activation and the ability of T cells to sense the mechanical stiffness of an underlying substrate (3, 5, 30–33); the TCR-pMHC catch binds is an additional layer of complexity over this CD3 mechanical response. However, studies of T cell mechanosensing, like those for other cell types (34, 35), rely predominantly on hydrogels (such as polyacrylamide (PA) or alginate) or PDMS elastomer. These two systems provide different capabilities and benefits for mechanosensing studies, but neither is without complications (16). Many of these considerations center around the concept that changing mechanical stiffness involves altering the concentration of components (such as crosslinkers) if not the formulation itself. The use of photoactive crosslinkers, bivalent ions, and nucleic acid chains to alter stiffness provide evidence that mechanosensing is independent of chemical formulation, but do not completely address this question. The use of an applied magnetic field to alter rigidity avoids the use of chemical and exposure to light, and promises reversible, rapid modulation. Our system is a first demonstration of this approach, seen most directly in the difference in response between SM and SMF arrays (Figure 2C). This approach also avoids considerations that changing the pillar dimensions many have on cell response (10, 13, 15); we anticipate that the system presented here can be used for other cell types, including fibroblasts, epithelial cells, and stem cells.

Magnetic manipulation of pillar spring constant along with changing PDMS formulation also demonstrated that T cells are sensitive to structural rigidity; while nanoscale, molecular effects such as catch bonds influence signaling, the mechanical resistance of a system at the scale of micrometers can be recognized by these cells. The S configuration represents low material stiffness and structural rigidity, promoting a contractile response from cells. Cytoskeletal inhibition assays suggest that branching actin polymerization contributes to this morphology, potentially by promoting centripetal flow of material from the cell edge towards the center. Inhibition of actomyosin contractility (through the Rho/ROCK inhibitor Y-27632) also reduced inward pillar deflection, supporting the concept that these systems interact in defining the cytoskeletal state of T cells. Increasing pillar spring constant by either magnetic manipulation (SMF) or using a stiffer PDMS (H) increased cell activation as evidenced by increased IL-2 secretion. This was accompanied by a switch to the embedding morphology, which resembles amoeboid migration of T cells which is dependent on robust polymerization of actin through Arp2/3. Such polymerization would underlie the observed extension of processes between pillars and deflection of pillars away from the cell center as supported by experiments of CK-666 inhibition on the H arrays. It is recognized that T cell activation is a complex process, and full understanding of how nanoscale, molecular mechanosensing and microscale structural rigidity influence each other remains incomplete. Further studies using the tools introduced here could shed new light into signaling withing the complex T cell – APC interface, as well as provide new strategies for designing biomaterials that modulate adaptive immunity.
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Supplementary Movie S1 | Manipulation of pillars by a cell exhibiting a contractile interaction. This video shows motion of pillar tops being manipulated by a cell on a Soft (S) array. Timestamp is in MM : SS, and scale bar = 5 µm.


Supplementary Movie S2 | Manipulation of pillars by a cell exhibiting an embeddinginteraction. This video shows motion of pillar tops being manipulated by a cell on a Hard (H) array. Timestamp is in MM : SS, and scale bar = 5 µm.



References

1. Dang, AP, De Leo, S, Bogdanowicz, DR, Yuan, DJ, Fernandes, SM, Brown, JR, et al. Enhanced Activation and Expansion of T Cells Using Mechanically Soft Elastomer Fibers. Adv Biosyst (2018) 2:1700167. doi: 10.1002/adbi.201700167

2. Lambert, LH, Goebrecht, GK, De Leo, SE, O'Connor, RS, Nunez-Cruz, S, Li, TD, et al. Improving T Cell Expansion With a Soft Touch. Nano Lett (2017) 17:821–6. doi: 10.1021/acs.nanolett.6b04071

3. O'Connor, RS, Hao, X, Shen, K, Bashour, K, Akimova, T, Hancock, WW, et al. Substrate Rigidity Regulates Human T Cell Activation and Proliferation. J Immunol (2012) 189:1330–9. doi: 10.4049/jimmunol.1102757

4. Wahl, A, Dinet, C, Dillard, P, Nassereddine, A, Puech, PH, Limozin, L, et al. Biphasic Mechanosensitivity of T Cell Receptor-Mediated Spreading of Lymphocytes. Proc Natl Acad Sci USA (2019) 116:5908–13. doi: 10.1073/pnas.1811516116

5. Judokusumo, E, Tabdanov, E, Kumari, S, Dustin, ML, and Kam, LC. Mechanosensing in T Lymphocyte Activation. Biophys J (2012) 102:L5–7. doi: 10.1016/j.bpj.2011.12.011

6. Sage, PT, Varghese, LM, Martinelli, R, Sciuto, TE, Kamei, M, Dvorak, AM, et al. Antigen Recognition is Facilitated by Invadosome-Like Protrusions Formed by Memory/Effector T Cells. J Immunol (2012) 188:3686–99. doi: 10.4049/jimmunol.1102594

7. Ueda, H, Morphew, MK, McIntosh, JR, and Davis, MM. CD4+ T-Cell Synapses Involve Multiple Distinct Stages. Proc Natl Acad Sci (2011) 108:17099–104. doi: 10.1073/pnas.1113703108

8. Basu, R, Whitlock, BM, Husson, J, Le Floc'h, A, Jin, W, Oyler-Yaniv, A, et al. Cytotoxic T Cells Use Mechanical Force to Potentiate Target Cell Killing. Cell (2016) 165:100–10. doi: 10.1016/j.cell.2016.01.021

9. Chaudhuri, PK, Wang, MS, Black, CT, Huse, M, and Kam, LC. Modulating T Cell Activation Using Depth Sensing Topographic Cues. Adv Biosyst (2020) 4:e2000143. doi: 10.1002/adbi.202000143

10. Jin, W, Tamzalit, F, Chaudhuri, PK, Black, CT, Huse, M, and Kam, LC. T Cell Activation and Immune Synapse Organization Respond to the Microscale Mechanics of Structured Surfaces. Proc Natl Acad Sci USA (2019) 116:19835–40. doi: 10.1073/pnas.1906986116

11. Tamzalit, F, Wang, MS, Jin, W, Tello-Lafoz, M, Boyko, V, Heddleston, JM, et al. Interfacial Actin Protrusions Mechanically Enhance Killing by Cytotoxic T Cells. Sci Immunol (2019) 4:eaav5445. doi: 10.1126/sciimmunol.aav5445

12. Tan, JL, Tien, J, Pirone, DM, Gray, DS, Bhadriraju, K, and Chen, CS. Cells Lying on a Bed of Microneedles: An Approach to Isolate Mechanical Force. Proc Natl Acad Sci USA (2003) 100:1484–9. doi: 10.1073/pnas.0235407100

13. Fu, J, Wang, YK, Yang, MT, Desai, RA, Yu, X, Liu, Z, et al. Mechanical Regulation of Cell Function With Geometrically Modulated Elastomeric Substrates. Nat Methods (2010) 7:733–6. doi: 10.1038/nmeth.1487

14. Saez, A, Buguin, A, Silberzan, P, and Ladoux, B. Is the Mechanical Activity of Epithelial Cells Controlled by Deformations or Forces? Biophys J (2005) 89:L52–4. doi: 10.1529/biophysj.105.071217

15. Saez, A, Ghibaudo, M, Buguin, A, Silberzan, P, and Ladoux, BT. Rigidity-Driven Growth and Migration of Epithelial Cells on Microstructured Anisotropic Substrates. Proc Natl Acad Sci (2007) 104:8281–6. doi: 10.1073/pnas.0702259104

16. Trappmann, B, Gautrot, JE, Connelly, JT, Strange, DG, Li, Y, Oyen, ML, et al. Extracellular-Matrix Tethering Regulates Stem-Cell Fate. Nat Mater (2012) 11:642–9. doi: 10.1038/nmat3339

17. Sniadecki, NJ, Anguelouch, A, Yang, MT, Lamb, CM, Liu, Z, Kirschner, SB, et al. Magnetic Microposts as an Approach to Apply Forces to Living Cells. Proc Natl Acad Sci (2007) 104:14553–8. doi: 10.1073/pnas.0611613104

18. Bashour, KT, Gondarenko, A, Chen, H, Shen, K, Liu, X, Huse, M, et al. CD28 and CD3 Have Complementary Roles in T-Cell Traction Forces. Proc Natl Acad Sci USA (2014) 111:2241–6. doi: 10.1073/pnas.1315606111

19. Sniadecki, NJ, Lamb, CM, Liu, Y, Chen, CS, and Reich, DH. Magnetic Microposts for Mechanical Stimulation of Biological Cells: Fabrication, Characterization, and Analysis. Rev Sci Instruments (2008) 79:044302. doi: 10.1063/1.2906228

20. Shen, K, Thomas, VK, Dustin, ML, and Kam, LC. Micropatterning of Costimulatory Ligands Enhances CD4+ T Cell Function. Proc Natl Acad Sci (2008) 105:7791–6. doi: 10.1073/pnas.0710295105

21. Sims, TN, Soos, TJ, Xenias, HS, Dubin-Thaler, B, Hofman, JM, Waite, JC, et al. Opposing Effects of PKCθ and WASp on Symmetry Breaking and Relocation of the Immunological Synapse. Cell (2007) 129:773–85. doi: 10.1016/j.cell.2007.03.037

22. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat Methods (2012) 9:676–82. doi: 10.1038/nmeth.2019

23. Sage, D, Donati, L, Soulez, F, Fortun, D, Schmit, G, Seitz, A, et al. DeconvolutionLab2: An Open-Source Software for Deconvolution Microscopy. Methods (2017) 115:28–41. doi: 10.1016/j.ymeth.2016.12.015

24. le Digabel, J, Biais, N, Fresnais, J, Berret, JF, Hersen, P, and Ladoux, B. Magnetic Micropillars as a Tool to Govern Substrate Deformations. Lab chip (2011) 11:2630–6. doi: 10.1039/c1lc20263d

25. Wang, Y, Gao, Y, Wyss, H, Anderson, P, and den Toonder, J. Out of the Cleanroom, Self-Assembled Magnetic Artificial Cilia. Lab Chip (2013) 13:3360–6. doi: 10.1039/c3lc50458a

26. Lockette, PV, Lofland, SE, Biggs, J, Roche, J, Mineroff, J, and Babcock, M. Investigating New Symmetry Classes in Magnetorheological Elastomers: Cantilever Bending Behavior. Smart Mater Structures (2011) 20:105022. doi: 10.1088/0964-1726/20/10/105022

27. Hong, J, Ge, C, Jothikumar, P, Yuan, Z, Liu, B, Bai, K, et al. A TCR Mechanotransduction Signaling Loop Induces Negative Selection in the Thymus. Nat Immunol (2018) 19:1379–90. doi: 10.1038/s41590-018-0259-z

28. Hong, J, Persaud, SP, Horvath, S, Allen, PM, Evavold, BD, and Zhu, C. Force-Regulated In Situ TCR-Peptide-Bound MHC Class II Kinetics Determine Functions of CD4+ T Cells. J Immunol (2015) 195:3557–64. doi: 10.4049/jimmunol.1501407

29. Liu, B, Chen, W, Evavold, BD, and Zhu, C. Accumulation of Dynamic Catch Bonds Between TCR and Agonist Peptide-MHC Triggers T Cell Signaling. Cell (2014) 157:357–68. doi: 10.1016/j.cell.2014.02.053

30. Hu, KH, and Butte, MJ. T Cell Activation Requires Force Generation. J Cell Biol (2016) 213:535–42. doi: 10.1083/jcb.201511053

31. Kim, ST, Takeuchi, K, Sun, ZY, Touma, M, Castro, CE, Fahmy, A, et al. The Alphabeta T Cell Receptor is an Anisotropic Mechanosensor. J Biol Chem (2009) 284:31028–37. doi: 10.1074/jbc.M109.052712

32. Li, YC, Chen, BM, Wu, PC, Cheng, TL, Kao, LS, Tao, MH, et al. Cutting Edge: Mechanical Forces Acting on T Cells Immobilized via the TCR Complex can Trigger TCR Signaling. J Immunol (2010) 184:5959–63. doi: 10.4049/jimmunol.0900775

33. Liu, Y, Blanchfield, L, Ma, VP, Andargachew, R, Galior, K, Liu, Z, et al. DNA-Based Nanoparticle Tension Sensors Reveal That T-Cell Receptors Transmit Defined pN Forces to Their Antigens for Enhanced Fidelity. Proc Natl Acad Sci USA (2016) 113:5610–5. doi: 10.1073/pnas.1600163113

34. Engler, AJ, Sen, S, Sweeney, HL, and Discher, DE. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell (2006) 126:677–89. doi: 10.1016/j.cell.2006.06.044

35. Pelham, RJ Jr., and Wang, Y-L. Cell Locomotion and Focal Adhesions are Regulated by Substrate Flexibility. Proc Natl Acad Sci (1997) 94:13661–5. doi: 10.1073/pnas.94.25.13661




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.


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 © 2021 Sachar and Kam. 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.




REVIEW

published: 20 September 2021

doi: 10.3389/fimmu.2021.730982

[image: image2]


TRPing on Cell Swelling - TRPV4 Senses It


Trine L. Toft-Bertelsen * and Nanna MacAulay


Department of Neuroscience, University of Copenhagen, Copenhagen, Denmark




Edited by: 

Shizuya Saika, Wakayama Medical University Hospital, Japan

Reviewed by: 

Kenjiro Matsumoto, Kyoto Pharmaceutical University, Japan

Feng Qin, University at Buffalo, United States

Sailaja Paruchuri, University of Toledo Medical Center, United States

*Correspondence: 

Trine L. Toft-Bertelsen
 trineto@sund.ku.dk

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 25 June 2021

Accepted: 30 August 2021

Published: 20 September 2021

Citation:
Toft-Bertelsen TL and MacAulay N (2021) TRPing on Cell Swelling - TRPV4 Senses It. Front. Immunol. 12:730982. doi: 10.3389/fimmu.2021.730982



The transient receptor potential vanilloid 4 channel (TRPV4) is a non-selective cation channel that is widely expressed and activated by a range of stimuli. Amongst these stimuli, changes in cell volume feature as a prominent regulator of TRPV4 activity with cell swelling leading to channel activation. In experimental settings based on abrupt introduction of large osmotic gradients, TRPV4 activation requires co-expression of an aquaporin (AQP) to facilitate such cell swelling. However, TRPV4 readily responds to cell volume increase irrespectively of the molecular mechanism underlying the cell swelling and can, as such, be considered a sensor of increased cell volume. In this review, we will discuss the proposed events underlying the molecular coupling from cell swelling to channel activation and present the evidence of direct versus indirect swelling-activation of TRPV4. With this summary of the current knowledge of TRPV4 and its ability to sense cell volume changes, we hope to stimulate further experimental efforts in this area of research to clarify TRPV4’s role in physiology and pathophysiology.
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Cellular Detection of Volume Changes

Accurate and rapid sensing of the surrounding environment is key to survival for cells and organisms. Upon exposure to challenges that alter the cell volume, cellular regulatory mechanisms required for an appropriate physiological reaction to the condition causing cell swelling or shrinkage are set in motion.


The Discovery of TRPV4

Detection of cell volume changes is perceived through sensory mechanisms, one of which was characterized in the invertebrates Drosophila melanogaster and Caenorhabditis elegans (1). Organisms with mutations in osm-9 or ocr-2, which are genes encoding ion channels belonging to the transient receptor potential (TRP) channel superfamily, the vanilloid subfamily (TRPV) (2–4), were unable to produce cellular responses to stimuli leading to cell volume changes (1, 5). Such genes had at that point not been identified in vertebrate cells, and the search for mammalian homologues of osm-9 was on.

In the year 2000, an ion channel was described that related to osm-9 and VRL-1 (vanilloid receptor-like 1 protein, or TRPV2, a member of the vanilloid subfamily) and was gated by osmotic challenges (6). This ion channel, now known as TRPV4, was, using a combination of in silico analysis of expressed sequence tag databases and conventional molecular cloning, isolated as a novel vanilloid-like receptor from the human kidney (7). At the time, the channel was named VRL-2 due to its resemblance to VRL-1 (or TRPV2), a homologue of the capsaicin receptor, a heat-activated ion channel in the pain pathway (8) with a high threshold for noxious heat, and later known as VR-OAC (vanilloid receptor related osmotically activated channel) (6). VRL-2 was subsequently identified in mouse, chicken and rat (6, 7, 9, 10).


The TRP Family and Biophysical Properties

The TRP superfamily is grouped into six major subfamilies based on nucleotide sequence homology: TRPA (ankyrin); TRPC (canonical); TRPM (melastin); TRPML (mucolipin); TRPP (polycystin) and TRPV (vanilloid), the latter of which can further be subdivided into six isoforms (TRPV1-6). TRPV4 has 871 amino acid residues and topological features of the channel are six transmembrane spanning segments (S1-S6), a re-entrant pore forming loop between S5-S6, intracellular N- and C-termini, and ankyrin domains in the cytosolic N-terminus (11). The channel preferentially forms homomers (12), although heteromers may occur with other members of the TRP superfamily (13–15). Biophysically, TRPV4 is characterized as a non-selective cation channel with a moderately high Ca2+ permeability ratio of PCa/PNa = 6-10 (16–18) with two aspartate residues (Asp672 and Asp682) dictating the Ca2+ selectivity of the TRPV4 pore (16). Cryo-EM studies demonstrated that the narrowest part of the TRPV4 selectivity filter had a wider diameter than the pore of the open TRPV1 channel (19). In addition, TRPV4 appears to lack an extracellular gate (19), which, taken together, allows for a broader variety of permeant ions (20). It remains unresolved whether the reported physiological TRPV4 activators work through the selectivity filter of TRPV4 to activate the channel (20).



TRPV4 as an Osmo-Sensor

TRPV4 was defined as a nonspecific cation channel gated by osmotic stimuli (2–4) and characterized as such as such from a study done in TRPV4-transfected CHO cells (21). The cells were exposed to osmotic challenges of ± 110 mOsm, and a robust Ca2+ transient was observed within seconds of a cell volume increase. Such hyposmotically-induced gating was proposed to take place via subtle changes in membrane tension (22, 23). Swelling-induced activation of TRPV4-mediated Ca2+ influx was shortly thereafter confirmed in HEK293 cells expressing ‘OTRPC4’ (osm9-like transient receptor potential channel, member 4, another name for TRPV4) (9). Hence, TRPV4 was set forward as an osmo-sensor activated by hyposmolar stress. The physiological impact of TRPV4-mediated osmosensing was demonstrated by the impaired regulation of systemic tonicity in mice genetically devoid of TRPV4 (24, 25). The dysregulation of the systemic fluid homeostasis in the TRPV4-/- mice arose, at least in part, from impaired osmosensing in the circumventricular organ of the lamina terminalis and associated modification of antidiuretic hormone (ADH) secretion into the blood (24, 25). The TRPV4-/- mice thus displayed lesser water intake (24, 25) and, in addition, presented with enlarged bladder capacity as a consequence of impaired stretch and pressure sensing in the bladder wall (25, 26). TRPV4 has, in addition, been implicated in pulmonary edema formation, partly via the observed down regulation of the co-localized AQP5 in the pulmonary epithelium obtained from TRPV4-/- mice (27). Tissue obtained from meningioma patients demonstrated AQP4/TRPV4 co-expression in both edematous and non-edematous meningiomas, although in the surrounding peri-meningioma tissue, only AQP4 was upregulated (28). TRPV4 thus appears to be involved in physiological and pathophysiological processes involving fluid dynamics, in addition to its roles in skeletal dysplasias [for review of TRPV4 in pathology, see (29)]. However, the coupling between cell volume regulation and TRPV4 activity remains elusive.



TRPV4 Is a Genuine Sensor of Cell Volume Dynamics

Since the initial findings, swelling-induced activation of TRPV4 has been further documented upon heterologous expression of TRPV4 in yeast (30, 31) and in Xenopus laevis oocytes (30, 32, 33). In its native setting in retinal cells, TRPV4 responded to cell swelling with slow-onset, but sustained, activity in Müller glia, whereas in retinal ganglion neurons, TRPV4 responded with fast, but brief, bursts of activity (33, 34). Astrocytes respond to hyposmotically-induced cell swelling with TRPV4-mediated Ca2+ dynamics, which were proposed to be implicated in the subsequent regulatory volume decrease (35). However, during a more physiologically relevant astrocytic volume transient, as that observed during neuronal activity (in the absence of an experimentally-inflicted osmotic challenge) (36), the regulatory volume decrease was unaffected by TRPV4 inhibition, Figure 1 (37). The molecular coupling between the altered osmolarity of the extracellular fluid and activation of TRPV4 was proposed to require the presence of an aquaporin, possibly even of a certain isoform: In renal cells; AQP2 (38), in salivary glands; AQP5 (39), and in astrocytes; AQP4 (35, 40, 41). However, these conclusions arose from experimental approaches based on abrupt exposure of the TRPV4-expressing cells to excessively large osmotic gradients of 100-250 mOsm. Such osmotic gradients will rarely, if ever, be observed outside the kidney in physiology or even pathophysiology – and not as an abruptly arising challenge. Still, the introduction of such non-physiological osmotic challenges is a common manner of experimental induction of cell volume changes for reasons of technical ease. Under such experimental conditions, the rate with which the cells swell upon an introduced osmotic challenge will depend on expression of an AQP of any isoform. Experiments employing such osmotic gradients will thus favor a concept of TRPV4 requiring the presence of an AQP to respond to a volume change (21, 32, 35, 39), see (37) for discussion of technical challenges with such experimental approaches. Notably, with smaller osmotic challenges (of the order of 20-40 mOsm) that promote cell swelling of a more physiological caliber, TRPV4-mediated Ca2+ dynamics vanished from retinal ganglion cells, but persisted in the Muller glia (33).




Figure 1 | TRPV4 does not modulate astrocytic regulatory volume decrease following activity evoked astrocyte volume dynamics. Electrical stimulation of acute hippocampal slices from rats results in neuronal activity associated with a [K+]o transient that leads to a brief change in cell volume of nearby astrocytic structures without application of an osmotic gradient to the test solution. Graphs illustrate a representative recording and summarized volume decay rates of the activity-evoked extracellular space dynamics in the absence or presence of a TRPV4 inhibitor [1 µM HC067047, same results obtained with the less specific TRPV4 inhibitor ruthenium red (1 µM)]. ns, not significant. Modified from (37) with permission.



To resolve the ability of TRPV4 to sense altered osmolarity versus simply the resulting cell changes, TRPV4 was heterologously expressed in Xenopus laevis oocytes with notoriously low intrinsic water permeability, either alone or co-expressed with an AQP (32). Introduction of a hyposmotic challenge led to abrupt cell swelling in the TRPV4-AQP-expressing oocytes and a resulting TRPV4-mediated membrane current, irrespective of the AQP isoform (32). None of these observations were detected in oocytes expressing TRPV4 alone (in the absence of an AQP), demonstrating that TRPV4 responded to the cell volume increase rather than the introduced osmotic challenge itself, Figure 2 (32). These data are consistent with other reports in cortical and retinal glia, concluding that membrane expression of an AQP permitted a rapid cell swelling upon experimentally-inflicted osmotic challenges and thus allowed TRPV4 to respond to the resulting abrupt cell swelling (41, 42). This notion was cemented by a demonstration that swelling of TRPV4-expressing oocytes achieved without introduction of an osmotic challenge and in the absence of AQP co-expression sufficed to activate TRPV4, Figure 3 (32). Such oocyte cell swelling was achieved by co-expression of a water-translocating cotransporter, the Na+, K+, 2Cl- cotransporter (NKCC1), which upon activation leads to cell swelling by inward transport of its substrates along with a fixed number of water molecules (43, 44). TRPV4 is thereby established as a genuine volume‐sensor, rather than an osmo‐sensor (32), possibly induced by the membrane stretch achieved as a consequence of cell swelling (6, 24, 45). At the time, the molecular mechanisms coupling cell swelling to TRPV4 channel opening remained obscure.




Figure 2 | TRPV4 is activated by increased cell volume. Oocytes expressing TRPV4 alone (top traces) did not swell when exposed to a hyposmotic gradient (-100 mOsm) and did not respond with TRPV4-mediated currents during this challenge. Oocytes co-expressing TRPV4 and AQP4 (bottom traces) responded to the osmotic challenge with an abrupt volume increase and a resultant large membrane current (summarized in right panel). Modified from (32) with permission.






Figure 3 | TRPV4 is activated by cell swelling, independently of AQPs and osmotic gradients. The water-transporting cotransporter NKCC1, co-expressed with TRPV4 in Xenopus oocytes, was activated by exposure to K+ (15 mM, equimolar replacement of Na+). This transporter activation led to a rapid volume increase (left panel) in the absence of an external introduction of an osmotic gradient. This cell volume increase promoted TRPV4 activation in the form of TRPV4-mediated currents (middle and right panels). Modified from (32) with permission.







From Cell Swelling to TRPV4 Activation

TRPV4 represents a sensor of cell swelling. The underlying molecular link between cell swelling and channel opening has proven elusive, but can occur either directly or via an indirect pathway of cellular modulators.


Direct Coupling of Cell Volume Changes to TRPV4 Activation


TRPV4 Gating via Mechanical Probing Versus Cell Volume Increase

Cell swelling may modulate TRPV4 gating in a more or less direct manner, or the resulting membrane stretch may serve as a mechanical disturbance that could be distinguished from the cellular volume dynamics. Various experimental strategies have been employed to distinguish the two, i.e. stretching of the cell membrane in the absence of a volume change (46–48) which has been employed to demonstrate (49–51) or not to demonstrate (9, 52, 53) direct activation of TRPV4 by mechanical probing. It therefore remains unresolved to what extent TRPV4 activation occurs by direct mechanical probing, rather than as a consequence of the cell volume changes.



TRPV4 Gating via Coupling to Cytoskeletal Components

A direct coupling of cell swelling to channel activation could be obtained by a tethering of intracellular components of TRPV4 to the cytoskeleton. Such coupling could provide the swelling-induced mechanical impact on the channel required to promote channel opening. TRPV4 has been demonstrated to co-localize with cytoskeletal components such as actin, microtubules, and microfilaments (54–56), with a specific binding site for F-actin in the TRPV4 N-terminus (55). Modulation of actin, via manipulation of the β1-integrins that couple the extracellular matrix and actin filaments, promoted TRPV4 activity (57). Inhibition of cytoskeletal rearrangements disrupted actin-TRPV4 co-localization (58) and reduced TRPV4 activity (54, 55) in a manner that did not affect cell swelling-induced TRPV4-activation (33). Cytoskeletal tethering of TRPV4 thus affects TRPV4 activity and therefore most likely also its volume regulation, although dynamic rearrangements within the cytoskeleton are not required for the swelling-induced channel activation (33).



TRPV4 Gating via Its N-Terminal Volume Sensor

TRPV4 contains an extensive cytoplasmic N-terminus that contains ankyrin repeats (59, 60). These protein domains can be potential binding hubs for cytoskeletal components (55, 56) and various proteins and small ligands (61). In addition to the ankyrin repeats, the proline-rich region of the N-terminus interacts with the SH3 domain of PACSINs, proteins involved in vesicular membrane trafficking and endocytosis (62, 63). The TRPV4 N-terminus could thus serve as an essential structural element coupling cell volume changes to TRPV4 channel gating. Full deletion of the TRPV4 N-terminus rendered the channel non-functional (33). However, replacing the N-terminus with that of the shrinkage-sensitive variant of the related TRPV1 (the splice variant VR.5’sv) (64) converted the chimeric TRPV4 channel into a sensor of cell shrinkage rather than a sensor of cell swelling, Figure 4 (33). The N-terminus of these TRP channels thus dictates the volume-sensitivity of the individual channels, with the distal proline-rich domain serving as a key structural element in the process (33).




Figure 4 | The N-terminus of TRPV4 dictates the directionality of the volume sensing. Channel structures of TRPV4 (top), TRPV4:TRPV1 (VR.5'sv) chimera (with the TRPV4 N terminus replaced by that of VR.5’sv, middle) and VR.5’sv (bottom). The constructs were co-expressed with AQP4 in Xenopus laevis oocytes, which were exposed to a hyposmotic or hyperosmotic gradient (Δ100 mOsm) leading to robust cell swelling or cell shrinkage (volume trace, top). TRPV4 responded with augmented membrane currents to a cell volume increase unless its N-terminus was replaced by that of the shrinkage-sensitive VR.5’sv variant of TRPV1 (middle and right panels). Modified from (33).





Phosphorylation of TRPV4 Is Not Required for Volume-Sensitivity

The TRPV4 N and C termini contain an abundance of consensus sites for protein kinases, Figure 5 (65, 66) and, in addition, serve as anchors for regulatory kinase complexes (54). Some of these kinases may modulate basal TRPV4 activity, rather than directly activate the channel, by altering channel sensitization (66). Such increased channel sensitivity was observed with cell swelling-induced activation of TRPV4 following PKC and Src kinase activity (66, 67). Nevertheless, cell volume-dependent activation of TPV4 occurred readily in the absence of protein kinase activity (PKA, PKC, or PKG), and this cell swelling-induced channel activation regime therefore does not require phosphorylation events (33).




Figure 5 | The TRPV4 N- and C-termini contain an abundance of consensus sites for protein kinases. Modified from (65) with permission.






Indirect Coupling of Cell Volume Changes to TRPV4 Activation


Phospholipase A2 and Epoxyeicosatrienoic Acid Metabolites

The molecular coupling from cell swelling to TRPV4 activation may require intermediate steps involving swelling-mediated enzyme activation. Phospholipase A2 (PLA2) is activated by large cell volume increases occurring following experimental exposure of the cells to substantial osmotic challenges of up to 200 mOsm (68–71). Swelling-induced PLA2 activation promotes occurrence of anandamide and its metabolite arachidonic acid. Subsequent cytochrome P450 epoxygenase-dependent formation of epoxyeicosatrienoic acids may lead to TRPV4 channel opening (72–74), possibly via their direct interaction with a binding pocket on TRPV4 (75). Such PLA2 activity appeared essential for cell swelling-induced TRPV4 activation in Müller glia and TRPV4-expressing HEK293 cells (18, 33, 34, 72–74). However, in other cell types, i.e. retinal ganglion neurons, sensory neurons, TRPV4-expressing Xenopus laevis oocytes or yeast, cell swelling-mediated TRPV4 activation occurred readily in the absence of PLA2 activity (30, 31, 33, 41, 76), suggesting that TRPV4 can be directly activated by cell swelling irrespective of PLA2 enzymatic products. Curiously, experimental application of downstream products of PLA2 enzyme activation, such as 5’,6’-epoxyeicosatrienoic acids, directly activate TRPV4 (in the absence of cell swelling) both in its native setting of Müller glia and upon heterologous expression in HEK293 cells (18, 34). In other cell types, i.e. retinal ganglion neurons and TRPV4-expressing oocytes, these downstream metabolites of the PLA2 signaling pathway (e.g. oleic acid, anandamide, 5’,6’-epoxyeicosatrienoic acids) fail to activate TRPV4 (31, 33, 34). PLA2 activity thus modulates TRPV4 channel opening differentially in distinct cell types and appears to be a requirement for cell swelling-induced activation of TRPV4 in cell types that permit direct activation of TRPV4 by the PLA2 products and metabolites thereof.





TRPV4 Modulation by Inflammatory Mediators and Other Stimuli

TRPV4 has been proposed a key role in the response mechanism to pathological events, with excessive TRPV4-mediated Ca2+ influx possibly driving reactive gliosis and glial cytokine release (34, 77), and predisposing cells to activation of Ca2+-dependent pro-apoptotic signaling cascades (34). Inflammatory mediators are released during activation of inflammatory signaling pathways. A selection of such proinflammatory mediators (TNF-α, IL-1β, TGF-β1) was demonstrated to diminished TRPV4 function after prolonged (24h), but not acute, exposure (78). Inflammatory markers thus join the growing list of TRPV4 modulators, which includes plant extracts such as bisandrographolide and citric acid, apigenin (4’5,7-trihydroxyflavone), a flavone found in many plants (79), RN-1747 (80), dimethylallyl pyrophosphate, an intermediate in the cholesterol synthesis pathway (81), phorbol esters (17, 74, 79), but see (82), and the synthetic lipid GSK1016790A (32, 33). GSK1016790A promotes an open channel conformation similar to that obtained following cell volume-dependent TPV4 activation, suggesting that GSK1016790A stimulates TRPV4 opening in a manner similar to that of swelling-induced channel activation (32). In addition to the cell swelling-mediated activation of TRPV4 and the above-mentioned molecular TRPV4 mediators, TRPV4 senses temperature changes, mechanical stimuli, and flow-related sheer-stress [for review, see (29)], underscoring the polymodality of TRPV4 activation (Figure 6).




Figure 6 | A schematic depicting the mechanisms underlying swelling-induced TRPV4 activation. Increased cell volume activates TRPV4 irrespective of the molecular mechanism underlying the cell swelling. The TRPV4-mediated response to cell volume changes is dictated by its distal-most part of the N terminus, with cell-specific requirement for PLA2 activity as permissive for swelling-induced activation of TRPV4.





Conclusion

In summary, TRPV4 is a genuine sensor of volume changes rather than an osmo-sensor, and is activated by increased cell volume irrespective of the molecular mechanism underlying swelling. The molecular mechanisms that couple altered cell volume to gating of TRPV4 remain obscure, although its distal N-terminus appears to be involved in dictating the volume response (Figure 6). Some of the experimental discrepancies over the years regarding TRPV4 activation may originate in cell-specific requirements of volume-dependent activation of TRPV4. Future experimental efforts may reveal how this cell type-specific response is orchestrated.



Perspective

The polymodality of the TRPV4 remains a topic of continued fascination in the scientific field. The lists of TRPV4-activating stimuli and protein-protein interaction partners rapidly grow. We believe that the field needs to identify which of these are physiologically relevant (perhaps even additive) and which are curious biophysical phenomena, which may never occur in physiology or pathophysiology. The latter may arise due to technical issues in the experimental design i.e. large osmotic gradients, excessively high concentrations of stimulants (which may even be synthetic), extensive mechanical insults, etc. If TRPV4, in the end, is cemented as a true volume sensor in physiological settings, it will be highly relevant to determine the molecular link between volume changes and channel activation. It follows that a revelation of the cellular implications of swelling-activated TRPV4 activation must be resolved; does TRPV4 activation aid the return to the original cell volume or does it in fact worsen the outcome of the cell swelling by promoting a Ca2+ overload? We anticipate future exploration of these outstanding research questions alongside the clear definition of TRPV4’s role in diverse human diseases.
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Macrophages are versatile cells of the innate immune system that perform diverse functions by responding to dynamic changes in their microenvironment. While the effects of soluble cues, including cytokines and chemokines, have been widely studied, the effects of physical cues, including mechanical stimuli, in regulating macrophage form and function are less well understood. In this study, we examined the effects of static and cyclic uniaxial stretch on macrophage inflammatory and healing activation. We found that cyclic stretch altered macrophage morphology and responses to IFNγ/LPS and IL4/IL13. Interestingly, we found that both static and cyclic stretch suppressed IFNγ/LPS induced inflammation. In contrast, IL4/IL13 mediated healing responses were suppressed with cyclic but enhanced with static stretch conditions. Mechanistically, both static and cyclic stretch increased expression of the integrin CD11b (αM integrin), decreased expression of the mechanosensitive ion channel Piezo1, and knock down of either CD11b or Piezo1 through siRNA abrogated stretch-mediated changes in inflammatory responses. Moreover, we found that knock down of CD11b enhanced the expression of Piezo1, and conversely knock down of Piezo1 enhanced CD11b expression, suggesting the potential for crosstalk between integrins and ion channels. Finally, stretch-mediated differences in macrophage activation were also dependent on actin, since pharmacological inhibition of actin polymerization abrogated the changes in activation with stretch. Together, this study demonstrates that the physical environment synergizes with biochemical cues to regulate macrophage morphology and function, and suggests a role for CD11b and Piezo1 crosstalk in mechanotransduction in macrophages.
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Introduction

Mechanical cues are present in tissues throughout the body, and studies over the last several decades have shown that these signals play a major role in influencing cellular form and function (1, 2). Active mechanical forces including stretch, shear stress, compression, and tension are now widely appreciated to be essential for the function of cells within tissues that regularly endure stress and strain, such as cardiovascular or musculoskeletal tissues (3–7). In contrast, much less is known about how these forces influence immune cells, despite the fact that immune cells exist, function, and migrate throughout the body, including within mechanically active tissues (8). Macrophages are innate immune cells that naturally reside within tissues, or are recruited from blood monocytes to tissues during injury or infection. These cells play a critical role in pathogen or damage surveillance and promoting inflammation and wound healing. This diversity in macrophage function stems from their ability to respond dynamically to cues in their microenvironment (9–11). While the effects of soluble or biochemical stimuli, including pathogens- or damage-associated molecular patterns, cytokines, and chemokines on macrophage function are well- characterized, the role of physical stimuli in regulating macrophage function is not as well understood.

Several recent studies have found that physical cues indeed influence macrophage function. For example, macrophages respond to physical features of biomaterials such as surface grooves or micropatterned adhesive lines and elongate, aligning in the direction of grooves or lines, and polarize towards an alternatively activated phenotype (12, 13). In addition, increasing the stiffness of substrates upon which macrophages are cultured enhances their response to inflammatory or wound healing stimuli, suggesting that mechanical cues have the ability to tune the macrophage response to soluble agonists (14, 15). In response to varying degrees of mechanical stretch, macrophages have been reported to change their morphology, enzymatic activity, proliferation, and activation states (16–19). For example, cyclic stretch was observed to suppress the expression of the inflammatory cytokine IL1β (18). However, the molecular mediators responsible for macrophage mechanotransduction remain elusive.

Mechanoreceptors on the cell surface including integrins and stretch-activated ion channels are major transducers of external physical cues, leading to changes in biochemical signals within the cell (20, 21). Integrins, or adhesion receptors that bind to the extracellular matrix (ECM), cluster in response to force, directly transmit mechanical signals through their connection with the cytoskeleton, and contribute to the activation of intracellular signal transduction pathways (22). In macrophages, integrins are essential in the modulation of various cell functions, such as motility, phagocytosis, and activation, and are also thought to play a role in mechanosensation (23–26). Stretch-activated ion channels, such as Piezo1, respond to changes in membrane tension and transduce external physical stimuli into electrochemical activity, also influencing signaling and cell behavior (20, 21, 27). Moreover, Piezo1 activity is thought to enhance integrin activation and regulate actin polymerization (28–32). A few recent studies including our own work have identified a role for Piezo1 in mechanosensation of hydrostatic pressure, fluid shear stress, and environmental stiffness in myeloid cells (28, 33, 34). Piezo1 activity was also found to promote inflammation (28, 33, 35). However, the role of integrins, Piezo1, and the interplay between these molecules in macrophages, specifically in the context of stretch mechanotransduction is yet to be studied.

In this study, we investigated the effects of cyclic uniaxial stretch on macrophage behavior. We subjected murine bone marrow derived macrophages (BMDMs) to IFNγ/LPS (pro-inflammatory, referred to as M1) or IL4/IL13 (pro-healing, referred to as M2) stimuli along with a 5%, 10%, or 20% cyclic or static uniaxial strain. We observed that uniaxial cyclic stretch led to elongation and alignment of macrophages in the direction of stretch, with a small percentage of cells aligning perpendicularly. While cyclic stretch alone had no influence on macrophage activation, stretch in conjunction with soluble stimuli altered the expression of inflammatory or healing responses. Mechanistically, we found that CD11b (integrin αM) expression was enhanced and Piezo1 expression diminished with stretch, and siRNA-mediated knockdown of either receptor led to abrogation of stretch-mediated effects. Moreover, we also observed the potential for crosstalk between CD11b and the mechanically activated ion channel Piezo1. We found that suppressing the expression of one molecule (CD11b/Piezo1) resulted in increased expression of the other molecule. Functionally, reduction in CD11b was observed to enhance Piezo1 expression and resulted in increased inflammatory activation regardless of the presence of stretch. Reduced Piezo1 expression, on the other hand, enhanced CD11b expression and suppressed inflammation independent of stretch. Finally, we found that actin is involved in the transduction of mechanical stretch as pharmacological inhibition of actin polymerization prevented stretch-mediated changes in macrophage activation. Together, these findings suggest that soluble and physical stimuli synergize to alter macrophage function and point to a pivotal role of CD11b and Piezo1 in macrophage sensing of mechanical stretch.



Materials and Methods


Cell Isolation and Culture

BMDMs were obtained from the femurs of 6-12 week old female C57BL/6J mice (Jackson Labs). Cells were collected by flushing the bone marrow of the femur with DMEM supplemented with 10% heat-inactivated FBS, 2mM l-glutamine, 1% penicillin/streptomyocin (all from Thermo Fisher), and a 10% conditioned media produced from CMG 14-12 cells expressing recombinant murine macrophage colony stimulating factor (MCSF), which induces differentiation of bone marrow cells to macrophages. To remove red blood cells, the collected bone marrow cells were treated with a red cell lysis buffer, and then centrifuged before being resuspended in the previously mentioned media. After 7 days, the cells were harvested using an enzyme-free dissociation buffer (Fisher Scientific) and seeded onto stretchable silicone-based experimental substrates coated with fibronectin using a 10µg/mL solution. BMDMs were seeded onto the experimental substrates at a density of 2 x 105 cells per substrate (~3.9 x 104 cells/cm2). All experiments involving murine macrophages were performed in compliance with the University of California, Irvine’s Institutional Animal Care and Use Committee.



Application of Static and Cyclic Stretch

The fabrication and validation of the uniaxial cell stretching device used in this study have been previously described (36). Once seeded on the experimental substrates, the cells were incubated for 24 hours at 37°C prior to treatment with soluble stimuli and application of stretch. Following incubation, soluble agonists were added to the wells resulting in either unstimulated, 0.3ng/mL IFNγ (R&D Biosystems) and LPS (Sigma), or 0.1ng/mL IL4 and IL13 (both from BioLegend) containing media. Once the media was replenished static and cyclic uniaxial stretch at a 5%, 10%, or 20% stretch amplitude was initiated for a period of 18 hours. For experiments involving the modulation of adhesion, BMDMs were allowed to adhere for 4 hours prior to stimulation and the application of stretch. In addition, for experiments involving the reduction of CD11b or Piezo1 expression, unstimulated macrophages were exposed to non-target, CD11b, or Piezo1 siRNA (all Dharmacon) in a Nucleofector® solution obtained from a primary cell 4D-Nucleofector® kit (Lonza). The cell suspension was loaded into Nucleocuvettes® and transfection was accomplished through the use of a 4D-Nucleofector® system (Lonza). Following transfection, the cells were supplemented with warm media before being seeded onto experimental substrates. The transfected cells were allowed to adhere for 24-72 hours prior to stimulation and stretch for an additional 18 hours.



Western Blotting

Following the application of stretch, the cells were rinsed with PBS before being exposed to a lysis buffer, a combination of RIPA lysis buffer and 1% protease inhibitor (both from Fisher Scientific). The substrates were scraped to release the adhered cells and the lysate was collected. The lysate was spun at 14000rpm for 15 minutes and the supernatant was obtained. The proteins were denatured through the use of a Laemmli buffer supplemented with 5% 2-mercaptoethanol at 95°C for 10 minutes before each sample was loaded into a well of a 4-15% mini-PROTEAN™ precast gel (all from Biorad). Gel electrophoresis resulted in the separation of proteins before being transferred onto nitrocellulose membranes through the use of the iBlot dry blotting system (Thermo Fisher Scientific). Following electroblotting, the membranes were blocked using 5% nonfat milk in TBST overnight at 4°C. After 30 minutes of washing in TBST, the membranes were probed with one of the following primary antibodies for 1 hour at room temperature: rabbit anti-iNOS (Abcam), goat anti-arginase-1 (Abcam), rabbit anti-CD11b (Abcam), or mouse anti-GAPDH (BioLegend), used as a loading control. An additional 30 minutes of washing in TBST followed before the membranes were probed with secondary antibodies at room temperature for 1 hour. The membrane was then washed in TBST and immersed into a chemiluminescent HRP substrate solution (Thermo Scientific) and imaged using a ChemiDoc XRS System (Biorad).



Analysis of Cell Viability

Following cyclic stretch, cells were collected and frozen at -80°C, and analysis of cell viability was conducted using the Cyquant cell proliferation assay kit (Fisher Scientific). The assay was conducted following the manufacturer’s instructions.



ELISA

Following cyclic stretch, the supernatants were collected and analyzed for the presence of TNF-α, IL-6, and MCP-1 using ELISA kits (BioLegend). The assays were conducted following the manufacturer’s instructions.



Immunofluorescence

BMDMs isolated from WT mice were used for actin and CD11b staining, and BMDMs isolated from Piezo1P1-tdT mice, which express a Piezo1-tdTomato fusion protein that is used to label endogenous Piezo1 channels, were used for visualizing Piezo1 (34, 37). For actin staining, BMDMs were fixed in 4% paraformaldehyde following the application of stretch or siRNA knockdown. The fixed cells were washed in PBS prior to permeabilization in 0.1% Triton-X. Following additional PBS washes the cells were incubated with Alexa Fluor 488 phalloidin (Fisher Scientific), diluted 1:100 in PBS, and Hoechst (Invitrogen), diluted 1:2000 in PBS, for 30 minutes at room temperature. The cells were further rinsed in PBS prior to being mounted onto glass slide. For CD11b or Piezo1 staining, the cells were blocked in 2% BSA following fixation prior to being incubated with rat anti-CD11b (BioLegend) and rabbit anti-RFP (Rockland) primary antibodies, diluted 1:50 for CD11b and 1:400 for RFP antibodies in 2% BSA for 1 hour at room temperature. The cells were then repeatedly washed with 2% BSA and incubated with donkey anti-rat (Jackson Immunoresearch Laboratories Inc) or goat anti-rabbit (Thermo Fisher Scientific) secondary antibodies, diluted 1:200 or 1:800 in 2% BSA, for 1 hour at room temperature, respectively. After repeated washing with 2% BSA, the cells were incubated with Alexa Fluor 488 phalloidin (Fisher Scientific), diluted 1:100 in PBS, and Hoechst (Invitrogen), diluted 1:2000 in PBS, for 30 minutes at room temperature. The cells were thoroughly washed with PBS, before being mounted onto a glass slide and imaged using a Zeiss LSM780 confocal microscope.



RNA Isolation and Quantitative Real-Time PCR

Cells were lysed using TRI Reagent (Sigma-Aldrich) and RNA was isolated using manufacturer's protocols. cDNA was generated using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and qRT-PCR was performed using PerfeCTa® SYBR® Green SuperMix (QuantaBio). All assays were performed using manufacturer's protocols. The primers used in this study include: Arg1 (forward, CTCTGTCTTTTAGGGTTACGG and reverse, CTCGAGGCTGTCCTTTTGAG), Mrc1 (forward, TGTTTTGGTTGGGACTGACC and reverse, TGCAGTAACTGGTGGATTGTC), Retnla (forward, GCCAATCCAGCTAACTATCCC and reverse, AGTCAACGAGTAAGCACAGG), Chi3l3 (forward, AGTGCTGATCTCAATGTGGATTC and reverse, TAGGGGCACCAATTCCAGTC), Itgam (forward, ATGGACGCTGATGGCAATACC and reverse, TCCCCATTCACGTCTCCCA), Itgb1 (forward, ATGCCAAATCTTGCGGAGAAT and reverse, TTTGCTGCGATTGGTGACATT), Itgb2 (forward, TCACCTTCCAGGTAAAGGTCAT and reverse, AGTTTTTCCCAATGTAGCCAGA), Itgb3 (forward, CCCCGATGTAACCTGAAGGAG  and reverse, GAAGGGCAATCCTCTGAGGG), and Piezo1 (forward, GTTACCCCCTGGGAACATCT and reverse, TTCAGGAGAGAGGTGGCTGT).



Image Analysis

Phase contrast images were captured following 18 hours of cyclic mechanical stretch using the EVOS cell imaging system (Thermo Fisher Scientific). At least 150 cells from each condition, per experiment, were manually outlined and analyzed using ImageJ, which fits an ellipse to each outlined cell. The ratio of the major and minor axis of the fitted ellipse were used to determine the aspect ratio. The software was also used to compute the angle of the major axis relative to the direction of stretch and the area of each cell. Cells aligned in the direction of the stretch will, therefore, have an angle of 0°. To quantify the percent of aligned cells, alignment parallel to the uniaxial strain was defined as having an angle between -30° to 30° and alignment perpendicular to the strain was defined as an angle between -60° to -90° and 60° to 90°. Percentages were then obtained by taking the ratio of aligned cells to the total number of cells circled. Quantification of mean fluorescence intensity was performed similarly. Approximately 50 cells in each condition were outlined per experiment and the mean intensity was computed for each cell using ImageJ.



Flow Cytometry

Unstimulated macrophages were gently scraped from the surface of the experimental substrates and fixed with 4% paraformaldehyde. After repeated washing with PBS, the cells were resuspended in 1% BSA and incubated at 4°C overnight before being blocked with anti CD16/32 antibodies (Tonba) for 45 minutes at room temperature. The cells were then incubated for an additional 45 minutes at room temperature with PE anti-mouse/human CD11b antibodies (clone: M1/70) or PE rat IgG2b antibodies (clone: RTK4530), used as an isotype control (both from BioLegend). Following repeated washes, flow cytometry was performed using BD LSRII (BD Bioscience) and quantification of the median fluorescent intensity of the obtained data was performed using FlowJo software (FlowJo, LLC).



Statistical Analysis

Data are presented as the mean ± standard deviation of the mean across at least three independent experiments, unless otherwise noted. Comparisons were performed using a two-tailed Student’s t-test or paired t-test and p < 0.05 was considered significant.




Results


Biochemical Stimuli and Mechanical Stretch Synergize to Regulate Macrophage Morphology and Function

To explore the effects of cyclic mechanical strain and soluble stimuli in regulating macrophage form and function, a uniaxial cell stretcher was used to mechanically stretch unstimulated (Unstim.), IFNγ/LPS, or IL4/IL13 stimulated BMDMs. Cells were cultured on stretchable substrates overnight prior to stimulation and exposure to a 1 Hz, 20% uniaxial strain for 18 hrs, similar stretch amplitude to what has previously been used to replicate mechanical stretch experienced within the heart (38). Given our own work identifying the importance of cell shape in regulating macrophage function (12), we first analyzed the role of cyclic forces in modulating macrophage cell morphology when compared to static controls (Figure 1A). Unstimulated macrophages exhibited a range of aspect ratios and had no distinct orientation. Macrophages stimulated with IFNγ/LPS, adopted a flat and round cell shape, whereas macrophages stimulated with IL4/IL13, were elongated, as we have previously observed in macrophages cultured on other material surfaces (14). When exposed to cyclic uniaxial strain, macrophages in all soluble stimulation conditions display alignment parallel to the uniaxial stretch (Figure 1A). Interestingly, stretch also caused perpendicular alignment of a small fraction of cells, although to a lesser extent for the unstimulated and IL4/IL13 stimulated macrophages when compared to an unstretched control (Figure S1A). This could be attributed to over-extending of the stretchable membranes resulting in the generation of perpendicular strains, as has previously been reported (36). Increases in elongation, or the ratio of the length of the major axis to the length of the minor axis, were observed only in the IFNγ/LPS stimulated macrophages exposed to cyclic strain (Figure S1B), suggesting that stretch causes classically activated macrophages to deviate from their typical round morphology and instead adopt a more elongated morphology. Cell area across all stimulation and stretch conditions were unchanged (Figure S1C). Together, these results show that cyclic uniaxial stretch leads to changes in macrophage elongation, particularly in the IFNγ/LPS-stimulated condition, and alignment along the direction of stretch.




Figure 1 | Mechanical stretch alters macrophage morphology and activation. (A) Phase contrast images (top) and quantification of percent cell alignment (bottom) of unstimulated macrophages exposed to 0% and 20% cyclic uniaxial stretch. Uniaxial strain was applied in the horizontal direction as indicated by the arrow.(B) Representative western blots (top) and corresponding quantification for iNOS (middle) and ARG1 (bottom) for unstimulated, IFNγ/LPS, and IL4/IL13 stimulated macrophages. Values were normalized to GAPDH and made relative to IFNγ/LPS or IL4/IL13 stimulated and 0% stretch conditions, respectively. Error bars indicate standard deviation of the mean for three separate experiments and *p < 0.05 when compared to the indicated condition as determined by Student’s t-test (A) or paired t-test (B).



Given that we have previously found that cell elongation is associated with enhanced wound healing and diminished inflammatory responses (12, 39), we next investigated the role of cyclic mechanical stretch in influencing macrophage function. Following stretch, we observed no changes in the expression of the inflammatory marker iNOS or the healing marker arginase-1 (ARG1) in stretched unstimulated macrophages compared to unstretched controls (Figure 1B). This finding suggests that stretch, and its resulting effects on cell morphology, alone are unable to regulate macrophage activation, in contrast to what we have previously found with elongation induced healing activation in BMDMs cultured on micropatterned line or grooves (12, 13). However, the addition of IFNγ/LPS enhanced expression of iNOS, as expected, and expression significantly decreased upon application of stretch. Similarly, ARG1 expression in IL4/IL13 stimulated macrophages decreased with stretch (Figure 1B). Moreover, no significant differences in macrophage viability were observed with stretch, thus confirming that stretch was able to influence IFNγ/LPS or IL4/IL13 induced inflammatory and healing responses, respectively (Figure S2).

We next sought to further characterize functional differences in macrophage responses to mechanical strain through exposing BMDMs to both cyclic and static stretch at 5%, 10%, and 20% amplitudes. Similar to our previous results, unstimulated macrophages displayed no significant differences in inflammatory marker secretion with stretch alone, but in the presence of IFNγ/LPS stimulation cells exhibited a significant decrease in the secretion of inflammatory markers TNFα, IL6, and MCP1 in response to static and cyclic stretch regardless of strain amplitude, when compared to the unstretched and IFNγ/LPS stimulated control conditions (Figure 2A). In contrast, IL4/IL13 stimulated BMDMs displayed differential expression of healing markers with stretch. More specifically, static stretch increased the expression of ARG1 regardless of stretch amplitude, whereas increasing amplitudes of cyclic stretch resulted in lower ARG1 expression, with significant decreases observed at both 10% and 20% amplitudes (Figure 2B). Stretch had similar effects on additional healing markers, with increases in expression resulting from 20% static stretch and decreases observed with a 20% cyclic stretch, as measured by qRT-PCR (Figure 2C). These data suggest that soluble stimuli and stretch act synergistically to modulate the function of macrophages, and that inflammatory activation is inhibited consistently by different stretch regimes, whereas wound healing responses are more varied depending on the stretch profile.




Figure 2 | Static and cyclic stretch differentially regulate macrophage inflammatory and healing activation. (A) Secretion of TNFα, IL6, and MCP1 for unstimulated and IFNγ/LPS stimulated macrophages exposed to 0%, 10%, and 20% static and cyclic strains. Values are normalized to a 0% stretch and IFNγ/LPS stimulated internal control within each biological replicate. (B) Representative western blots (left) and quantification (right) of ARG1 expression for three independent experiments in IL4/IL13 stimulated macrophages exposed to 0%, 10%, and 20% static and cyclic stretch conditions for 18 hrs. Values normalized and statistical comparisons made to IL4/IL13 stimulated condition. (C) Gene expression of Arg1, Chi3l3, Mrc1, and Retnla for unstimulated and IL4/IL13 stimulated macrophages exposed to 0% (-), 20% static (S), and 20% cyclic (C) strains. Data represents three independent experiments and made relative to the highest expressing condition within each gene. Error bars indicate standard deviation of the mean for three separate experiments and *p < 0.05 when compared to the indicated condition as determined by Student’s t-test (A) or paired t-test with Bonferroni correction used for multiple comparisons (B).





Increased CD11b Expression Dampens Stretch-Mediated Changes in Inflammatory Activation

Macrophage interactions with matrix-coated surfaces and the subsequent remodeling of the cytoskeleton are facilitated by adhesion molecules including integrins, which are thought to be critical transducers of physical stimuli including stretch (21). Among the many integrin subtypes, CD11b, or αM integrin, is the most abundant integrin in macrophages and its expression is often used as a marker of macrophage differentiation (40). We measured the expression of CD11b under the different conditions described above and found that 20% static or 20% cyclic stretch alone led to no differences in CD11b expression in unstimulated macrophages (Figure 3A). However, IFNγ/LPS stimulation caused significant increases in CD11b expression, consistent with our earlier work (24), and further increases were observed following static or cyclic stretch (Figure 3A). IL4/IL13 stimulation also increased CD11b expression. Stretch, on the other hand, decreased IL4/IL13-induced CD11b expression with significant decreases observed following 20% cyclic stretch (Figure 3A).




Figure 3 | CD11b is required for stretch-mediated changes in macrophage activation. (A) Representative Western blot of CD11b and GAPDH for unstimulated, IFNγ/LPS, and IL4/IL13 stimulated macrophages exposed to 0% and 20% static and cyclic stretch (left). Quantification of average across three independent experiments for CD11b expression (right). Values were normalized to GAPDH and made relative to 0% stretch and unstimulated condition. (B) Representative immunofluorescence images (top) and quantification of relative Itgam gene expression in unstimulated macrophages treated with non-target (siControl) or CD11b (siCD11b) siRNA. Data relative to siControl condition. (C) Secretion of TNFα, IL6, and MCP1 for unstimulated and IFNγ/LPS stimulated macrophages treated with siControl or siCD11b and exposed to either 0% control, 20% static, or 20% cyclic stretch. Data normalized to a siControl and IFNγ/LPS treated internal control exposed to 0% stretch within each biological replicate. (D) Relative Arg1 gene expression in IL4/IL13 stimulated and siControl or siCD11b treated BMDMs exposed to 0% control, 20% static, or 20% cyclic stretch. Data relative to 0% siControl condition. Error bars indicate standard deviation of the mean for three separate experiments and *p < 0.05 when compared to the corresponding 0% stretch condition as determined by Student’s t-test (A, C) or paired t-test (B, D).



CD11b has previously been shown to play an important role in regulating macrophage inflammatory responses. Macrophages from CD11b deficient mice exhibit enhanced inflammation in response to LPS, suggesting that CD11b negatively regulates macrophage inflammatory activation (26). However, the role of this integrin in transducing mechanical stretch in macrophages has not been explored. To better understand the role of CD11b in stretch mechanotransduction, we first investigated changes in macrophage activation following exposure to CD11b siRNA (siCD11b). We found that siCD11b treated cells had reduced integrin expression when compared to non-target (siControl) treated controls, confirming knock down of CD11b (Figure 3B). In addition, siCD11b treated cells had enhanced secretion of inflammatory cytokines, particularly TNFα and IL6, when compared to siControl treated cells, consistent with previous work using CD11b knockout macrophages (26). Furthermore, knock down of CD11b abrogated stretch-induced inhibition of inflammation, which was observed in siControl treated macrophages (Figure 3C). Instead, the inflammatory response to IFNγ/LPS and stretch was moderately enhanced. In contrast, IL4/IL13 and siCD11b treatment reduced the expression of Arg1 and prevented any stretch induced changes, suggesting that CD11b also plays an important role in the effects of stretch on healing responses (Figure 3D).

As a second method to modulate CD11b expression, we altered the time of adhesion to the substrate prior to stretch. We found that expression of CD11b was dependent on time of adhesion to the substrate, with significantly higher CD11b expressed at longer adhesion times (Figure 4A). After 4 hrs of adhesion, macrophage cell spreading was heterogeneous, with some cells clearly adhered and spread whereas others just adhering and beginning to spread. In contrast, after 24 hrs of adhesion, cells appeared to be more homogenous and well-spread (Figure 4B). Interestingly, similar changes in cell alignment and morphology were observed following stretch in cells adhered for 4 hrs as was previously noted for cells adhered for 24 hrs (Figure S3). However, while morphology was similar, the stretch mediated inflammatory responses differed as reduced adhesion times prevented strain induced negative regulation of inflammation, and in fact caused higher levels of TNFα compared to unstretched controls (Figure 4C). No such changes were observed with respect to healing responses, as both 4 hrs (Figure 4D) and 24 hrs of adhesion (Figure 1B) resulted in suppressed ARG1 expression. Together, these data suggest that IFNγ/LPS and stretch treatment enhances CD11b expression, which reduces the inflammatory response, while IL4/IL13 and cyclic stretch treatment suppresses CD11b expression resulting in a decreased healing response.




Figure 4 | Modulation of CD11b by adhesion time regulates stretch-mediated macrophage inflammatory responses. (A) Phase contrast images (top) of macrophages following 4 hrs (left) and 24 hrs (right) of adhesion prior to stimulation and stretch. Fluorescence images (bottom) of macrophages labelled for CD11b (red), actin (green), and nuclei (blue) following 4 hrs (left) and 24 hrs (right) of culture. (B) Averaged relative median fluorescence intensity across three independent experiments of CD11b as measured by flow cytometry. Values normalized to 4 hrs adhesion condition. (C) Secretion of TNFα for unstimulated and IFNγ/LPS stimulated macrophages exposed to 0% and 20% cyclic stretch after 4 hrs (left) and 24 hrs (right) of adhesion. Values are normalized to a 0% stretch IFNγ/LPS internal control within each biological replicate. (D) Representative Western blots (left) and corresponding quantification for ARG1 (right) for unstimulated, IFNγ/LPS, and IL4/IL13 stimulated macrophages allowed to adhere for 4 hrs prior to stimulation and stretch. Values were normalized to GAPDH and made relative to IL4/IL13 stimulated and 0% stretch conditions, respectively. Error bars indicate standard deviation of the mean for three separate experiments and * p < 0.05 when compared to the corresponding 0% stretch condition as determined by Student’s t-test (C) or paired t-test (B, D).





Integrin and Ion Channel Crosstalk Could Regulate Macrophage Response to Stretch

In addition to integrins, mechanically activated ion channels are also present on the cell surface and are involved in transducing mechanical stimuli and modulating cell function. Influx of Ca2+ through ion channels has been shown to play important roles in regulating macrophage activation and adhesion (28, 41, 42). Of these channels, Piezo1 has recently been shown to be highly expressed in macrophages and is known to sense and transduce cyclic hydrostatic pressure, shear stresses, and stiffness, while also regulating macrophage inflammatory activation (28, 33–35). To evaluate the role of Piezo1 in regulating stretch-mediated macrophage inflammatory responses we examined Piezo1 expression, and modulated Piezo1 activity or expression using pharmacologic and genetic approaches. We first evaluated changes in Piezo1 expression following stretch using cells from a mouse expressing tdTomato fused to endogenously expressed Piezo1. We visualized tdTomato signal after stretch using fluorescence microscopy, and found that IFNγ/LPS treatment resulted in enhanced Piezo1 channel expression, as has previously been observed (34). In addition, both static and cyclic stretch suppressed IFNγ/LPS mediated channel expression (Figure 5A). No such differences were observed in the Unstim. or IL4/IL13 conditions. To determine the significance of reduced Piezo1 expression in sensing stretch, we next treated BMDMs with Piezo1 siRNA (siPiezo1) prior to IFNγ/LPS stimulation and stretch. We found that siPiezo1 treated BMDMs had reduced inflammatory responses regardless of stretch when compared to the siControl condition (Figure 5B). Furthermore, we also evaluated changes in stretch-induced macrophage inflammation following Piezo1 activation. We treated BMDMs with 5 µM Yoda1, a Piezo1 specific agonist (43), prior to stimulation with IFNγ/LPS and stretch, and found that Yoda1 treatment enhanced TNFα secretion in both control and stretch conditions and prevented stretch-mediated decreases in cytokine production as was observed in DMSO controls (Figure 5C). These data suggest that mechanical stretch downregulates Piezo1 expression, thus suppressing IFNγ/LPS mediated inflammation, and the addition of Yoda1 rescues Piezo1 activity which, in turn, enhances inflammation.




Figure 5 | Crosstalk between Piezo1 and CD11b mediates macrophage response to stretch. (A) Representative immunofluorescence images (left) and quantification of mean Piezo1-tdT intensity in unstimulated, IFNγ/LPS, and IL4/IL13 treated macrophages exposed to 0% control, 20% static, or 20% cyclic stretch. Data normalized to the 0% control condition. (B) Secretion of TNFα in IFNγ/LPS stimulated macrophages treated with siControl or siPiezo1 and exposed to either 0% or 20% cyclic stretch. Data normalized to a siControl treated internal control exposed to 0% stretch within each biological replicate. (C) Secretion of TNFα in IFNγ/LPS stimulated macrophages treated with DMSO or Yoda1 and exposed to either 0% or 20% cyclic stretch. Data normalized to a DMSO treated internal control exposed to 0% stretch within each biological replicate. (D) Relative Piezo1 gene expression in unstimulated macrophages treated with non-target (siControl) or CD11b (siCD11b) siRNA. Gene expression is normalized to the siControl treated condition. (E) Relative Itgam, Itgb1, Itgb2, and Itgb3 gene expression in unstimulated and siControl or siPiezo1 treated macrophages. Gene expression is normalized to the siControl treated condition. Error bars indicate standard deviation of the mean for three separate experiments and *p < 0.05 when compared to the corresponding 0% stretch condition as determined by Student’s t-test.



Our findings show that stretch increases CD11b expression while concomitantly decreasing Piezo1 expression, each of which lead to decreases in inflammation in response to IFNγ/LPS. Piezo1 has been shown to enhance the activation of integrins in different cell types (28–30), so we next explored a potential connection between CD11b and Piezo1 in our system. Interestingly, we found that cells treated with siCD11b had increased Piezo1 expression compared to siControl treated cells (Figure 5D). In contrast, cells treated with siPiezo1 had increased expression of Itgam, Itgb1, Itgb2, and Itgb3 (integrin αM, β1, β2, β3, respectively) (Figure 5E). These data suggest a potential interplay between integrins and ion channels, where the expression of one leads to the downregulation of the other. In addition, high CD11b and low Piezo1 are associated with a reduced inflammatory response to IFNγ/LPS and low CD11b and high Piezo1 are associated with higher inflammation. Finally, stretch-induced changes in expression of these surface proteins may be responsible for the changes in inflammation associated with stretched conditions.



Stretch-Mediated Modulation of Actin Regulates Macrophage Activation

To probe potential intracellular mediators of stretch, we next investigated the role of actin, a cytoskeletal protein connected to integrins. The cytoskeleton is pivotal to the transduction of various mechanical stimuli, and numerous studies in macrophages and other cell types have shown that inhibition of the cytoskeleton prevents mechanically-mediated changes in cell function (44, 45). To investigate the potential role of actin, we quantified mean fluorescence intensity of phalloidin stained F-actin after stretch and stimulation with IFNγ/LPS or IL4/IL13. We observed that, stimulation alone alters F-actin composition in macrophages, with IFNγ/LPS stimulation resulting in reduced F-actin intensity when compared to unstimulated or IL4/IL13 stimulated macrophages. Following both static and cyclic stretch, we found enhanced F-actin in unstimulated and IFNγ/LPS stimulated cells. In contrast, we observed a modest stretch-induced increase in actin in IL4/IL13 stimulated macrophages (Figure 6A). This differential regulation of F-actin composition in IFNγ/LPS stimulated macrophages mirrors the changes observed in stretch-mediated macrophage function, with decreases in actin correlating with decreased levels of inflammation.




Figure 6 | Stretch-induced changes in macrophage activation require modulation of actin. (A) Representative images of F-actin in unstimulated, IFNγ/LPS, and IL4/IL13 stimulated macrophages exposed to 0%, 20% static, and 20% cyclic stretch. Quantification of mean F-actin fluorescence intensity across three independent experiments (right). Data normalized to the unstimulated and 0% stretch control. (B) Representative images of F-actin in unstimulated, IFNγ/LPS, and IL4/IL13 stimulated macrophages exposed to siControl or CD11b siRNA. Quantification of mean F-actin fluorescence intensity across three independent experiments (right). Values normalized to unstimulated and siControl condition. (C) Secretion of TNFα in IFNγ/LPS stimulated macrophages treated with DMSO or CytoD and exposed to 0% and 20% static or cyclic strains. Values are normalized to a DMSO, 0% stretch, and IFNγ/LPS stimulated internal control within each biological replicate. (D) Representative Western blot (left) and quantification of ARG1 expression in IL4/IL13 stimulated macrophages treated with DMSO or CytoD and exposed to 0% and 20% static or cyclic strains. Expression is relative to GAPDH. Error bars indicate standard deviation of the mean for three separate experiments and *p < 0.05 when compared to the corresponding 0% stretch condition as determined by paired t-test (A, B) and Student’s t-test (C, D).



To determine the role of CD11b in influencing actin, we measured F-actin intensity in siCD11b and siControl macrophages. We found that siCD11b treatment reduced F-actin intensity when compared to siControl treated cells (Figure 6B). Changes in actin due to loss of CD11b could potentially indicate a role for this integrin in establishing cytoskeletal integrity. To further elucidate the role of actin in transducing stretch, we evaluated changes in stretch-induced macrophage activation following exposure to cytochalasin D (CytoD), an actin polymerization inhibitor. We found that CytoD resulted in enhanced IFNγ/LPS induced TNFα secretion with no stretch-mediated reduction in inflammation observed when compared to DMSO controls (Figure 6C). In contrast, CytoD treatment suppressed IL4/IL13 induced ARG1 expression in all conditions (Figure 6D). Together, our results indicate that the actin cytoskeleton lies downstream of CD11b, and is critical for transducing mechanical stretch.




Discussion

In this study, we demonstrate that mechanical stretch modulates macrophage morphology and functional response to soluble signals in their microenvironment. In response to cyclic uniaxial stretch, macrophages elongated and aligned in the direction of stretch. The degree of alignment and elongation was dependent on macrophage activation state, where unstimulated and IL4/IL13 stimulated cells displayed significant alignment in the direction of stretch, and IFNγ/LPS stimulated cells displayed significant elongation when stretched, in comparison to a static control. Moreover, a small number of cells were also found to align perpendicularly to the direction of applied stretch, which may be due to perpendicular compressive strains resulting from extension of the silicone substrate. The morphological response of macrophages to strain was consistent with what has been shown previously in other macrophage cell lines (16, 46). Cyclic mechanical stretch not only caused differences in cell morphology, but also resulted in functional changes of macrophages in response to soluble signals. Interestingly, although macrophage elongation has previously been observed to increase healing or alternative activation (ARG1 expression) when cells were cultured on micropatterned lines or grooves (12, 13), elongation caused by cyclic stretch itself did not appear to alter macrophage function. Stretch alone had no significant impact on macrophage inflammatory or healing functions, suggesting that soluble cues are needed in addition to stretch, to synergistically alter macrophage function, as has been observed by others (47). Further characterization of stretch responses showed that static strain promotes IL4/IL13 induced healing activation, whereas high amplitude cyclic stretch suppresses healing activation. Our results are consistent with previous work which shows that static strains enhance healing activation in murine skin (19). In contrast to healing activation, IFNγ/LPS stimulated macrophages were observed to have similar and reduced inflammatory responses when exposed to varying amplitudes of both cyclic and static stretch. While this observation is consistent with some reports, others provide contradictory conclusions as stretch provides no effect or may even enhance inflammatory activation in macrophages (18, 48–52). This, however, could be attributed to the numerous differences in experimental setup (stretch amplitudes, duration, and frequency as well as macrophage source and addition of stimulation relative to onset of stretch), as our studies have shown that differences in the stretch profile and the time of adhesion prior to stretch can have dramatic effects. Nonetheless, our findings indicate that mechanical stimulation modulates macrophage activation in response to soluble stimuli (Table 1).


Table 1 | Summary of stretch mediated changes in macrophage function.



To better understand the molecules responsible for stretch-induced changes in macrophage activation, we analyzed the role of integrins. CD11b is the most highly expressed integrin in macrophages and its expression has been shown to modulate the effects of inflammatory signaling by LPS-induced TLR4 mediated signaling in several myeloid cell types. Using peritoneal macrophages, Han et al. showed CD11b negatively regulates TLR4 since CD11b deficient cells exhibited a higher inflammatory response to LPS when compared to wild type cells (26). We show that stretch-mediated CD11b expression could potentially be responsible for downregulation of LPS-induced TLR4 signaling, since stretch led to higher levels of CD11b and decreases in inflammation with IFNγ/LPS. Cells expressing lower levels of CD11b as induced by siRNA or reduced adhesion time, did not exhibit this response. Moreover, we also show that cyclic stretch mediated reduction in CD11b expression dampens IL4/IL13 induced healing responses. These results suggest that stretch modulates CD11b expression, which impacts the functional response of macrophages to soluble stimuli (Table 1). However, future studies will need to further elucidate the effects of stretch on inflammatory and healing signaling pathways.

Mechanically activated ion channels are also present on the cell surface and play a critical role in transducing mechanical stimuli (28, 30, 41, 42). In macrophages, Piezo1 has been shown to play a role in sensing pressure, shear stresses, and stiffness, while also regulating inflammation and healing responses as well as phagocytosis (28, 33, 35, 53). Our data suggest that prolonged exposure to mechanical stretch suppresses Piezo1 expression. We also show that reduction of Piezo1 with siRNA resulted in similarly reduced IFNγ/LPS-mediated inflammatory responses in both control and stretch conditions. In contrast, Yoda1 enhanced inflammatory responses in both control and stretch conditions. Several studies have reported interactions among Piezo1, integrins, and the actin cytoskeleton (28, 30–32). We found that Piezo1 and CD11b are coregulated, with increased expression in CD11b suppressing Piezo1, and vice versa. Furthermore, our data suggest that prolonged mechanical stretch reduces Piezo1-induced inflammation and enhances CD11b-mediated suppression of inflammatory responses. Recent studies have also identified a role for Piezo1 in promoting hypoxia inducible factor alpha (HIF1α) or nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) activation resulting in enhanced inflammation (33, 34). Given our observations whereby mechanical stretch decreases Piezo1 expression, it is possible that suppressed HIF1α or NFκB could result in dampened inflammation in response to stretch. In contrast to inflammation, our previous work has shown that transient siRNA mediated reduction in Piezo1 expression has no effect in regulating IL4/IL13 mediated healing responses (34). We also found that stretch leads to changes in the actin cytoskeleton (Table 1), which is known to influence several macrophage functions including phagocytosis and activation (39, 54, 55). Moreover, inhibition of actin polymerization prevented stretch-mediated changes in macrophage inflammatory and healing responses. Our results indicate a potential role for integrin and ion channel crosstalk to modulate the transduction of stretch through the actin cytoskeleton.

Macrophages in vivo reside within tissues, and are also recruited from circulation to tissues throughout the body. Some resident macrophages are continuously exposed to mechanical stresses, whereas recruited macrophages experience dynamic changes in adhesion as they extravasate from the blood vessel into tissue and are exposed to physical stimuli. Inflammatory signals induce immune cell recruitment through upregulation of many adhesion molecules including CD11b (56) or activation of ion channels (28, 33, 35), which likely also affects their perception of mechanical stimuli. However, prolonged exposure to mechanical stress, such as those experienced by lung alveolar macrophages, may desensitize the cells and therefore exhibit limited effects of Piezo1 (33). Our results support this idea since prolonged stretch caused a decrease in Piezo1 expression. Future work examining Piezo1 expression levels and activity of other resident macrophage populations that reside within different mechanical environments will be of significant interest. Our results also show that CD11b and Piezo1 expression levels influence the macrophage inflammatory response during mechanical stretch, and may suggest that stretch differentially impacts macrophages as they progressively adhere within tissues. Differential regulation of macrophages over time may be important for the progression of healing processes.

Our study describes how different mechanical stretch profiles regulate macrophage function, and also provide new insight into the potential role of CD11b, Piezo1, and the actin cytoskeleton in transducing mechanical stimuli. While the current study is limited to the effects of stretch in cells cultured on a two-dimensional substrate, future work will consider macrophages in three-dimensional tissues and subjected to a multitude of mechanical forces, including stretch and fluid shear or interstitial stresses (57). Further studies will be needed to explore the mechanisms by which combinations of mechanical cues affect macrophages in a three-dimensional microenvironment that represent physiological tissues. This work may further our understanding of how mechanical forces contribute to macrophage behavior during homeostasis, wound healing, as well as the progression of inflammatory diseases.
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The importance of innate immune cells to sense and respond to their physical environment is becoming increasingly recognized. Innate immune cells (e.g. macrophages and neutrophils) are able to receive mechanical signals through several mechanisms. In this review, we discuss the role of mechanosensitive ion channels, such as Piezo1 and transient receptor potential vanilloid 4 (TRPV4), and cell adhesion molecules, such as integrins, selectins, and cadherins in biology and human disease. Furthermore, we explain that these mechanical stimuli activate intracellular signaling pathways, such as MAPK (p38, JNK), YAP/TAZ, EDN1, NF-kB, and HIF-1α, to induce protein conformation changes and modulate gene expression to drive cellular function. Understanding the mechanisms by which immune cells interpret mechanosensitive information presents potential targets to treat human disease. Important areas of future study in this area include autoimmune, allergic, infectious, and malignant conditions.
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Introduction

The ability of innate immune cells to sense and respond to the physical environment is critical for their function. Through the study of mechano-immunology, it is now increasing understood that mechanical cues are just as important as biochemical cues for determining immune cell activation (1). Immune cells encounter a wide range of environmental conditions while performing immune functions. For example, different tissues have vastly different mechanical properties with bone (10-20x106 kPa) significantly stiffer than lung (1 kPa) (2, 3). Pathologic condition may cause the stiffness of tissue to change, for example, pulmonary inflammation/fibrosis causes the stiffness of the lung to increase 6-20-fold from 1 kPa to 6-20 kPa (3). During both physiological and pathological states, cells receive mechanical input from the biophysical properties of the extracellular environment, including matrix stiffness, stretch, shear force, elasticity, and shape (4).

Through mechanotransduction, cells translate force into cellular messages that induce protein conformation changes, activate intracellular signaling pathways, and modulate gene expression to drive cellular function (1, 5, 6). For example, depending on the stiffness of the in vitro environment, macrophages can develop into the different classically described macrophage phenotypes, pro-inflammatory (“M1-like”) or pro-healing (“M2-like”), however direct extrapolation of the in vitro macrophage phenotypes to in vivo function is problematic (7, 8). Spatial confinement has also been shown to influence macrophage phenotype with macrophages confined by crowding having less expression of pro-inflammatory cytokines (IL-6, IL-1β) in response to lipopolysaccharide (LPS) in a manner that correlates with impaired actin polymerization and reduced nuclear translocation of myocardin-related transcription factor A (MRTF-A) (9). Similarly in neutrophils, mechanical deformations generated through optical stretching have been shown to influence cytokine secretion (10). Mechanotransduction is critical in non-immune cells as well, where mechanosensitive mechanisms regulate many cell functions including regulation of blood pressure and myotube and bone formation (11–13).

Ion channels, such as Piezo1 and Transient receptor potential cation channel subfamily V member 4 (TRPV4), and cell adhesion molecules (CAMs), such as integrins, selectins, and cadherins, have been shown to play a role in mechanotransduction in innate immune cells (5, 14). In this review, we will explore what is known about the role of ion channels and adhesion molecules in controlling macrophage and neutrophil function. Given the brevity and focus of this review, we acknowledge that we could not include all published work in this area. For further inquiry on this topic, we direct you to comprehensive reviews in this area (1, 5, 15).



Ion Channels

Cation channels are membrane proteins containing a cation-permeable pore which allow for the passage of cations (including calcium Ca2+, magnesium Mg2+, potassium K+, and sodium Na2+) along their electrochemical gradients. Ca2+ plays a critical role in innate immune cell signaling. For example, in macrophages, Ca2+ has been shown to be an important second messenger in Tumor Necrosis Factor-α (TNF-α) secretion and phagocytosis (16, 17). In neutrophils, the influx of Ca2+ allows for degranulation, NADPH oxidase activation, and the generation of reactive oxygen species (18, 19). Ion channels, which control influx of Ca2+, have a critical role in cellular mechanotransduction. Mechanosensitive ion channels are ubiquitously expressed in cells and tissues, and recently have been recognized for their important role in immune function. Mechanosensitive mechanisms were initially discovered in neurons, which has now led to exploration of their function in numerous cell types (20). The importance of ion channels in mechanobiology has been recently highlighted by the awarding of the Nobel Prize in Medicine to David Julius and Ardem Patapoutian for their work examining the role of TRP and Piezo channels in sensory function (21). This review will focus on 2 of the best studied mechanosensitive channels for their role in inflammation, Piezo1 and TRPV4.



Piezo1

The Piezo channels, which include Piezo 1 and 2, are mechanically gated ion channels activated directly (e.g. mechanical stretch, chemical stimulus) or indirectly (e.g. through other channel or force generated downstream signals) (22). In addition to its role in immune function, Piezo1 has been shown to have a role in blood pressure regulation and myoblast fusion during skeletal muscle formation, while Piezo2 regulates sensation of light touch and proprioception (11, 12, 23, 24). Piezo1, Piezo2, and TRPV4 act as key force sensors during bone development and osteoblast differentiation (13, 25). Direct activation of Piezo1 occurs through mechanical stretch of the lipid bilayer which permits the flow of Ca2+ across the membrane (26). The mechanogating function of the Piezo1 channel is achieved through a lever-like mechanism which involves both the intracellular and transmembrane domains (27). In the absence of mechanical stimuli, Piezo1 can be activated by the small molecule, Yoda1 (28). During myotube formation, inward translocation of phosphatidylserine (PS) from the phospholipid bilayer of myoblasts is an important mechanism for Ca2+ influx via Piezo1, which leads to actomyosin assemby, although it is unknown if inward translocation of PS is an important mechanism of Piezo1 activation in myeloid cells (12). There is evidence of Piezo1 activation by force transduction via “inside-out” activation through interaction with intracellular cytoskeletal filaments (29). Traction force generated by the cytoskeletal contractile protein Myosin II by Myosin Light Chain Kinase (MLCK) mediates Ca2+ influx via Piezo1 (30).

Once Piezo1 is activated by mechanical stimuli (pressure or stretch), the Piezo1 signal integrates with that of chemical pro-inflammatory signals to regulate macrophage function. In response to cyclical hydrostatic pressure in murine bone marrow derived macrophages (BMDM), Piezo1 mediates Ca2+ influx leading to activator protein-1 (AP-1) activation, production of endothelin-1 (EDN1), and stabilization of hypoxia inducible factor 1α (HIF1α) to modulate important genes that lead to the production of pro-inflammatory mediators, such as IL-6, TNF-α, chemokine ligand 2 (CXCL2), and prostaglandin E2 (31). Stiffer substrates (~kPa-GPa, e.g. tissue culture plastic or glass) lead to increased macrophage bacterial clearance and production of “M1-like” pro-inflammatory cytokines, such as IL-6 and TNF-α, and suppression of “M2-like” pro-healing markers, such as arginase 1 (ARG1) (32). BMDM cultured on stiffer substrates also have increased expression of Piezo1 and enhanced Ca2+ influx, suggesting a possibility of a positive feedback loop of matrix stiffness on Piezo1-mediated macrophage function (32).

In addition to mechanical stimuli, Piezo1 has been shown to influence macrophage polarization in response to stimulation by IFN-γ/LPS. Toll-like receptor 4 (TLR4) has been shown to mediate Ca2+ influx via interaction with Piezo1 in response to LPS (33). Macrophages from mice with myeloid specific deletion of Piezo1 (Piezo1ΔLysM) have increased signal transducer and activator of transcription 6 (STAT6) activation, and decreased nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation, leading to a pro-healing phenotype after stimulation with IFN-γ/LPS (32). It has been shown that Piezo1ΔLysM mice have impaired clearance of P. aeruginosa in the lungs compared with wild-type mice, demonstrating that Piezo1 is required for bacterial clearance in a relevant in vivo model (31). However, the opposite was shown in a mouse model of polymicrobial sepsis via cecal ligation and puncture (CLP). The CLP model, CD11b+ myeloid cells from Piezo1ΔLysM mice had decreased pro-inflammatory cytokines, enhanced peritoneal bacterial clearance, and less sepsis-related death than their Piezo1fl/fl littermates (34). These conflicting data illustrate the need for further research to understand the precise role of Piezo1 in the innate immune system using multiple complementary model systems.

Studies support the existence of a positive feedback loop between mechanosensitive channels, such as Piezo1, and the cytoskeleton in macrophages (32). Inhibition of actin polymerization reduced Ca2+ influx via Piezo1 (32). Feedback loops between Piezo1 and the cytoskeleton have also been demonstrated in other cell types. For example, Piezo1 activation is necessary for orientation of vascular endothelial cells during embryonic development in mice. This process depends on the coordinated assembly and disassembly of the actin cytoskeleton which does not occur correctly in global Piezo1 KO mice (35).



TRPV4

The Transient Receptor Potential (TRP) family of ion channels has many diverse roles, with TRPV4 being the most studied mechanically-gated channel for its role in innate immune cell function (36). TRPV4 is a mechanosensitive, non-selective, Ca2+-permeable cation channel that is ubiquitously expressed and responds to both chemical and mechanical signals (37, 38). TRPV4 channel is assembled into a symmetric tetramer with six transmembrane domains, which provide the gating mechanism surrounding a central ion-conducting pore (39). The TRPV4 channel, unlike other channels in the TRP family, lacks an upper gate in its selectivity mechanism, perhaps explaining the relatively nonselective permeability of TRPV4 (39). The exact mechanism of mechanical activation of TRPV4 is unknown, with both direct and indirect mechanisms proposed (38, 40). Similar to Piezo1 activation, mechanical stimuli, such as membrane stretch, may activate the TRPV4 channel, resulting in Ca2+ influx (41). Additionally, the TRPV4 channel is regulated by temperature and endogenous ligands, including arachidonic acid metabolites, such as epoxyeicosatrienoic acids (EETs) (42, 43). Conformational change to the cytosolic tail of TRPV4 may increase the likelihood of TRPV4 binding to stimuli-generated messengers (e.g., EET) versus stimulus-generated channel activation (e.g., hypotonicity, heat) (44). Indirect activation occurs through intracellular signaling cascades utilizing focal adhesions, integrins, adhesins, and various second messengers (38). In fact, applying force to β1 integrins resulted in rapid calcium influx through TRPV4 channels (45). These data suggest that TRPV4 is activated by deformation of the cytoskeletal backbone rather than direct membrane stretch (45). Activation of TRPV4, whether direct or indirect, results in Ca2+ influx, cytoskeletal rearrangement, intracellular signaling, and altered gene expression which influence cellular phenotype and function (46).

Increased cytosolic Ca2+ is necessary for proper phagosome maturation. M. tuberculosis can inhibit TRPV4 expression in macrophages, reducing intracellular Ca2+ resulting in dysfunctional delivery of mycobacteria to phago-lysosomal components and impaired acidification of phagosomes, which are necessary for effective infection control (47). TRPV4-/- mice had higher mycobacterial colony counts after aerosolization into the lung compared with wild-type mice, and hence impaired control of the initial M. tuberculosis infection (24-48 hours after aerosolization) (47). Interestingly, despite worse control of initial infection, TRPV4-/- mice had improved control of chronic infection at 150 days, as shown by reduced colony forming units compared to wild-type mice (47). Improved control of chronic infection was proposed to be secondary to decreased interferon-γ (INF-γ) and diminished neutrophil-driven inflammation in the TRPV4 KO mice (47). M. tuberculosis infection results in significant scaring which changes the mechanical properties of the lung. Although TRPV4-dependant control of M. tuberculosis in macrophages has not yet been shown to be tissue-stiffness initiated, macrophage function is influenced by a stiffness-dependent mechanism via TRPV4 (46). Furthermore, M. tuberculosis also induces TRPV4 protein expression in macrophages, suggesting a complex interaction between TRPV4, M. tuberculosis, and the mechanical properties of the lung matrix (47). This is a fruitful area for future investigation.

TRPV4 represents an important link between environmental cues and immune cell function (38). Our group has published that TRPV4 in macrophages mediates both LPS-stimulated phagocytosis and downregulation of pro-inflammatory cytokines in both in vitro and in vivo models (48). The mechanism of TRPV4 action in immune cells has yet to be fully elucidated, but we show that mitogen-activated protein kinases (MAPKs) play an important role (49). We go on to show that TRPV4 regulates phagocytosis and pro-inflammatory cytokine secretion through a molecular switch from JNK to predominately p38 MAPK (49). We further show that the master regulator of MAPK phosphorylation/de-phosphorylation, dual-specificity phosphatase 1 (DUSP1), controls the MAPK molecular switch (49). Overall, our work shows that TRPV4 modulates LPS-induced MAPK switching in stiffness-dependent manner, illustrating the interplay between mechanical force and soluble pro-inflammatory factors that drive innate immunity (49).

TRPV4 activation has also been shown to be instrumental for nuclear translocation of Yes-associated protein/transcriptional co-activator with PDZ-binding motif (YAP/TAZ) in some cell types (50). YAP is a transcriptional co-activator that regulates macrophage polarization towards a pro-inflammatory phenotype in response to substrate stiffness (8, 51). For example, YAP nuclear localization increased with substrate stiffness which correlated with an increase in TNF-α secretion in macrophages plated on substrates of varying stiffness (1, 20, and 280 kPa) (8). The macrophages plated on soft fibrin gel (~0.1 kPa) compared with polystyrene (~106 kPa) had lower total YAP protein, and increased YAP phosphorylation, which leads to its degradation in the cytoplasm (8). The polystyrene-plated macrophages had higher TNF-α secretion in response to LPS, while the fibrin-plated macrophages had increased anti-inflammatory cytokine (IL-10) secretion (8). Therefore, YAP/TAZ participates in the integration of LPS and matrix stiffness signals to modulate macrophage activation. TRPV4 activation has been shown to result in nuclear translocation of YAP/TAZ in other cell types and YAP/TAZ has been shown to mediate macrophage immune function, but whether TRPV4 mediates YAP/TAZ translocation in macrophages in response to pro-inflammatory signals has yet to be shown (8, 51). In summary, TRPV4 signals integrate with canonical inflammatory signals to mediate unique cell type and context-specific responses in macrophages.



Piezo1 and TRPV4 Crosstalk

The possibility of molecular cross-talk between the Piezo1 and TRPV4 channels and its role in cellular responses is an area of active investigation. Not only have Piezo1 and TRPV4 been shown to have individual effects on innate immune function, these channels have also been shown to work in conjunction. While work on TRPV4 and Piezo1 cross-talk has thus far focused on non-immune cells, this work provides insight into possible mechanisms of cooperation between Piezo1 and TRPV4 in immune cells. Based on data from our lab, TRPV4 activation in macrophages by LPS results in anti-inflammatory cytokine secretion (IL-10) and downregulation of pro-inflammatory cytokines, while data from other groups has shown an opposing function of Piezo1 where activation of Piezo1 in a murine P. aeruginosa pneumonia model is associated with an increase in pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) (31, 32, 46, 49). We have summarized this data in Figure 1. Direct and indirect interactions and cross-talk between Piezo1 and TRPV4 is an area of active investigation.




Figure 1 | Macrophage activation by TRPV4, Piezo1, and Integrins: TRPV4 is activated by both direct (chemical, mechanical) and indirect mechanisms (downstream signaling through interactions with integrins and TLRs, although the exact mechanism has yet to be elucidated). TRPV4 activation leads to Ca2+ influx and activation of several nuclear transcription factors, such as MAPK and YAP/TAZ leading to a decrease in pro-inflammatory cytokines and upregulation of anti-inflammatory cytokines, such as IL-10. Activation of Piezo1, either directly or through interaction with TLRs, leads to Ca2+ influx, AP-1 activation, production of EDN1, and nuclear translocation of HIF1α and NF-kB leading to an increase in pro-inflammatory cytokines, IL-6 and TNF-α. Feedback loops between Piezo1 and actin polymerization also contribute to macrophage function. Integrins traverse the cell membrane with an extracellular ligand binding site connecting to an intracellular cytoskeletal bind site. Integrins are important for control of viral and bacterial infections through interactions with TLRs. Further study is needed to fully understand the interactive functions of Piezo1 and TRPV4 and their ability to be activated by integrins and TLRs. These interactions are likely cell-type and context specific.



Piezo1 and TRPV4 have been shown to work synergistically in several pathological states, such as osteoarthritis and pancreatitis. In osteoarthritis, chondrocytes sense physiologic levels of cyclical tensile strain (3% at 0.5 Hz for 8 hours) through TRPV4, while Piezo channels sense excessive, damaging levels of mechanical strain (18% at 0.5 Hz for 8 hours) (52). In pancreatic acinar cells, the activation of Piezo1 by shear stress on pancreatitis acinar cells resulted in a transient elevation of Ca2+ that was insufficient to result in the mitochondrial dysfunction and necrosis associated with pancreatitis. Only after activation of TRPV4 by Phospholipase A2 (PLA2) was there a sustained increase in Ca2+ which could result in cell death (53). Activation of TRPV4 by PLA2 generated through Piezo1 activation led to a synergistic increase in intracellular Ca2+ concentrations with the subsequent pathophysiologic consequences (53). These data demonstrate a complex relationship between Piezo1 and TRPV4. Future work is needed to fully uncover the Piezo1-TRPV4 interactions in inflammatory diseases.



Adhesion Molecules

Along with ion channels, other molecular families play important roles in mechanotransduction and mechano-responses in immune cells, such as the cytoskeletal proteins, actin and myosin, focal adhesions, selectins, and integrins. Due to the focused nature of this review, we direct you to more comprehensive reviews in this area (15, 54–56). The cytoskeletal-extracellular matrix interactions have an important role in mechanotransduction by enhancing intracellular signals, activating surface receptors, triggering migration, and cell-to-cell communication in macrophages and neutrophils. The cytoskeletal-extracellular matrix interaction is also necessary for cells to exert force (15). The generation of force is critical for several immune cell functions, such as leukocyte extravasation. Leukocytic integrins connect endothelial cell ligands to intracellular actin and myosin filaments through focal adhesions which serve as anchors to help leukocytes overcome vascular flow in order to initiate adhesion and rolling (15, 56, 57). However, looser associations between selectins and their ligands allow leukocytes to roll along the endothelial surface. These loose associations are characterized as “slip bonds,” which weaken under increased tension (58). E-selectin ligands (ESL) allow neutrophils to transduce mechanical signals regarding blood flow and shear force that facilitate the slow rolling needed for effective immunosurveillance (59).

Integrins are transmembrane, heterodimeric proteins, with α and β subunits, which connect the extracellular matrix with the cytoskeleton and mediate intracellular signaling (54, 60). The tensegrity model suggests that integrins act as mechanotranducers by mediating force-induced rearrangements in the cytoskeleton (61). During leukocyte extravasation, chemokines and bacterial surface molecules (e.g. LPS), promote expression of integrins which strengthen the adhesion of leukocytes through the creation of “catch bonds” (60, 62). Catch bonds, unlike slip bonds, become stronger under tension until an optimal tension is exceeded. Cytoskeletal rearrangements mediated through integrins are necessary for the creation of pseudopodia which project between endothelial cells prior to transmigration for effective leukocyte recruitment to site of infection (63). In contrast, the first step of neutrophil extravasation in the lung is dependent on cytoskeletal rearrangements into submembrane F-actin rims in the neutrophil, resulting in neutrophil sequestration in response to lung infection (64).

Given the known interaction between TRPV4, integrins, and toll-like receptors (TLRs), it is worthy to mention the importance of epithelial/endothelial barrier function in the host response to infection. For example, integrin αvβ3 on epithelial/endothelial cells has been shown to be integral to the containment of herpes simplex virus (HSV). Integrin αvβ3 directs HSV to the acidic endosome pathway by re-localizing nectin-1, a cellular protein which mediates the entry of HSV (65). Integrin αvβ3 interactions with toll-like receptor 2 (TLR 2) and viral proteins lead to production of type 1 interferons and NF-kB which helps suppress HSV replication. These functions suggest αvβ3-integrin has an important role in mediating intracellular uptake of HSV and activation of innate immune signaling response (66).

Phagocytosis, the process by which a cell engulfs extracellular particles/pathogens via cytoskeletal rearrangement, is essential to immune cell function. Upon activation of TLRs and G-protein coupled receptors (GPCR) by chemokines and LPS, phagocytes exit their resting state and undergo actin remodeling to become primed for interaction with phagocytic targets (55). Priming of phagocytes leads to the expression of phagocytotic receptors and growth of the phagocytotic cup (55). Similar to lamellipodial growth, expansion of the phagocytotic cup occurs by accumulation and arrangement of F-actin into a peripheral ring (15). Furthermore, during phagocytosis catch bonds form between the macrophage filopodia glycoprotein CD48 and the adhesin FimH on the fimbrae of Escherichia coli. This stable connection triggers formation of a lamellipodium to scoop up the surface bound pathogens and shovel them into the phagocytotic cup (67). Once the pathogen is internalized, the phagosome undergoes maturation, preparing for pathogen killing and disposal. Fusion of the phagosome with proteolytic enzyme-rich granules and acidic lysosomes facilitates pathogen killing (68).

While the mechanism is not fully understood, the observation that constraints on macrophage cell shape induce changes to macrophage immune function suggests the important role of the cytoskeleton in determining macrophage inflammatory phenotype (69). This occurs through a dynamic bidirectional interaction, in which both outside-in signals (mechanical, physical, temperature, and chemical) and inside-out cytoskeletal modifications can affect macrophage function. Our lab has shown that matrix-stiffness is a critical factor in determining the effectiveness of phagocytosis and pathogen clearance, which is blocked in the absence of TRPV4 (46, 49). Improved overall pathogen clearance mediated by TRPV4 in the presence a stiff matrix is depends in part on cytoskeletal remodeling. That said, other processes including neutrophil recruitment and degranulation, reactive oxygen species generation, myeloperoxidase production, and cytokine and resolvin secretion contribute to overall pathogen clearance and resolution of infection.



Clinical Implications

Mechanotransduction in innate immune cells has been shown to have an impact on multiple disease states, including non-infectious (e.g. ventilator-associated and hydrochloric acid [HCl]) and infectious (e.g. pneumonia) inducers of lung injury (48, 70). In non-infectious inflammation, rapid influx of Ca2+ via TRPV4 in murine pulmonary endothelial cells undergoing mechanical ventilation with high peak inspiratory pressures (25 and 35 cmH2O) leads to increased permeability, rapid accumulation of inflammatory cell infiltrates, and pulmonary edema (71, 72). These changes in surface tension on the alveolar surface can influence macrophage phagocytotic activity, with increasing alveolar surface tension associated with a reduction in effective macrophage phagocytosis (73). In a murine model of acute respiratory distress syndrome secondary to instillation of hydrochloric acid (HCl), mimicking aspiration-induced lung injury, TRPV4 KO lungs perfused with TRPV4+/+ leukocytes had increased neutrophil activation, respiratory burst, and neutrophil adhesion and migration compared to TRPV4 KO lungs perfused with blood from TRPV4 KOs, suggesting that neutrophil TRPV4 mediates the acute cellular inflammatory response. On the other hand, vascular leak and histologic signs of lung injury were mediated by endothelial TRPV4, rather than neutrophil TRPV4 activation (70). Pharmacologic inhibition of TRPV4 attenuated the sequelae of acute lung injury secondary to HCl exposure, including the breakdown of the endothelial barrier, lung inflammation, and histologic signs of lung injury. This attenuation of lung injury occurred only if the TRPV4 inhibitor was given prior to the administration of HCl (70). On the other hand, post-exposure pharmacologic inhibition of TRPV4 suppressed pulmonary inflammation from chemically-induced lung injury through reductions in macrophages, neutrophils, and pro-inflammatory cytokines when given 30 minutes after HCl or chlorine gas administration (74).

In regards to infection-associated inflammation, TRPV4 has been noted to be activated by heat which may provide a mechanism for immune cell activation in response to changes in body temperature (43, 75). Febrile-range temperatures are associated with more effective recruitment and respiratory burst in neutrophils and increased bacterial clearance and cytokine secretion in macrophages (76). As previously discussed, both Piezo1 and TRPV4 activation leads to increased bacterial clearance. During cyclical hydrostatic pressure conditions, mice with absent Piezo1 in macrophages were shown to be unable to control infection after intranasal P. aeruginosa (31). Similarly, our work showed increased clearance of intrapulmonary P. aeruginosa in wild-type mice compared to TRPV4 KOs in a stiffness-dependent fashion (48). However, in a murine model of sepsis, pharmacologic inhibition of TRPV4 improved survival and reduced pro-inflammatory cytokines, including TNF-α and IL-6 (77). These studies demonstrate a context and model-system specificity and suggest that the role of TRPV4 in infection and inflammation remains to be fully understood.

Understanding the mechanisms by which immune cells sense and respond to mechanosensitive tissue signals presents potential targets to treat human disease. Limited clinical trials have been performed using pharmacologic inhibition of TRPV4 by GSK2798745 (GSK; GlaxoSmithKline, London, UK) (78). The safety and tolerability of the pharmacologic inhibitor of TRPV4, GSK, has been demonstrated in both healthy human subjects and in those with compensated heart failure (79). There have been clinical trials evaluating the potential therapeutic benefit of GSK for several conditions including: cardiogenic pulmonary edema, chronic cough, and LPS-induced lung injury, although the trials for lung injury and chronic cough were terminated early because they were unlikely to reach their primary end-points (80–82). The scientific basis for these trials is to inhibit TRPV4’s role in vasodilation and vascular permeability, which is likely mediated by both endothelial and immune cell dysfunction (83). TRPV4 inhibition has even been proposed as a possible therapeutic agent preventing damage to the alveolar-capillary barrier associated with Coronavirus Disease 2019 (COVID-19) (84).



Future Directions

Ongoing study of mechanobiology in innate immune cells offers further understanding of human disease and opportunities for potential therapeutics. Future work is needed to target mechanosensitive channels or adhesion molecules to control intracellular signal transduction and modulate disease, with particular emphasis on examining Piezo1 and TRPV4 interactions during inflammation. While clinical trials in humans have thus far failed to show efficacy, opportunities to target specific cell types or interacting partners may yield greater efficacy. Future therapeutic targets may be identified from further understanding of downstream signaling pathways, with important areas of future study including autoimmune, allergic, infectious, and malignant conditions. Research has only begun to elucidate the mechanisms involved in innate immune cell mechanotransduction and their potential involvement in a variety of human diseases leads to vast opportunities for ongoing study.
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Transient receptor potential (TRP) channels, neuronal stimulations widely known to be associated with thermal responses, pain induction, and osmoregulation, have been shown in recent studies to have underlying mechanisms associated with inflammatory responses. The role of TRP channels on inflammatory milieu during bacterial infections has been widely demonstrated. It may vary among types of channels/pathogens, however, and it is not known how TRP channels function during pneumococcal infections. Streptococcus pneumoniae can cause severe infections such as pneumonia, bacteremia, and meningitis, with systemic inflammatory responses. This study examines the role of TRP channels (TRPV1 and TRPV4) for pneumococcal nasal colonization and subsequent development of invasive pneumococcal disease in a mouse model. Both TRPV1 and TRPV4 channels were shown to be related to regulation of the development of pneumococcal diseases. In particular, the influx of neutrophils (polymorphonuclear cells) in the nasal cavity and the bactericidal activity were significantly suppressed among TRPV4 knockout mice. This may lead to severe pneumococcal pneumonia, resulting in dissemination of the bacteria to various organs and causing high mortality during influenza virus coinfection. Regulating host immune responses by TRP channels could be a novel strategy against pathogenic microorganisms causing strong local/systemic inflammation.




Keywords: transient receptor potential (TRP), Streptococcus pneumoniae (pneumococcus), nasal colonization, pneumonia, sepsis, mouse model, influenza virus



Introduction

Temperature is one of the most critical factors for organisms to maintain their lives. For maintenance of a suitable environment for survival, there are various temperature sensing mechanisms in many organisms. An environment of too high or low temperature is a life-threatening condition that is recognized as a sense of pain. The transient receptor potential vanilloid (TPRV) 1 channel was firstly identified in 1997 as one of the main molecules involved in temperature sensing systems (1). Transient receptor potential (TRP) channels are activated not only by temperature but also by multiple external stimuli such as taste, acidity, or pain and have a critical role in maintaining homeostasis. TRP channels have been shown in recent studies to be associated with various diseases, including infection by microorganisms (2–6).

TRPV channels are evolutionarily conserved and important in the signaling detection; they are activated by vanilloid-like compounds (7) and mostly expressed on the glial cells: microglia and astrocytes (8). However, some of the channels, such as TRPV1 and TRPV4, are found to be expressed in the upper respiratory tract and lungs. TRPV1 is a capsaicin-activated channel found in the peripheral nerves that is responsible for the burning pain in cases of inflammation (9), which is thought to have a strong relation with respiratory tract inflammatory diseases, asthma, and chronic obstructive pulmonary disease (10, 11). On the other hand, TRPV4 has been found to be activated by lipopolysaccharide (LPS), which is the main virulence factor of Gram-negative bacteria and a strong agonist of toll-like receptor 4 (3). TRPV4 is reported to be associated with the pathogenesis of chronic rhinosinusitis (12). The upper respiratory tract is the site where commensal bacterial flora is formed early in life. These bacteria sometimes invade deeper tissues or migrate to the other sites that cause local inflammation and tissue damage. TRP channels are thought to have potentially critical roles in the defense system by repairing the tissue in the upper respiratory tract damaged by infection, but the association between TRP and bacterial infections present in the upper respiratory tract is not well understood.

Streptococcus pneumoniae, a Gram-positive bacterium that does not have LPS, is a representative commensal of the nasopharynx that also can become pathogenic and cause diseases, such as otitis media, bacteremia, pneumonia, and meningitis in the cases of migration to the more sterile sites (13). It is also associated with potentially lethal secondary bacterial infection during viral infections, such as influenza virus (14). Despite the introduction of pneumococcal conjugate vaccines, there are still many outstanding problems to be resolved: the high evolution rate, serotype replacement, and the high risk of mortality by invasive pneumococcal infection within the immunologically immature population (15, 16). Our recent study revealed the invasion of S. pneumoniae into the cell-to-cell junction and the formation of clusters beneath the layer of human epithelial cells, suggesting the mechanism of pneumococcal colonization and invasion to deeper tissue (17). In this study, we hypothesized that TRPV channels have protective functions for the host by regulating inflammation and tissue damage in the course of pneumococcal nasal colonization and subsequent development of severe invasive infections. We evaluated the role of TRPV1 and TRPV4 channels on pneumococcal pathogenesis using a nasal colonization mouse model.



Materials and Methods


Ethics Statement

This study was conducted according to the guidelines outlined by the National Science Foundation Animal Welfare Requirements and the Wakayama Medical University Animal Care and Use Committee. The study was approved by the Institutional Animal Care and Use Committee at Wakayama Medical University (Approval number: 901).



Bacterial Strain and Growth Conditions

A pneumococcal strain, P2431 (clinical isolate of serotype 6A), which can establish stable colonization and cause sepsis, was used in this study (18). The bacteria were grown in Todd–Hewitt broth containing 0.5% yeast extract (THY) at 37°C until the mid-log phase and stocked in aliquots at known CFU concentrations in THY broth containing 10% glycerol at –80°C until the experiment.



Mice

The mice used in this experiment were around 6 weeks old. C57BL/6J wild-type mice were purchased from Charles River Laboratories Japan, Inc. (Yokohama, Japan). TRPV1 KO mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA), and TRPV4 KO mice were introduced from RIKEN BRC (Tsukuba, Japan) (19, 20). All mice were maintained in a conventional animal facility at Wakayama Medical University.



Infection

The schematic of the experiments is shown in Figure 1. This study was designed to investigate a role of TRPV channels in the course of the development of invasive pneumococcal infections following nasal colonization. For the pneumococcal mono-infection group, the mice were intranasally administered with 10 µl of phosphate-buffered saline (PBS) on day –2, and with S. pneumoniae on day 0. For the influenza A virus (IAV) coinfection group, the mice were intranasally administered with 10 µl of IAV (HKx31, H3N2 strain) (2 × 103 TCID50) on day –2, and with S. pneumoniae on day 0. To avoid the mice aspirating the bacteria to the lower respiratory tract and causing pneumonia directly, the mice were inoculated to colonize S. pneumoniae intranasally without anesthesia, as previously reported (21–23). The mice were sacrificed by isoflurane asphyxiation for sampling on the desired experimental day or monitored until the mice showed signs of lethal infection including sepsis and sustained bacteremia (decreased motor activity, shivering, and messy hair).




Figure 1 | Experimental schematic for this study. Mice were intranasally (IN) inoculated with PBS or IAV on day –2, and S. pneumoniae (Sp) on day 0. On day 2, nasal lavage (NL) for pneumococcal colony counts (CFU assay) and flow cytometry, lung for histology, blood for CFU assay, and cytokine quantification (ELISA) were collected. On day 3, lung, heart, spleen, and brain were collected for CFU assay. For evaluating the development of lethal infection, mice were monitored until they displayed signs of sick and confirmed bacteremia. NL, nasal lavage.



The upper respiratory tract was lavaged with 200 µl of sterile PBS from a needle (26 gauge) inserted into the trachea, and the fluid was collected in a sterile tube. Twenty microliters of the lavage was serially diluted and incubated on a blood plate overnight so the colonies could be counted. Approximately 500 µl of blood was collected by cardiac puncture from each mouse. After taking 20 µl for colony counting, 480 µl of the blood was centrifuged and the serum was stocked for ELISA. The lungs, spleens, hearts, and brains were obtained after the removal of the blood by cardiac puncture. After washing thoroughly with sterile PBS, the organs were homogenized in 1 ml of PBS for counting colonies or were put in 4% of paraformaldehyde (PFA) for histology.



Histological Analyses

The spleens and the lungs were placed on the tubes consisting of 1 ml PFA. The organs were then placed in the automatic sample processor and dehydrated for 48 h. After the cooling process, the tissues were each cut 5 mm thick by microtome and were stored until hematoxylin and eosin (H & E) staining analysis.

The paraffin was fixed for 20 min in the incubator (67°C). The slides were cooled at room temperature for 15 min. The sections were deparaffinized with lemosol two times for 5 min each. The sections were then treated in the following order: 100% ethanol for 1 min × 2, 95% ethanol for 1 min × 2, 80% ethanol for 1 min, 70% ethanol for 1 min. The slides were soaked in Mayer’s hematoxylin solution for 7 min and then rinsed in tap water. The slides were soaked in an eosin alcohol solution for 1.5 min and then rinsed in tap water. The tissues were dehydrated in the following order for 1 min each: 70%, 80%, 95%, 95%, 100%, and 100% ethanol). The tissues were cleaned in lemosol for 1 min two times. Then, the slides were coverslipped with Canada balsam mounting solution.

The severity of lung inflammation was quantified using the scoring system proposed in a previous report (24). In brief, the lung tissue was evaluated by five independent factors (neutrophils in the alveolar space, neutrophils in the interstitial space, hyaline membranes, proteinaceous debris filling the air spaces, alveolar septal thickening) indicating the degree of inflammation and calculated using the original formula (Supplementary Table). Six samples were evaluated for each group.



Flow Cytometry

Nasal lavages were pelleted at 1,500 rpm for 2 min and resuspended in 200 µl PBS containing 1% bovine serum albumin (BSA). After FcR blocking with a 1:200 dilution of anti-CD16/32 (BioLegend, San Diego, CA, USA) for 15 min, cells were stained for 30 min at 4°C with 25 µl of 1:150 dilution of the following antibodies: anti-CD11b-V450 (BD Biosciences, San Jose, CA, USA), anti-F4/80-PE (BioLegend), anti-Ly6G-PerCP-Cy (BD Biosciences), and anti-CD45-APC-Cy7 (BD Biosciences) for 30 min on ice in the dark. Cells were washed with PBS with 1% BSA, then fixed with 4% PFA. FACSVerse (BD) was used for flow cytometry analysis. After excluding dead cells and debris by gating with forward and side scatter, neutrophils (polymorphonuclear cells; PMNs) were detected as CD11b+, Ly6G+, and CD45+ components. Macrophages were detected as F4/80+, Ly6G-, and CD45+ components. The absolute number of cells in each sample was counted.



Enzyme-Linked Immunosorbent Assay (ELISA)

The blood samples were centrifuged at 5,000 rpm for 5 min and the sera were collected for enzyme-linked immunosorbent assay (ELISA). Quantitative evaluation of cytokines (TNF-α, IL-6, and IL-1β) in serum was performed by following the ELISA kit protocol (Proteintech, Rosemont, IL, USA).



Bactericidal Assay

To assess the impact of TRPV1 and TRPV4 on the neutrophil phagocytic function, we performed bactericidal assays using murine PMNs ex vivo as previously reported (25). Bone marrow cells were flushed from the 6-week-old murine femora and tibia with RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum and 2 mM EDTA. By centrifugation for 30 min at 2,000 rpm, PMNs were isolated with a discontinuous gradient of Histopaque-1077 and -1119 (Sigma-Aldrich, St. Louis, MO, USA). The cells were then resuspended with Hank’s Balanced Salt Solution (Thermo Fisher Scientific) and adjusted to the desired concentration. We confirmed that more than 90% of the CD45+ cells isolated were Ly6G+ and CD11b+. The bacteria (102 CFU) were pre-opsonized with baby rabbit complement (Pel-Freez Biologicals, Rogers, AR, USA) for 30 min and applied to the PMNs in a bacterium: PMN ratio of 1:1,000. After 45 min of incubation at 37°C, the bacteria were incubated on the blood agar overnight and the number of colonies counted for quantification. The bacterial survival rate was calculated by dividing the number of bacteria in the experimental sample by those in the control that did not contain PMNs.



Statistical Analyses

All analyses were performed by GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA, USA). Analysis of the survival experiment was performed by the Kaplan–Meier log-rank test. The Kruskal–Wallis test with Dunn’s multiple-comparison test was applied to compare the three groups. p < 0.05 was considered to indicate a significant difference.




Results


Nasal Colonization and Development of Bacteremia After Intranasal Inoculation With a Virulent Strain 6A

To evaluate the role of TRPV1 and TRPV4 for pneumococcal carriage, mice (wild-type, TRPV1 KO, TRPV4 KO) were intranasally inoculated with two different doses (1 × 105 and 1 × 107 CFU/mouse) of S. pneumoniae 6A strain without anesthesia (Figure 1). S. pneumoniae was successful in establishing nasal colonization at the same level in all mouse strains (Figures 2A, C). The density of colonization was dose-dependently increased among all mouse strains. At the same timing as nasal lavages, the blood cultures were also evaluated for detection of bacteremia. In the low-dose group, bacteremia was not detected in any mouse strains (Figure 2B). On the other hand, a significantly higher ratio of bacteremia was observed in TRPV4 KO mice (15 out of 31 mice, 48.4%) compared with wild-type (3 out of 20 mice, 15%) and with TRPV1 KO mice (4 out of 14 mice, 28.6%) by high-dose inoculation (Table 1). The density of bacteremia in TRPV4 mice was significantly higher than that of wild type by Kruskal–Wallis test (p = 0.028) (Figure 2D).




Figure 2 | Nasal colonization and bacteremia in the mono-infection model. Mice were intranasally inoculated with different two doses [1 × 105 for (A, B) and 1 × 107 CFU/mouse for (C, D)] of S. pneumoniae without anesthesia on day 0. Nasal lavage and blood were collected on day 2 for counting colonies. Each symbol represents individual data. For low-dose groups (A, B), 5 of TRPV1 KO, 5 of TRPV4 KO, and 5 of wild-type mice were used. For high-dose groups (C, D), 14 of TRPV1 KO, 20 of TRPV4 KO, and 20 of wild-type mice were used. (A, C) Nasal lavage and (B, D) blood. Horizontal lines indicate median values. The detection limit (the dotted line) is 666 CFU/ml. **p < 0.01.




Table 1 | Summary of incidence of bacteremia.



Next, we evaluated the impact of influenza virus coinfection, one of the most exacerbating factors of pneumococcal diseases, on nasal colonization and bacteremia. Even when the mice had been infected with influenza A virus (IAV), the density of nasal colonization was almost equal among all mouse strains, regardless of the dose of inoculum (Figures 3A, C). Unlike the pneumococcal mono-infection model, bacteremia was observed, even with the low-dose inoculum. Both the density and the incidence of bacteremia were significantly higher in TRPV4 mice than in wild-type mice (p = 0.036) (Figure 3B). Although bacteremia was detected at the same frequency in all mouse strains when the dose of inoculum was increased (Table 1), TRPV4 KO mice showed the highest density of bacteremia (Figure 3D). In this mouse model using a virulent pneumococcal strain, TRPV4 KO mice were more susceptible to development of bacteremia, although all mouse strains were colonized equally.




Figure 3 | Nasal colonization and bacteremia in the coinfection model. After inoculation of IAV on day –2, mice were intranasally inoculated with two different doses [1 × 105 CFU/mouse for (A, B) and 1 × 107 CFU/mouse for (C, D)] of S. pneumoniae without anesthesia on day 0. Nasal lavage and blood were collected on day 2 for counting colonies. Each symbol represents individual data. For low-dose groups (A, B), 7 of TRPV1 KO, 9 of TRPV4 KO, and 9 of wild-type mice were used. For high-dose groups (C, D), 19 of TRPV1 KO, 17 of TRPV4 KO, and 15 of wild-type mice were used. (A, C) Nasal lavage and (B, D) blood. Horizontal lines indicate median values. The detection limit (dotted line) is 666 CFU/ml. *p < 0.05.





Local Inflammatory Responses in the Nasal Cavity After the Pneumococcal Inoculum

The local status of inflammation was analyzed with lavages of the upper respiratory tract. The number of PMNs in the nasal lavages on day 2 was counted by flow cytometry. The influx of PMNs was suppressed in TRPV4 KO mice compared to TRPV1 KO and wild-type mice (Figures 4A, C). Especially in the coinfection group, the number of PMNs was significantly lower in TRPV1 KO (p = 0.043) and TRPV4 KO (p = 0.0002) than that of wild type. Among TRPV4 KO mice, the number of PMNs was significantly lower in the coinfection model than in the mono-infection model (p = 0.018 by Mann–Whitney’s U test), which was the opposite result of an increase of PMNs in the coinfection model among wild-type mice.




Figure 4 | The number of PMNs and macrophages in the nasal lavages. The nasal lavages were collected on day 2 from the mice in the mono-infection and coinfection model. The numbers of PMNs and macrophages were counted by flow cytometry. (A, B) The mono-infection model and (C, D) the coinfection model. (A, C) the number of PMNs and (B, D) the number of macrophages. The mean value with the standard error of the mean was represented by a line bar. For the mono-infection model (A, B), 15 of TRPV1 KO, 10 of TRPV4 KO, and 10 of wild-type mice were used. For the coinfection model (C, D), 11 of TRPV1 KO, 12 of TRPV4 KO, and 10 of wild-type mice were used. *p < 0.05, **p < 0.01, and ***p < 0.001.



We also counted the number of macrophages in the nasal lavages. There was a significant difference between TRPV1 KO and wild type in the mono-infection model (Figure 4B). In the coinfection model, there were no differences in the number of macrophages among the three mouse strains (Figure 4D).



Dissemination of the Pneumococcal Infection to the Other Organs

To see the spread of the pneumococcus to various organs after nasal colonization, the mice were sacrificed on day 3 and the hearts, spleens, lungs, and brains were collected for culture (Figure 1). In the pneumococcal mono-infection model, we could not find bacteria in any organs in any mouse strains (data not shown). Contrary to wild type, the bacteria were detected in most of the samples of TRPV1 KO and TRPV4 KO mice in the coinfection model (Figure 5). Especially in the TRPV4 KO mice, the density of bacteria in all organs examined was significantly increased as compared with the wild type.




Figure 5 | The number of pneumococcal colonies detected in various organs. The spleen (A), heart (B), lung (C), and brain (D) were collected on day 3 from the mice in the mono-infection and coinfection models. The data of the coinfection model were displayed. Each sample was thoroughly washed and homogenized in 1 ml of sterile PBS. Each symbol represents individual data. Eight of TRPV1 KO, 12 of TRPV4 KO, and 7 of wild-type mice were used. Horizontal lines indicate median values. The detection limit (the dotted line) is 666 CFU/ml. *p < 0.05 and **p < 0.01.



To investigate the route of pneumococcal infection in the multiple organs, the lung tissues were histologically analyzed. In the mono-infection model, no inflammation was observed in the lungs among all mouse strains (Figures 6A–F). In the coinfection model, the lungs of TRPV4 KO mice showed inflammatory infiltrates with neutrophils and macrophages in the interstitium and hemorrhage in the alveoli (Figures 6K, L). Furthermore, the lung tissues of TRPV1 KO mice demonstrated alveolar walls showing capillary congestion and mild to moderate inflammatory infiltrate including inflammatory cells (Figures 6I, J). On the other hand, no evidence of apparent inflammation was observed in the lung tissues of wild-type mice (Figures 6G, H). The severity of inflammation was quantified using a previously reported scoring system (24). There was a significantly higher inflammation in TRPV4 KO mice than wildtype when the mice were infected with both S. pneumoniae and IAV (Figure 6M). We also evaluated the lung tissues of the mice infected only with IAV and confirmed no apparent findings of viral pneumonia (data not shown). Histological findings suggest that TRPV1 and TRPV4 may be involved in regulating the pneumococcus migration to the lower respiratory tract and dissemination to multiple organs.




Figure 6 | The histology of the lung. The H&E staining of the lung was performed with three mice for each group. The representative images were displayed in this figure. (A–F) The mono-infection model. (G, L) The coinfection model. (A, B, G, H) Wild type (C, D, I, J), TRPV1 KO, and (E, F, K, L) TRPV4 KO. (A, C, E, G, I, K) Low magnification (×200. Scale bar, 50 µm) and (B, D, F, H, J, L) high magnification of boxed sections of the low-magnification field (×400. Scale bar, 20 µm). (M) Lung injury score. The severity of lung inflammation was quantified using the scoring system. Each symbol represents individual data. Horizontal lines indicate median values. (N = 6 for each group). n.s., not significant, **p < 0.01.





Effect of TRPV on Pneumococcal Lethal Infection

To evaluate the role of TRPV1 and TRPV4 on pneumococcal invasive diseases, we established a spontaneous pneumococcal lethal infection model after nasal colonization. The mice were given the bacteria intranasally on day 0 of the experiment with the dose of 1 × 107/mouse. They were monitored every 12 h until they showed signs of lethal infection, such as decreased motor activity, shivering, and messy hair (Figure 1). Similar time courses were observed, and around 70% of mice finally developed lethal infection among all groups in the mono-infection model (wild type; 65%, TRPV1 KO; 62%, TRPV4 KO; 75%, respectively) (Figure 7A).




Figure 7 | The time course of development of lethal infection. After intranasal administration of S. pneumoniae, the mice were monitored every 12 h until day 12. When the mice were found to be sick (decreased motor activity, shivering, and messy hair), they were immediately euthanized and the blood was collected for confirmation of bacteremia. (A) The mono-infection model and (B) the coinfection model. Circle, triangle, and square indicate wild-type, TRPV1 KO, and TRPV4 KO mice, respectively. *p < 0.05.



When the mice were pre-infected with IAV, more than 70% of TRPV1 KO mice eventually developed lethal infection. TRPV4 KO mice showed the worst course in the coinfection model, and all mice developed lethal infection within 7 days after the pneumococcal challenge. Wild type showed significantly better survival (50%) than TRPV4 KO mice (Figure 7B). We also observed the mice infected with only IAV, and none of the mice in any of the three strains died during the observation period (data not shown).



Systemic Inflammatory Responses After the Pneumococcal Infection

Blood samples were collected from the colonized mice on day 2 of the experiment. The sera were separated by centrifugation, and the levels of cytokines—tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β)—were measured by ELISA. In the mono-infection model, the levels of TNF-α were significantly higher in TRPV4 KO mice than those of wild type and TRPV1 KO mice (p < 0.05 and p < 0.001, respectively) (Figure 8A). Similar levels of IL-6 and IL-1β were observed among wild-type and TRPV4 KO mice, whereas the production of IL-6 and IL-1β was low in TRPV1 KO mice (Figures 8B, C).




Figure 8 | The levels of cytokines in the sera. The levels of cytokines in the sera were measured on day 2 of the experiment. The data were displayed as mean with standard error of the mean. (A, D) TNF-α, (B, E) IL-6, and (C, F) IL-1β. (A–C) The mono- infection model and (D–F) the coinfection model. For the mono-infection model (A–C), nine of TRPV1 KO, eight of TRPV4 KO, and eight of wild-type mice were used. For the coinfection model (D–F), 13 of TRPV1 KO, 11 of TRPV4 KO, and 8 of wild-type mice were used. *p < 0.05, ***p < 0.001.



When coinfected with IAV, the production of TNF-α was greatly suppressed in TRPV4 KO mice compared with the mono-infection model (Figure 8D). The levels of IL-6 and IL-1β were lower in TRPV1 KO and TRPV4 KO mice than in wild-type mice, although without statistical differences (Figures 8E, F).



Effect of TRPV1 and TRPV4 on the Phagocytic Bactericidal Ability of Neutrophils

To evaluate the mechanism of protection against pneumococcal infection, we focused on the phagocytic bactericidal ability of neutrophils, which is one of the most effective systems for eliminating the pneumococcus. Neutrophils were isolated from each mouse strain and incubated with pre-opsonized bacteria with baby rabbit complement. The survival rate of the bacteria was compared between three groups. The experiment was repeated three times for each mouse strain, and the pooled data are displayed in Figure 9. Neutrophils derived from TRPV4 KO mice showed significantly lower bactericidal ability than those derived from wild type (p < 0.0001). TRPV1 KO mice showed a similar tendency, but no significant difference was observed.




Figure 9 | The phagocytic bactericidal ability of PMNs. PMNs isolated from each mouse strain were incubated with the bacteria (102 CFU) pre-opsonized with baby rabbit complement for 45 min in a bacterium: PMN ratio of 1:1000. The bacterial survival rate was calculated by dividing the number of bacteria in the experimental sample by those in the control sample that did not contain PMNs. The assay was triplicated and repeated three times for each mouse strain. Pooled data were displayed (N = 9 for each group). The mean value with the standard error of the mean was represented by a line bar. n.s., not significant, ****p < 0.0001.






Discussion

In this report, we demonstrated for the first time that TRPV1 and TRPV4 were involved in the development of invasive pneumococcal infections after establishment of nasal colonization by using knockout mouse strains. Regarding nasal colonization, the pneumococcus could establish stable colonization at the same level among all three mouse strains with or without influenza virus coinfection. In previous studies, the role of TRP channels in infectious diseases has focused on a single-organ infection or a systemic infection (4–6), suggesting that TRP channels do not function positively in a carrier state that does not induce strong inflammation by S. pneumoniae.

On the other hand, knockout of TRPV channels showed a clear change in the development of pneumococcal infections. In the mono-infection model, the incidence of bacteremia significantly increased among TRPV4 KO mice by high-dose challenge. Even by low-dose challenge, TRPV4 KO mice frequently developed bacteremia when the mice were precedingly infected with influenza virus. It is well known that influenza infection induces strong inflammation with neutrophil influx in the respiratory tract; however, the number of neutrophils in the nasal lavages from TRPV KO mice was significantly low, suggesting the possibility of defect of neutrophil recruitment during influenza infection without TRPV channels. Recent reports have shown that TRP channels are expressed in various cells including immune cells and protect lung infection of Gram-negative bacteria via MAPK activation switching (6). We further investigated the bactericidal activity of neutrophils isolated from TRPV KO mice because phagocytosis of opsonized bacteria by neutrophil is one of the most important mechanisms for eliminating S. pneumoniae. Significantly impaired bactericidal function of neutrophils derived from both TRPV KO mice (especially TRPV4) ex vivo was observed, suggesting that the TRPV4 channel expressed on neutrophils would be one of the important factors that recognize the pneumococcus. Decreased local influx and phagocytosis of neutrophils might promote the migration of the pneumococcus to the lung and the development of invasion to the bloodstream. Little is known about the function of the TRPV4 channel during influenza infection, but these results suggest that TRPV4 plays a key role for preventing the exacerbation of pneumococcal infections. In this study, the mechanism of decreased recruitment and impaired bactericidal function of neutrophils lacking TRPV4 are unrevealed. Future studies should be focused on investigating the interaction between TRP channels and pneumococcal virulence factors such as pneumolysin.

In TRPV KO mice (especially TRPV4 KO), bacterial dissemination was observed in multiple organs 3 days after pneumococcal infection, although it was unlikely among wild type. Together with the histological findings of the lungs, most of TRPV KO mice were in pre-sepsis state via pneumonia on day 3 after pneumococcal infection resulting in worse prognosis than the wild type. Because the strain used in this study was virulent, even wild-type mice eventually developed lethal infection at a similar rate, as previously reported using the same background strain (23).

The current results are consistent with the other studies related to TRPV4 and its role in the lungs, where the TRPV4 channel is important in the mediation of the phagocytosis, regulation of cytokines, and generation of reactive oxygen species (ROS). The TRPV4 channel may protect from bacterial pneumonia caused by Pseudomonas aeruginosa through mitogen-activated protein kinase (MAPK) switching (6). The TRPV4 channel has been shown to be expressed in macrophages of the lungs, and it may have a role in the activation by mechanical stress (26). Another mechanism has been demonstrated that the E3 ubiquitin ligase TRIM29 regulated the activation of alveolar macrophages and had a critical role in the protection against LPS-induced sepsis by Haemophilus influenzae (27). Macrophage is also thought to be critical for the clearance of S. pneumoniae (28, 29). Flow cytometry showed a similar number of macrophages among all three strains in the coinfection model, although the pneumococcus was detected in multiple organs among only TRPV KO mice. This discrepancy suggests that elimination of S. pneumoniae by macrophages may require a TRP-mediated cognitive mechanism, and the timing of evaluating macrophage recruitment was before the peak (30). Scheraga et al. reported that TRPV4 distributed the phenotypic change of macrophage that resulted in the promotion of phagocytosis and bacterial clearance (31).

Regarding the evaluation of cytokines, a significant elevation of TNF-α among TRPV4 KO mice during pneumococcal mono-infection is a good reflection of the relationship between TRPV4 and inflammatory mediators. Xu et al. reported an administration of the TRPV4 agonist inhibited TNF-α-induced monocyte and leukocyte adhesion to human epithelial cells, resulting in reduced atherosclerotic plaque formation in a mouse model (32). The stimulation of LPS to cultured rat microglia expressing TRPV4 controlled the release of TNF-α (33), suggesting that bacterial virulence factors can directly activate TRP channels. Mice lacking the TRPV4 channel could not suppress the production of TNF-α after the blood invasion of S. pneumoniae. Contrary to the mono-infection model, the level of TNF-α in the sera of TRPV4 KO mice was very low in the coinfection model. The relationship between influenza virus and TRPV4 channel has not been reported as far as we are aware. During a viral infection that causes strong inflammation in the respiratory tract, TRP channels may respond more strongly and differently, so further investigations are needed. The limitation of the cytokine assay in this study is that the evaluation timing was fixed on day 2 because the mice started developing lethal infection 48 h after the pneumococcal challenge. There should be mice in various conditions such as pneumonia, bacteremia, and sepsis, resulting in a huge variability of cytokine levels within each group.

The serotype 6A pneumococcal strain we used in this study usually develops bacteremia by direct invasion from nasal colonization (without pneumonia) (18). Mice lacking TRPV1 or TRPV4 channels, however, showed moderate to severe pneumonia 48 h after the super-infection of the pneumococcus. This finding is similar to secondary pneumococcal pneumonia, which sometimes occurs as a fatal complication during an influenza pandemic (14). TRPV1 and TRPV4 channels are suggested to contribute to the suppression of pneumococcal pneumonia in the coinfection model. The detailed mechanism of how TRPV channels protected the development pneumonia or lethal infection was not evaluated in the current study. We firstly aimed to investigate the role of TRPV channels on the development of invasive pneumococcal infections following nasal colonization, which the pneumococcus naturally acts within the host. To reveal the detailed mechanism of TRPV channels on each pneumococcal disease such as pneumonia or septicemia, a direct administration to the targeted organ (intra-tracheal injection or intravenous/intraperitoneal injection) should be conducted in the future study separately.

Although no significant difference in survival rate was observed in the lethal infection experiment, the pneumococcus was successful in disseminating to various organs by coinfection of influenza virus, and moderate pneumonia was found among TRPV1 KO mice. Taylor et al. reported that the influenza virus-infected lower respiratory tract inhibited capsaicin and substance P induced relaxation responses (34). The block of the TRPV1 channel may lead the loss of bronchoprotective response during viral infection, which results in exacerbation of pneumococcal super-infection.

The history is relatively short because the link between TRPV channels and infectious diseases remains controversial. Especially for TRPV1, there are a couple of reports concluding that inhibition of TRPV1 neurons during bacterial infection results in a better prognosis. A study of lung infection caused by Staphylococcus aureus showed that ablating the TRPV1 nociceptors increased the lung bacterial clearing rate, induced cytokines, and enhanced survival by suppression of the neutrophil activity and by mediation of immunosuppression due to the release of calcitonin gene-related peptide (CGRP) (4). Another study in the Streptococcus pyogenes infections demonstrated the role of TRPV1 in the clearance of the pathogen as TRPV1 neurons could be activated by streptolysin S and promoted by the release of CGRP in the infected tissues, therefore increasing the lethality by blocking the recruitment of neutrophils (5). To explain the discrepancy of the current result in TRPV1 KO mice, future studies will investigate how TRP channels recognize the pneumococcal virulence factors and function positively or negatively within the host immune system.

In conclusion, both TRPV1 and TRPV4 channels regulated the development of pneumococcal infections arising from nasal colonization in an adult mouse model. The TRPV4 channel in particular may play an important role in the prevention of secondary pneumococcal pneumonia and its subsequent development of lethal infection during influenza virus infection. Regulating host immune responses with TRP channels would be a novel strategy against various pathogenic microorganisms.
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Summary
The gateway reflex explains how autoreactive CD4+ T cells cause inflammation in tissues that have blood-barriers, such as the central nervous system and retina. It depends on neural activations in response to specific external stimuli, such as gravity, pain, stress, and light, which lead to the secretion of noradrenaline at specific vessels in the tissues. Noradrenaline activates NFkB at these vessels, followed by an increase of chemokine expression as well as a reduction of tight junction molecules to accumulate autoreactive CD4+ T cells, which breach blood-barriers. Transient receptor potential vanilloid 1 (TRPV1) molecules on sensory neurons are critical for the gateway reflex, indicating the importance of mechano-sensing. In this review, we overview the gateway reflex with a special interest in mechanosensory transduction (mechanotransduction).
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Mechano-Sensing Receptors

Mechano-sensing is a general cellular phenomenon in which changes in membrane tension and the cytoskeletal structure induce intracellular signal transduction in response to an extracellular mechanical force (1). Many receptors are sensitive to mechanical forces. The list includes Twik-related K+ channel (TREK) and Twik-related arachidonic acid-stimulated K+ (TRAAK), both of which being two-pore domain K+ (K2p) channels, Piezo1/2, TMEM63/OSCA, and transmembrane channel-like (TMC)1 and TMC2. These mechanosensory ion channels (MSCs) all sense extracellular stimulations, such as pressure, gravity, acceleration, sound waves, tension, fluid flow, pain, light, temperature, and blood pressure (2–6). In addition, cells adhere to neighboring cells and to the extracellular matrix via transmembrane receptors of the cadherin (cell-to-cell) and integrin (cell-to-substrate) families. These molecules are related to cell adhesion but are also mechano-sensitive (7–9), suggesting they are mechano-sensing receptors in the broad sense of the term. The extracellular stimuli are converted by MSCs and adhesion molecules into intracellular signals via alterations in the intracellular ion concentration or intracellular cytoskeletal status in various cells including sensory neurons and endothelial cells (10).



MSCs and Adhesion-Related Molecules in Mechanotransduction

The above MSCs have been categorized as depolarizing cationic non-selective channels, such as Piezo1/2, and hyperpolarizing K+-selective stretch-activated channels, such as TREK/TRAAK K2p channels, TMEM63/OSCA, and TMC1/2. In mammalian cells, after the binding of a ligand or change in membrane tension around them, these channels change their structurers to shift the balance of the intracellular/extracellular ion concentration (2–5, 11). Piezo1/2 increase intracellular Ca2+, while the other channels decrease intracellular K+, thus augmenting the effects of intracellular Ca2+. Degenerin channels (DEG), epithelial sodium channels (ENaC), acid-sensing ion channels (ASICS), and transient receptor potentials (TRP) channels are other MSCs. Recent electron cryo-microscopy structure studies for TRPs have revealed that a helical spring structure displaces intracellular cytoskeleton molecules to open the channels upon mechanical stress (11–13).

Endothelial cells in the blood vessels contact each other as a monolayer to pass essential factors, potential energy, and sometimes immune cells for the surveillance of tumor development and cells infected by pathogens from the blood to the tissues. Endothelial cells are constantly enduring mechanical stress from the blood flow, which is detected by transmembrane proteins, such as tyrosine kinase receptors, G protein-coupled receptors (GPCR), integrins, and cadherins, membrane structures, such as caveolae and primary cilia, glycocalyx, and cytoskeleton proteins, such as actin and tubulin, all of which transduce a mechanical signal to intracellular signals that cause transcriptional alterations to change the cellular status of endothelial cells (14–18)(Figure 1).




Figure 1 | Mechano-sensing receptors in endothelial cells. An illustration showing multiple mechano-sensing receptors, including mechanosensory ion channels and adhesion molecules, that can respond to extracellular stimulations, such as pressure, gravity, acceleration, sound, tension, fluid flow, pain, light, temperature, and blood pressure, to induce mechanotransduction in endothelial cells. The sensors shown include tyrosine kinase receptors (TK R), G protein-coupled receptors, ion channels, junction proteins, integrins, the cell membrane (caveolae), and glycocalyx.





The Gateway Reflex

Endothelial cells in the central nervous system (CNS) represent a specific vessel structure named the blood-brain barrier (BBB), which prevents peripheral immune cells and other factors including immunoglobulins from infiltrating the CNS from the blood. The BBB is important for maintaining the CNS environment and depends on many of the mechano-sensing molecules described above. However, observations of neuroinflammation due to an accumulation of immune cells in many diseases, including autoimmune diseases, schizophrenia, and Alzheimer’s disease, suggest the BBB can be compromised (19–24). To migrate past the BBB and into the CNS, peripheral immune cells particularly activated ones rely on adhesion molecules as well as chemokine molecules expressed by endothelial cells to affect mechanosensory pathways (25–29), because some signaling through adhesion molecules and chemokines directly increase molecules related to the mechanosensory pathways (25, 26, 30–32) and cytokines expressed from the immune cells accumulated also indirectly affect mechanosensory pathways (26–29). Because immune cells interact with endothelial cells in the BBB and affect the BBB structure and function, the status of the BBB is mechano-sensitive (30).



Gravity and Electric Gateway Reflexes

Space experiments have shown that gravity affects bone and muscle density (31, 32) and indicate that the body transduces gravity into mechanical signaling. We demonstrated that gravity regulates tissue-specific CNS inflammation by showing that autoreactive CD4+ T cells invade the specific sites of the CNS in experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (33). EAE mice are an invaluable tool for studying the pathogenesis of the BBB and the accumulation of immune cells in the CNS. One of the most popular murine models is EAE induced by a myelin-derived antigen, myelin oligodendrocyte glycoprotein 35-55 (MOG35–55), which is given emulsified in complete Freund’s adjuvant (CFA) as a subcutaneous injection (34–37). The development of encephalomyelitis is observed as an ascending paralysis that begins with a drooping tail and progresses to paralysis of the lower limbs. The adoptive transfer of MOG-specific CD4+ T cells (pathogenic CD4+ T cells) from donor mice that were actively immunized by the MOG peptide with CFA to naïve recipient mice can also induce EAE. This adoptive transfer EAE model allows study of the autoimmune CNS inflammation induced specifically by pathogenic CD4+ T cells (38).

We found that in EAE mice transferred with pathogenic CD4+ T cells, the cells accumulated in the dorsal vascular sites of the fifth lumbar (L5) cord. Dorsal vascular endothelial cells of the L5 cord in EAE mice show an inflammation status including the expression of chemokines and growth factors followed by the accumulation of immune cells and proliferation of tissue nonimmune cells due to NFκB signaling. Pathogenic CD4+ T cells, but mainly Th17 ones, accumulate in the vascular endothelium and flow into the CNS using CCL20 as a chemotactic factor. After pathogenic CD4+ T cell accumulates, the BBB is breached due to various cytokines including NFκB and STAT stimulators from pathogenic CD4+ T cells, resulting in the accumulation of various immune cells from the blood to the L5 cord. This accumulation increases mechanical stress because of the increased cell density.

In a later experiment, we focused on sensory nerve input from the soleus muscles. The main anti-gravity muscles are the soleus muscles in both mice and human, and the sensory pathway from soleus muscles connects to the L5 dorsal root ganglion (DRG), which is the largest DRG and is activated by anti-gravity responses (33). Indeed, when the same experiment was performed on mice with their tails suspended to model a microgravity environment on the hind legs, CNS inflammation was induced in the cervical vessels but not the L5 vessels. Furthermore, electrically stimulating the soleus muscles, which mimics gravity stimulation, induced CCL20 at the L5 vessels. Moreover, electrically stimulating the quadriceps, whose afferent sensory nerves come from the L3 DRG, and the epitrochlearis/triceps brachii, whose afferent nerves come from between the fifth cervical and fifth thoracic DRG, caused CCL20 expression to increase in the L3 vessels and between the fifth cervical and fifth thoracic vessels, respectively.

Sympathetic ganglions of the L5 level, but not other levels, were activated by gravity responses in the soleus muscles, and treatment with the norepinephrine antagonist atenolol significantly suppressed CCL20 mRNA expression, NFκB activation, and pathogenic CD4+ T cell accumulation around the L5 vessels and abrogated EAE development. These experiments indicate that sensory nerves in the soleus muscles that receive a gravity stimulus activate the sympathetic pathway at the L5 level, resulting in the production of noradrenaline, which upregulates CCL20 expression at the L5 dorsal vessels, although a detail crosstalk between sensory-sympatheic pathway in the L5 level has not been demonstrated. The resulting chemokine expression triggered inflammation around the vascular endothelium in the L5 cord, causing the accumulation of pathogenic CD4+ T cells from the blood and the development of neuroinflammation. These mechanisms, by which the nervous system regulates CNS inflammation in response to gravity stimulation or electric stimulation via the alteration of specific vessels, have been named the gravity gateway reflex and electric gateway reflex, respectively　(Figure 2) (33).




Figure 2 | Light gateway reflex. The light gateway reflex. Photopic light stimulates a high expression of noradrenaline and adrenaline to downregulate a1A-adrenoceptor (a 1AAR) expression on the retinal vessels in mice with autoreactive T cells against photoreceptors. The downregulation of a1AAR inhibits the noradrenaline-mediated activation of NFκB and STAT3, suppressing the IL-6 amplifier and retinal inflammation.



Gravity maintains the appropriate body state under healthy conditions. However, depending on the immune status of the individual, including the numbers of autoreactive T cells in the blood, it may also allow immune cells to invade the CNS and initiate autoimmune disease development via the gateway reflex. The receptors of sensory nerves that perceive gravity stimuli are still unclear, and the mechanosensory mechanism by which gravity stimuli activate the sensory nerves needs further investigation during both the gravity gateway reflex and electric gateway reflex.



Pain Gateway Reflex

Two-thirds of patients with multiple sclerosis and particularly those with a relapse-remittent type will experience flare-ups (39). In contrast, in EAE mice transfected with pathogenic CD4+ T cells, the symptoms disappear within 2-3 weeks. Normally, EAE mice in remission show no relapse for more than 300 days after the transfer, but if pain stimulation is added, the symptoms relapse (40). The mouse trigeminal nerve is composed mainly of sensory nerve (41). Trigeminal neuropathic pain causes activation of the anterior cingulate cortex (ACC) and sensory neurons in the thalamus (42). A positive correlation has been reported between ACC activity, pain-induced sympathetic vasoconstrictor reflexes, and sympathetic responses to pain in humans, suggesting a functional link between the ACC, central sympathetic pathways, and pain experience (43). In remission EAE mice, trigeminal nerve ligation caused a relapse of the EAE symptoms, but a sham-operation did not. Capsaicin stimulation also induced the relapse, indicating that the pain-sensing TPRV1 channel activates sensory nerves and causes ACC activation. To confirm this hypothesis, pain stimulation was performed in TRPV1 knockout mice, but no relapse was observed. TRP channels are MSCs but also activated by heat, which alters the membrane tension and the status of intracellular cytoskeletal molecules (13). These results suggested that not only pain but also mechanical stimulations, such as compression, can induce the relapse via a similar neural pathway.

Mechanistically, pain sensation caused an accumulation of MHC2+CD11b+ myeloid cells at the ventral vascular blood vessels of the L5 cord, which triggered the accumulation of pathogenic CD4+ T cells in the blood and ultimately the infiltration of other immune cells into the spinal cord after breaching the BBB there. MHC class II+CD11b+ cells in EAE-recovered mice expressed not only MHC class II molecules but also co-stimulatory molecules, such as CD80, CD86, and intercellular adhesion molecule-1 (ICAM-1), which is a ligand of integrins and a mechano-sensing receptor. Importantly, MHC class II+CD11b+ cells have the ability to stimulate pathogenic CD4+ T cells without the addition of MOG peptide, suggesting they presented self-antigen peptides that stimulated pathogenic CD4+ T cells. We found that MHC2+CD11b+ cells increased the expression of CX3CR1 and its ligand CX3CL1 from L5 vessels in response to sympathetic noradrenaline. When CX3CL1 was inhibited with a neutralizing antibody, the relapse symptoms caused by pain stimulation were suppressed. Moreover, the inhibition of sympathetic nerve function by a β1-adrenagic receptor antagonist, atenolol, or the sympathectomy regent 6-hydroxydopamine (6-OHDA) suppressed the upregulated CX3CL1 expression and relapse, suggesting that not only the TRPV1+ sensory pathway but also the sympathetic pathway is critical for the pain gateway reflex (40).

Thus, pain induction first causes an accumulation of MHC class II+CD11b+ cells at the ventral vessels of the L5 cord via sensory-sympathetic crosstalk. Then, an MHC class II+CD11b+ cell-mediated accumulation and activation of pathogenic CD4+ T cells in the blood occurs, leading to EAE relapse. Because the activated pathogenic CD4+ T cells in the L5 cord express various cytokines, including NFkB and STAT3 stimulators like IL-17, TNFa, and IL-6, the chemokines were induced in the L5 ventral vessels by activation of the IL-6 amplifier, a local chemokine inducer in endothelial cells (44). In other words, pain induction causes sympathetic activation via the sensory pathway, which depends on TRPV1 channels, and noradrenaline produced by the sympathetic nerves induces local inflammation in the L5 cord by accumulating immune cells (Figure 3).




Figure 3 | Gravity gateway reflex. Gravity stimulation induces the activation of sensory nerves in the soleus muscles, which connects the fifth lumbar vertebra (L5) dorsal root ganglion, followed by the activation of L5 sympathetic ganglion neurons. Norepinephrine (also known as noradrenaline) from the sympathetic nerves induces the IL-6 amplifier and the infiltration of autoreactive T cells into the spinal cord by upregulating CCL20 at the dorsal vessels of the L5 cord.





Stress Gateway Reflex

Stress is involved in many diseases. We have identified a stress-related nerve circuit that causes gastrointestinal failure and sudden death when pathogenic CD4+ T cells migrate to the CNS from the blood (45). We again employed transfer EAE mice under two stress conditions that have no obviously significant negative effect on the body: light sleep and wet bed environments. Severe gastrointestinal inflammation and heart failure were observed in mice with either stress in the presence of pathogenic CD4+ T cells. A mechanistic analysis showed that the stress stimulation activated noradrenergic neurons in the paraventricular nucleus of the hypothalamus (PVN), which relates to stress and projects to two specific blood vessels surrounded by the third ventricle, dentate gyrus and thalamus, establishing the gateways for the pathogenic CD4+ T cells (45). We named this phenomenon the “stress gateway reflex”. Considering that the dentate gyrus and PVN are stress-related brain regions (46, 47), the stress gateway reflex could play a role even under the steady state. We hypothesized permeability around the specific vessels was increased even in the absence of pathogenic CD4+ T cells, i.e. in the physiological condition that suppresses stress responses, by the activation of neurons in the dorsomedial hypothalamic nucleus (DMH)/anterior hypothalamic nucleus (AHN) (48).

On the other hand, during the stress gateway reflex in the presence of pathogenic CD4+ T cells in the blood, PVN-derived noradrenergic neurons upregulate CCL5 expression at the blood vessels in a manner dependent on noradrenaline-mediated NFkB activation, thus recruiting pathogenic CD4+ T cells and MHC class II+ monocytes from the blood followed by the activation of pathogenic CD4+ T cells there. Cytokines expressed by activated pathogenic CD4+ T cells accelerated the NFkB activation in endothelial cells and triggered micro-inflammation via the IL-6 amplifier (45). Locally, adenosine triphosphate (ATP) produced by the micro-inflammation functioned as a neurotransmitter (49, 50). Indeed, ATP directly activated neurons in the DMH/AHN to activate neurons in the dorsal motor vagal nucleus (DMX) (45). The enhanced activation of the efferent vagus nerve projected to the upper gastrointestinal tract from the DMX to yield severe gastrointestinal inflammation via massive acetylcholine secretion followed by hyperkalemia with sudden death (45) (Figure 4).




Figure 4 | Pain gateway reflex. Pain-induced sensory nerve activation stimulates the anterior cingulate cortex (ACC), which activates specific sympathetic nerves distributed at two ventral vessels of the spinal cord. Because there are many major histocompatibility complex (MHC) class II+ monocytes around the L5 cord, norepinephrine secretion at the ventral blood vessels of the fifth lumbar vertebra (L5) cord stimulates the production of CX3CL1 from endothelial cells via the IL-6 amplifier. CX3CL1 accumulates MHC class II+ monocytes and increases the permeability of blood vessels. Autoreactive T cells in the blood flow accumulate at the vessels to induce experimental autoimmune encephalomyelitis relapse.



Because the accumulation of immune cells including pathogenic CD4+ T cells at brain-specific vessels should increase the density and pressure between cells followed by an increase of the mechanistic signaling, not only ATP signaling but also mechanical stress activates NFkB in the blood vessels and stimulates the neural pathway to the DMH/AHP.



Light Gateway Reflex

We showed that photopic light stimulation suppresses the establishment of experimental autoimmune uveroretinitis (EAU), a model of uveroretinitis, in mice (51–53). We noticed a pathological difference between mice kept in photopic light and in mesopic light conditions. A gateway at retinal vascular endothelial cells can be established by NFkB-mediated chemokine expression in retinal endothelial cells to accelerate the infiltration of pathogenic CD4+ T cells against photoreceptors through the blood-retina barrier from the blood (51). EAU mice kept in mesopic light showed more CD4+, CD8+ and CD11b+ cells in the retina than mice kept in photopic light (51). Similar to the other four gateway reflexes, the light gateway reflex includes the activation of sympathetic/noradrenergic neurons in its nerve pathway. Exposure to photopic light downregulated the noradrenergic pathway in retinal vessels by excessive noradrenaline and adrenaline levels from neural terminal in the retina, disrupting the expression of a1A-adrenagic receptor (a 1AAR) and subsequently suppressing NFkB activation in the retinal vessels (51) (Figure 5). The light gateway reflex can be observed not only in uveitis and retinitis, but also in autoimmune intraocular diseases such as retinal vasculitis and ischemic retinopathy. Moreover, activation of the sympathetic pathway can also be observed in autoimmune diseases that present intraocular inflammation such as human leukocyte antigen-B27 (HLA-B27) spondyloarthropathies, sarcoidosis, and juvenile chronic arthritis (54–56). These findings suggest that excessive activation of the sympathetic pathway suppresses the establishment of the gateways for autoreactive T cells in the blood-barrier including in blood-retina one by downregulating adrenergic receptors on the vessels, thus inhibiting tissue-specific inflammation.




Figure 5 | Stress gateway reflex. Chronic stresses including light sleep activate noradrenergic neurons in the paraventricular nucleus (PVN) to establish gateways for immune cells at specific blood vessels in the brain, particularly in the presence of myelin-specific CD4+ T cells in the blood. Myelin-specific CD4+ T cells accumulate at the specific vessels together with major histocompatibility complex class II+ monocytes to develop micro-inflammation there. ATP produced by the micro-inflammation functions as a neurotransmitter to directly activate neurons in the dorsomedial hypothalamic nucleus (DMH)/anterior hypothalamic nucleus (AHN), followed by the activation of neurons of the dorsal motor vagal nucleus (DMX). The resulting activated efferent vagus nerve causes acetylcholine-dependent gastrointestinal inflammation followed by hyperkalemia with heart failure and sudden death.



Finally, during the pathology of EAU, we noticed an abnormal spatial alignment of neural terminal in the retina due to an accumulation of immune cells and proliferation of retinal nonimmune cells, including fibroblasts. This abnormal alignment likely caused an increase in tension and/or pressure in the retinal lesion. Thus, the mechanosensory pathway affects the pathogenesis of retinal inflammation.



Concluding Remarks

In summary, we here focused on the gateway reflex, in which mechanical forces, such as gravity, changes the microvascular structure of blood barriers to allow immune cells to invade associated organs, such as the CNS and retina. Inflammation caused by the gateway reflex is different from whole organ inflammation, because autoreactive T cells invade from specific blood vessels in the organs. Pain stimuli induces the accumulation of MHC class II+ CD11b+ myeloid cells at specific ventral vessels of the L5 cord via activation of TPRV1 receptor-positive sensory nerves to cause relapse of CNS-inflammation (pain gateway reflex). Although other peripheral-derived CD11b+ myeloid cells in the CNS do not show any obvious function after the pathogenesis, environmental stimuli, including pain sensation, can accumulate them via the activation of specific neural circuits by changing the status of specific blood vessels. Regarding, tissue-specific autoimmune diseases, the adaptive immune system, such as T cells and B cells in the blood, plus neural circuits activated by environmental stimulations are critical for the gateway reflex. Autoimmune diseases always commence with the accumulation of immune cells at specific vessels, which increases pressure and tension on the tissue cells as well as the immune cells themselves. Therefore, it is reasonable that mechanotransduction contributes to these diseases. Further elucidation of this transduction as well as immune cells is important for understanding the pathogenesis of various diseases and establishing new treatments.
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Transient receptor potential vanilloid 4 (TRPV4) is a non-selective mechanosensitive ion channel expressed by various macrophage populations. Recent reports have characterized the role of TRPV4 in shaping the activity and phenotype of macrophages to influence the innate immune response to pathogen exposure and inflammation. TRPV4 has been studied extensively in the context of inflammation and inflammatory pain. Although TRPV4 activity has been generally described as pro-inflammatory, emerging evidence suggests a more complex role where this channel may also contribute to anti-inflammatory activities. However, detailed understanding of how TRPV4 may influence the initiation, maintenance, and resolution of inflammatory disease remains limited. This review highlights recent insights into the cellular processes through which TRPV4 contributes to pathological conditions and immune processes, with a focus on macrophage biology. The potential use of high-throughput and omics methods as an unbiased approach for studying the functional outcomes of TRPV4 activation is also discussed.
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Introduction

Inflammation is an essential defense mechanism generated by the immune system to protect the body from harmful stimuli or pathogen infection (1). Normally, inflammation is actively resolved to prevent tissue damage. This tightly regulated process involves the spatially and temporally controlled production of mediators leading to dilution of chemokine gradients to ensure that inflammatory responses subside in a timely fashion. Processes which resolve inflammation and rectify tissue homeostasis include reduction or cessation of tissue infiltration by neutrophils, apoptosis of spent neutrophils, down-regulation of chemokines and cytokines, macrophage transformation, and the initiation of healing (2, 3). Disruption of the control mechanisms that underlie these processes results in prolonged or uncontrolled inflammation, which is associated with chronic disease including inflammatory arthritis (4), inflammatory bowel disease (5), pulmonary diseases (6), atherosclerosis (7), foreign body response (8) and fibrosis (9).

The transient receptor potential (TRP) superfamily of ion channels plays important and emerging roles in inflammatory and immune-mediated diseases (10). One of the best characterized members is transient receptor potential vanilloid 4 (TRPV4), which is expressed by immune cells including macrophages (11–14), neutrophils (15), and dendritic cells. TRPV4 is a tetrameric ion channel with each subunit containing 6 transmembrane domains, a pore-forming loop, and 6 highly conserved ankyrin repeat domains in the cytoplasmic N-terminus (16). The functional role of TRPV4 and involvement in pathophysiology is most extensively defined for macrophages (12, 13, 17, 18). TRPV4 is expressed by various macrophage populations including tissue-resident macrophages located in the lung, gut, brain, liver, and skin (11–14, 19–21). Although TRPV4 has long been associated with pro-inflammatory roles, recent studies propose that TRPV4 activity can also influence macrophage function to promote the reduction or resolution of inflammatory damage (12, 13, 22). This raises a key question: how can a single ion channel regulate two opposing processes? In this review, we first highlight emerging evidence for the involvement of TRPV4 as a mechanosensitive channel in pathological conditions and immune responses, with a specific focus on macrophages. We then explore how the use of high-throughput omics approaches could reveal greater insight into the complex network of cellular pathways associated with TRPV4 activation.



TRPV4: A Polymodal Ion Channel and Key Effector of Receptor Signaling

TRPV4 was first identified as an osmosensitive channel due to its activation by hypotonicity (23, 24). It has since been shown to function as a polymodal non-selective cation channel that can be activated by a diverse array of stimuli including mechanical stress (25–28), warm temperature (above 27°C) (29, 30), endogenous polyunsaturated fatty acids (PUFAs) (31–33) and receptor-operated signaling (34). TRPV4 integrates cellular responses to these various stimuli, enabling this channel to influence a broad range of signaling and associated transcriptional events (11–14, 35–52), as summarized in Figure 1, and previously reviewed in detail (53).




Figure 1 | TRPV4 is a polymodal ion channel which can be activated directly or indirectly by a diverse range of stimuli including mechanical force, endogenous mediators, and pharmacological tools. TRPV4 signals through multiple pathways leading to a range of downstream effects on cellular function. The figure illustrates published activation pathways and associated outcomes. TRPV4, transient receptor potential vanilloid 4; GPCRs, G protein-coupled receptors; TLR4, toll-like receptor 4; LPS, lipopolysaccharide; PIP2, phosphatidylinositol biphosphate; AA, arachidonic acid; cPLA2, cytosolic phospholipase A2; P450, cytochrome P450 epoxygenase; EETs, epoxyeicosatrienoic acids; NFAT, nuclear factor of activated T-cells; NF-kB, nuclear factor kappa B. Figure created with BioRender.com.



TRPV4 is activated by hypoosmolarity, shear stress or direct deflection at cell-substrate contact points. Activation of TRPV4 by cellular indentation or membrane stretch is also commonly reported (25, 54), although the relative importance and generality of this mode of gating has recently been questioned based on electrophysiological studies (27, 28). This suggests that TRPV4 may only respond directly to specific mechanical cues. It is also evident that TRPV4 activation by hypotonic conditions and shear stress can indirectly modulate channel gating via production of lipid metabolites such as arachidonic acid and its metabolite 5′,6′-EET. This process requires PLA2 and cytochrome P450 epoxygenase activity (33, 55), suggesting that there are parallels between TRPV4 mechanosensitivity and its function as a receptor-operated channel. For example, G protein-coupled receptors (GPCRs) can also promote PLA2 and P450 activity to increase production of the same anandamide and arachidonic acid-derived lipid species. GPCRs, including members of the protease-activated, muscarinic, serotonin, and histamine receptor families, converge on TRPV4 through lipid signaling pathways, presumably as a mechanism to amplify specific signaling and transcriptional events (34). GPCR signaling can also sensitize and enhance the responsiveness of TRPV4 to these lipid metabolites by promoting direct phosphorylation of residues in its cytoplasmic N- and C-terminal domains by PKA, PKC and Src family tyrosine kinases (34). TRPV4 is proposed to be a key effector and ‘amplifier’ of sensory afferent nerve signaling. GPCR- and protein kinase-dependent sensitization of TRPV4 is associated with increased pain transmission and the peripheral release of neuropeptides and other mediators that promote neurogenic inflammation (56).

Recent studies have extended our understanding of how TRPV4 functions as an effector for receptor signaling and a broader integrator of mechanical cues in different cell types. Integrins are ubiquitously expressed transmembrane mechanoreceptors that are responsible for cell-cell interactions and cell adhesion (57). In endothelial cells, mechanical strain activates TRPV4-mediated Ca2+ influx via the β1 integrin-CD98hc axis, which is hypothesized to occur through a direct, physical interaction (58, 59). In this model, mechanical strain is sensed by β1 integrin, which initiates ultra-rapid signal transduction. The signal is transmitted from the cytoplasmic C terminus of β1 integrin to the N-terminal cytoplasmic ankyrin domain of TRPV4 via the transmembrane glycoprotein CD98hc, resulting in increased channel gating (59) (Figure 1).

Swain et al. have also recently demonstrated that TRPV4 is an effector protein for other ion channels (60, 61). Shear stress and mechanical pushing of pancreatic acinar cells indirectly activated TRPV4 via the fast-inactivating mechanosensitive ion channel Piezo1 (61). Piezo1 activation initiated a transient Ca2+ influx followed by a sustained elevation of intracellular Ca2+, an effect that was inhibited by the TRPV4 antagonist HC-067047 and mediated by PLA2 (60, 61).

The precise mechanisms involved in the TRPV4-dependent inflammatory response are not fully understood. However, it is speculated that changes to the extracellular matrix stiffness during inflammation can activate TRPV4. Scheraga et al. reported that TRPV4 is required for expression of dual-specificity phosphatase 1 (DUSP1) in response to LPS under pathophysiological matrix stiffness (>8kPa), but not under subthreshold matrix stiffness (1kPa) (12). DUSP1 is an inflammatory regulator, which inhibits c-Jun N-terminal kinases (JNK) and promotes p38 mitogen-activated protein kinases (MAPK) (12). In addition, calcium influx via TRPV4 also activates calcineurin which promotes nuclear factor of activated T-cells (NFAT) and nuclear factor kappa B (NF-kB) expression (62, 63). These studies illustrate an important role for TRPV4 in LPS-induced macrophage activation. Further detail outlining the involvement of TRPV4 in phenotypic switch by macrophages is provided in subsequent sections.

These established and emerging roles of TRPV4 as a key integrator and amplifier of mechano- and receptor-mediated signaling have been demonstrated for a range of distinct cell types including sensory neurons and endothelial cells. This is consistent with the generality of this function and highlights the associated challenges and opportunities when considering TRPV4 signaling and function as a potential therapeutic target.



TRPV4-Expressing Macrophages as a Therapeutic Target for Resolving Inflammation

TRPV4 mRNA or protein has been detected in most organs and tissues (23, 24, 30, 31, 64–70) and is expressed by a broad range of cell types including neurons, urothelia, epithelia, immune cells, endothelial cells and aortic and airway smooth muscle (35, 65, 68, 71–73). This widespread expression pattern, coupled with multiple activating modalities, underlies the diverse roles of TRPV4 in physiological processes including volume- and osmo-sensing, thermoregulation, mechanosensation in the vasculature and urinary tract, cell barrier function, bone formation, metabolic disorders, pain, neurogenic inflammation, and gut motility (23, 29, 34, 53, 74–77). TRPV4 also performs critical pro-fibrotic roles and can detect and influence changes to the extracellular matrix (78). TRPV4 antagonists have been pursued and patented for several therapeutic applications including treatment or prevention of lung injury, heart failure, ischemic heart disease, and pain (79). Furthermore, pre-clinical and clinical studies have investigated TRPV4 inhibition as a therapeutic approach for treatment of osteoarthritis (80, 81), atherosclerosis (82), and cancer (83–85). More recently, the use of TRPV4 antagonists for managing comorbidities associated with SARS-CoV-2 infection such as lung edema has also been proposed (86). Despite these extensive efforts to define the importance of TRPV4 in cardiovascular, pulmonary, and inflammatory diseases, there is currently only one drug candidate (GSK2798745) approved for phase II clinical trials (87, 88). This clinical candidate is a small molecule, orally available inhibitor with low nanomolar potency (87).The apparent lack of therapeutic advancement may reflect limitations to our mechanistic understanding of the precise involvement of TRPV4 in inflammatory and protective processes.

In chronic disease, such as arthritis and joint pain, there are persistent changes to lipid production, osmolarity, increased presence of GPCR ligands (e.g., immune-derived peptides and proteases) and exposure to mechanical cues such as those associated with fibrosis. All these factors have the potential to promote sustained inflammatory signaling, edema, sprouting of nerve fibers, and angiogenesis, and most importantly, influence TRPV4 function (89). Studies using pharmacological tools and trpv4-/- mice have consistently shown that inhibition or loss of TRPV4 function reduces inflammatory processes and tissue edema. Accordingly, TRPV4 is often described as a pro-inflammatory mediator and a therapeutic target for treating inflammatory disease. However, most of these studies are acute in nature, and may not always adequately reflect proposed resolving roles for TRPV4. Macrophages are of particular interest for targeting inflammation and associated diseases. These cells orchestrate both inflammation and resolution, as summarized in Table 1, and recent evidence supports the dichotomous nature of TRPV4 in both homeostatic or protective roles and in pathophysiological pathways (12, 13). This includes roles in phagocytosis and cytokine production, both of which can be influenced by changes to the cellular environment in which the macrophages are located (11–13, 62).


Table 1 | Summary of factors that are secreted in response to mechanical or pharmacological activation of TRPV4.





TRPV4 Activity Influences Macrophage Polarization and Metabolism


i) TRPV4 and Macrophage Polarization

Macrophages are a heterogeneous population of cells with the capability to change phenotype and perform specific roles in response to their microenvironment. For many years, the two main extremes of macrophage phenotype were widely accepted as M1 (so-called ‘classical’ pro-inflammatory phenotype) and M2 (‘non-classical’ anti-inflammatory phenotype). In reality, macrophages are highly versatile and the distinction between subsets is less clear. Metabolic reprogramming of macrophages is essential for phenotypic switch and immune responses. The M1 and M2 phenotypes have unique metabolic hallmarks (90–92). The manipulation of metabolic pathways in macrophages can alter their functions (93) and targeting of immunometabolism is a promising approach for blocking inflammatory signaling. For example, some anti-inflammatory drugs (e.g., dimethyl fumarate, metformin, methotrexate, and rapamycin) limit inflammation through targeting metabolic events in immune cells including macrophages (90).

TRPV4 activation is associated with phenotypic switch by macrophages (12, 13, 17, 51, 94). Current understanding of macrophage polarization is based largely on the use of biochemical cues such as cytokines or LPS to alter cellular phenotype. However, it is important to consider other biophysical factors originating from the microenvironment that may influence phenotype, such as exposure to shear stress and alterations in extracellular matrix stiffness. Several studies have explored how physical stimuli can affect macrophage phenotype, including the involvement of TRPV4 (see Table 1). Moderate cyclic stretch (7%, 0.8 Hz) applied to human peripheral blood mononuclear cells over a 7-day period increased the relative proportion of M2 cells (CD206+), whereas higher stretch (12%, 0.8 Hz) increased the M1-like (CCR7+) phenotype (95). In addition, cyclic or static stretch also triggered production of cytokines, chemokines, and enzymes by macrophages. This included expression of mRNA for iNOS, IL-6, MCP-1, and IL-10 (95, 96). Changes in stiffness of the surrounding extracellular matrix can affect surface protein expression and the secretion profile of macrophages. Previtera et al. (97) cultured murine BMDMs on 0.3–230 kPa polyacrylamide hydrogels and observed that macrophages grown on high stiffness substrates produced elevated levels of pro-inflammatory mediators relative to macrophages grown on softer substrates (97). However, a different study led by Chen et al. (98) showed that murine BMDMs cultured in polyacrylamide hydrogels at a low matrix stiffness (2.55 ± 0.32 kPa) displayed an M1-like phenotype, with enhanced CD86 cell surface expression and higher production of ROS, IL-1β and TNF-α. In contrast, a higher matrix stiffness (34.88 ± 4.22 kPa) drove the cells toward an M2-like phenotype with higher CD206 expression, and production of IL-4 and TGF-β (98). Direct comparison of these studies is complicated by the differences in the experimental design. In addition, although both used polyacrylamide hydrogels, Previtera et al. (97) pre-treated the gel with laminin (97), which has been shown to promote expression of pro-inflammatory factors in microglia (99) and reduce IL-10 secretion by THP-1 cells (100). However, these studies suggest that mechanosensitive receptors, such as TRPV4 (17), play a critical role in macrophage phenotypic switch in response to the biophysical properties of their environment. This is consistent with other non-TRPV4-related studies demonstrating that matrix stiffness has a profound influence on macrophage polarization states (100, 101) and warrants further investigation, as discussed by other manuscripts within this special issue.



ii) TRPV4 and Macrophage Metabolism

Beyond expression of specific markers, macrophage phenotypes can also be differentiated based on their metabolic profiles, especially those associated with central carbon metabolism. Pro-inflammatory macrophages utilize glycolysis and the pentose phosphate pathway (PPP) to generate sufficient energy to meet higher ATP requirements. Fatty acid synthesis is increased, as this is required both as an energy production pathway and for synthesis of pro-inflammatory lipids, such as prostaglandins. At the same time, oxygen consumption is reduced, and the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) are suppressed. In contrast, macrophages with a protective phenotype have a normal TCA cycle and higher fatty acid oxidation rate (93).

Greater understanding of how TRPV4 influences macrophage phenotype at the metabolic level will provide further insight into the role of this channel in inflammation and inflammatory diseases. Although this has not been defined in detail, there is some evidence to suggest that TRPV4 can regulate central carbon metabolism, cellular respiration, and lipid metabolism. Several studies report that TRPV4 activation can increase production of reactive oxygen species (ROS) and nitric oxide (NO) (11, 36, 102) and evoke ATP release (37–42). In macrophages, ROS is largely generated through the NADPH oxidase pathway, while NO is mainly produced from arginine via the iNOS pathway. Both require NADPH as a co-factor. The high glycolytic flux of activated macrophages provides glucose-6-phosphate for the PPP, which is the main source of NADPH (93). Furthermore, the TRPV4 activator 4α-PDD reduces mitochondrial bioenergetics and oxygen consumption in pulmonary arterial endothelial cells after a 3 h incubation period (36). TRPV4 can also negatively regulate expression of peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC1α), mitochondrial uncoupling protein 1 (UCP1), and cellular respiration in adipocytes (103). PGC-1α is a transcriptional coregulator of pPPARγ, controlling the UCP1 promoter, which is involved in mitochondrial biogenesis and oxidative metabolism. PPARγ is an important transcription factor of M2 macrophages and is associated with fatty acid uptake and oxidation.

Pharmacological activation of TRPV4 also triggers secretion of pro-inflammatory lipid mediators including prostaglandins, suggesting a potential link between this ion channel and fatty acid biosynthesis (14, 43). Collectively, the metabolic profile of TRPV4-activated cells shares some similarities with the profile of the pro-inflammatory macrophage phenotype including high glycolysis, low OXPHOS activity and increased synthesis of pro-inflammatory lipids.




Investigating Pleiotropic Roles of TRPV4 Using a Systems Biology Approach

This approach utilizes high-throughput omics platforms to interrogate complex biological systems. In contrast to most targeted studies outlined above, systems biology can comprehensively characterize molecular profiles at the level of the genome, transcriptome, proteome, peptidome, metabolome and lipidome in an unbiased manner (104–109). These approaches are well suited to the study of TRPV4 function in macrophages as these cells secrete mediators and their metabolic activity is highly regulated and linked to the inflammatory state.


i) Metabolic Profiling in Mechanobiology and Immunology

Metabolomic methods have revealed novel biological pathways and important metabolites in inflammatory responses and have identified signature metabolites associated with different macrophage phenotypes (110–112). This includes the distinct metabolomic profiles of central carbon metabolism between M1 and M2 macrophages, as outlined above.

There are relatively few studies that examine the role of TRPV4 at a metabolic level (11, 36–42, 102). Furthermore, these are limited to targeted pathways including cellular respiration, NO production, and bioactive lipids, such as prostaglandins (Table 1). For example, targeted studies of isolated mouse alveolar macrophages have shown that 4-αPDD activates TRPV4 to promote Ca2+ influx and subsequent release of NO and superoxide (11). The combination of NO and superoxide can produce peroxynitrite, a strong oxidant involved in pathogen defense and inflammation (113, 114). Untargeted global profiling of TRPV4-induced macrophage phenotypes could help to address important questions of how and why TRPV4 can have both pro- and anti-inflammatory responses, and further understand the underlying mechanisms involved.



ii) Profiling TRPV4-Mediated Lipid Synthesis and Metabolism

Macrophages are an important source of bioactive lipid mediators which are important determinants of the magnitude and duration of inflammatory signaling. In the onset phase of acute inflammation, eicosanoid lipid mediators (leukotrienes and prostaglandins) are released to promote inflammation (115, 116). At the resolution phase, cells switch to production of specialized pro-resolving mediators, such as lipoxins, resolvins, protectins, and maresins to resolve inflammation (115, 116). The imbalance of pro-inflammatory and pro-resolving mediators results in chronic inflammation (115, 116). Although TRPV4 activity can affect lipid metabolism in macrophages, including prostaglandin E2 (PGE2) production (14), this process has not been examined in detail and remains poorly characterized. The release of prostaglandins at the early stages of acute inflammation is important for a protective response. However, excessive production can promote chronic inflammation (115, 117, 118).

There is a clear need for more detailed investigation into how TRPV4 may influence lipid metabolism in the context of inflammatory disease. A comprehensive and unbiased lipidomics approach will provide mechanistic insight beyond that provided by current studies and significantly advance understanding of how TRPV4-mediated secretion of bioactive lipid mediators contributes to the initiation and resolution of inflammation.



iii) Profiling the Protein Interactome

TRPV4 can directly or indirectly interact with a broad range of proteins (53, 56, 119). Mass spectrometry-based proteomics has become the core technology for large-scale investigation of protein-protein interactions with high confidence. Many purification methods have been developed to enable single protein complex characterization through to global interactome profiling (120). Commonly used workflows for purification of the target protein and its interactors include antibody-based affinity-purification mass spectrometry (AP-MS) (121), quantitative immunoprecipitation combined with knock-down (QUICK) (122), and proximity-ligation techniques such as BioID (123). The global interactome profiling requires biochemical techniques including fractionation by size-exclusion chromatography (SEC), ion-exchange chromatography (IEX), or perturbation co-behavior approach. The pros and cons of each of these workflows are covered elsewhere (120). Comprehensive analysis of the protein-protein interaction network will enable novel insight into the contribution of TRPV4 to cellular biology beyond what is possible with currently used methodology. Furthermore, this approach may facilitate identification of new avenues and targets to enable therapeutic modulation of TRPV4-dependent inflammatory signaling.




Concluding Remarks

This review provides an overview of how TRPV4 influences macrophage function in pathological conditions and highlights the dual roles that this channel has in promoting and preventing inflammation. There is little doubt that TRPV4 is important for maintaining homeostasis and immune responses. This includes: 1) responses to pathogens and changes in biophysical factors including mechanical stress and matrix stiffness, 2) mediating inflammatory responses (phagocytosis, cytokine secretion) and balancing pro- and anti-inflammatory cytokine secretion, and 3) facilitating cell-cell communication via secreted factors. However, the underlying mechanisms involved in each role are not fully understood. In addition, cytokines and bioactive lipids secreted by macrophages are essential mediators of the inflammatory response. The importance of TRPV4 for macrophage polarization and associated production of cytokines is well documented. In contrast, current understanding of how TRPV4 regulates synthesis of bioactive lipids, protein expression, and protein-protein interactions is limited. This suggests that a focus on this specific research area using more comprehensive analysis methods is required. Application of high-throughput omics approaches to definitively characterize the effects of TRPV4 modulation on macrophages may reveal novel functions and pathways important for understanding the precise involvement of TRPV4 in inflammatory and protective processes. Similar methods have been widely applied in the immunology field, which has helped to further differentiate pro- and anti-inflammatory macrophage phenotypes (107, 124, 125). This information is critical for understanding how TRPV4 can influence both inflammatory and resolving processes and will contribute to future therapeutic targeting of TRPV4 in inflammatory diseases.
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Cytotoxic T lymphocytes (CTLs) play an integral role in the adaptive immune response by killing infected cells. Antigen presenting cells (APCs), such as dendritic cells, present pathogenic peptides to the T cell receptor on the CTL surface and co-stimulatory signals required for complete activation. Activated CTLs secrete lytic granules containing enzymes that trigger target cell death at the CTL-target contact, also known as the immune synapse (IS). The actin and microtubule cytoskeletons are instrumental in the killing of CTL targets. Lytic granules are transported along microtubules to the IS, where granule secretion is facilitated by actin depletion and recovery. Furthermore, actomyosin contractility promotes target cell death by mediating mechanical force exertion at the IS. Recent studies have shown that inflammatory cytokines produced by APCs, such as interleukin-12 (IL-12), act as a third signal for CTL activation and enhance CTL proliferation and effector function. However, the biophysical mechanisms mediating such enhanced effector function remain unclear. We hypothesized that the third signal for CTL activation, IL-12, modulates cytoskeletal dynamics and force exertion at the IS, thus potentiating CTL effector function. Here, we used live cell total internal reflection fluorescence (TIRF) microscopy to study actomyosin and microtubule dynamics at the IS of murine primary CTLs activated in the presence of peptide-MHC and co-stimulation alone (two signals), or additionally with IL-12 (three signals). We found that three signal-activated CTLs have altered actin flows, myosin dynamics and microtubule growth rates as compared to two signal-activated CTLs. We further showed that lytic granules in three-signal activated CTLs are less clustered and have lower velocities than in two-signal activated CTLs. Finally, we used traction force microscopy to show that three signal-activated CTLs exert greater traction forces than two signal-activated CTLs. Our results demonstrate that activation of CTLs in the presence of IL-12 leads to differential modulation of the cytoskeleton, thereby augmenting the mechanical response of CTLs to their targets. This indicates a potential physical mechanism via which the third signal can enhance the CTL response.
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Introduction

CD8+ T cells or cytotoxic T lymphocytes (CTLs) play an integral role in the adaptive immune response triggered by pathogens and in tumor surveillance. Antigen presenting cells (APCs) process and present pathogenic peptides bound to class I major histocompatibility complex (MHC) molecules on their cell membranes. The T cell receptor (TCR) on naïve CD8+ T cells is stimulated after recognition of a cognate peptide-MHC complex on the APC membrane. A second co-stimulatory signal is required for complete CTL activation and is provided by binding of B7-1/2 proteins expressed on the APC surface to the CD28 receptor on the naïve T cell membrane (1). Once activated, CTLs recognize and kill infected or damaged host cells by secreting lytic granules containing perforins and granzymes, which collectively act to promote target cell apoptosis.

Inflammatory cytokines, such as interleukin-12 (IL-12) and interferons α and β (IFN-α/β), have been recently characterized as a third signal for T cell activation. In vitro studies have shown that IL-12 is able to drive naïve CD8+ T cells to differentiate into potent effector CTLs (1). CD8+ T cells activated with peptide-MHC and co-stimulatory proteins in the presence of IL-12 (three signal, or 3SI) exhibit increased IL-2 signaling and enhanced proliferation as compared to CD8+ T cells activated in the presence of peptide-MHC and co-stimulation alone (two signal, or 2SI) (1–4). While both 2SI and 3SI CTLs produce effector proteins and are able to lyse target cells, 3SI CTLs have increased expression of granzymes and perforin, contributing to increased cytolytic efficiency both in vitro and in vivo (2–8). Target cell killing by 3SI CTLs is also potentially augmented by increased efficiency of synapse formation as compared to 2SI CTLs (9). While the above studies have used population-scale experiments such as flow cytometry and microarray analysis to study the enhancement of effector function in 3SI CTLs, the mechanisms by which the third signal may modulate cytotoxic efficiency have not been explored at the cellular scale.

At the single-cell level, the T cell cytoskeleton is intricately involved during activation and cytolytic function at the CTL-target synapse, also known as the immunological synapse (IS) (10). Following initial contact of a CTL with a target cell, TCR engagement triggers a downstream signaling cascade which results in dramatic cytoskeletal rearrangements beginning with initial actin polymerization at the contact site (11–14). The cytoskeletal motor proteins dynein and myosin II act in tandem to promote translocation of the centrosome towards the IS (15–18). Centrosome translocation is followed by docking at the synapse, which is required for the transport of lytic granules along microtubules towards the target cell (19, 20). The microtubule motors dynein and kinesin facilitate granule transport towards the minus or plus end of microtubules respectively, aiding in the approach of lytic granules towards the contact site (19, 21, 22). An increase in intracellular calcium flux following TCR activation is also required for granule transport and release (23–25).

Actin dynamics regulate secretion of lytic granules at the IS: within the first minute of contact with the target cell, actin rapidly depletes across the center of the IS, allowing lytic granules to dock and fuse with the CTL plasma membrane. Granule secretion is halted within a few minutes by the recovery of cortical actin, which acts as a physical barrier to granule release (14, 26, 27). Additionally, T cells exert mechanical forces during activation and IS formation (28–34). These forces are known to be actomyosin and microtubule-dependent (30, 32–34). Force exertion by CTLs is spatiotemporally correlated with lytic granule secretion at the IS and potentiates the efficacy of target cell killing by creating local hotspots of increased membrane tension, which promotes pore formation by the effector protein perforin (31).

The current paradigm for the role of the cytoskeleton in CTL function has been informed by studies performed in CTLs activated in the absence of the third signal. Recent work has shown that IL-12 treatment modulates the expression of cytoskeletal regulators such as Rho GTPases and Rho-GTPase-activating proteins (Rho-GAPs) in CD4+ and CD8+ T cells (4, 35–37). Furthermore, IL-12 treatment activates central signaling pathways that regulate actin depletion and recovery at the IS (4, 8, 26, 27, 38) and are required for cytoskeletal force generation in CTLs (29, 31). Together, these studies suggest that activation of CD8+ T cells in the presence of IL-12 may enhance CTL function by modulating cytoskeletal dynamics and forces, suggesting a mechanochemical pathway that links cytokine stimulation to CTL effector function.

Here, we examine the role for the third signal for CTL activation, IL-12, in modulating cytoskeletal dynamics and mechanical force generation at the IS. We use high resolution microscopy to study cytoskeletal dynamics and force generation in murine CTLs activated in the presence and absence of IL-12. Our data show that CTL activation in the presence of the third signal results in altered cytoskeletal repatterning at the CTL-target interface, leading to a larger actin depletion zone, slower actin speeds and faster microtubule growth rates. We also find differences in lytic granule dynamics with three-signal activated CTLs exhibiting a higher number of lytic granules and slower granule speeds. Finally, using traction force microscopy (TFM), we show that three-signal activated CTLs generate higher traction forces at the IS. Thus, by regulating the cytoskeleton, cytokine stimulation of CTLs may provide a potential mechanism for augmenting their killing response during the immune response.



Materials and Methods


Plasmids

pEGFP-C1 F-tractin-EGFP was a gift from Dyche Mullins (Addgene plasmid #58473). Lamp1-RFP was a gift from Walther Mothes (Addgene plasmid #1817). The EGFP-EB3 and MLC-EGFP plasmids were gifts from Dr. Robert Fischer, National Heart, Lung, and Blood Institute.



Purification of Naïve OT-I CD8+ T Cells

Isolation of naïve OT-I CD8+ T cells was performed as described before (39). Briefly, peripheral lymph nodes were collected from euthanized OT-I mice and homogenized in 15 mL glass grinders (DWK Life Sciences, Millville, NJ), to become single cell suspension. The cells were washed with complete Allos medium, followed by filtering through a 70 µm filter (VWR, Radnor, PA). Cells were incubated with FITC-labeled antibodies specific to B220, CD4, CD44, CD11c, and I-Ab (BioLegend, San Diego, CA) for 25 minutes at 4°C. After washing with Allos, the resuspended cells were incubated for 20 minutes at 4°C with anti-FITC conjugated magnetic MicroBeads (Miltenyi Biotech, Auburn CA). The cells were washed and passed through separation columns inserted in a MACS magnet. Cells that flowed through the columns were collected, which were > 94% CD8+ and <0.5% CD25. Allos medium is RPMI-1640 supplemented with fetal calf serum (10%), HEPES (10 mM), MEM non-essential amino acid (1×), sodium pyruvate (1 mM), penicillin and streptomycin (100 U/mL), and 2-mercaptoethanol (50 μM) (Mediatech, Manassas, VA).



Activation of Naïve OT-I CD8+ T Cells by 2SI and 3SI

Flat-bottom microtiter wells in 24-well plates were coated with Dimer X-2Kb:Ig fusion protein loaded with OVA257–264 peptide (BD Pharmingen, San Jose, CA) and recombinant B7-1/Fc chimeric protein (R&D Systems, Minneapolis, MN) as previously described (42). For two signal (2SI) stimulation, purified naive OT-I CD8+ T cells were plated at a density of 3 × 105 cells in 1.5 mL Allos medium in each well of a coated plate with 2.5 U/mL recombinant human IL-2 (R&D Systems, Minneapolis, MN). For three signal (3SI) stimulation, naive OT-I CD8 T cells were plated under 2SI conditions as described above and additionally supplemented with 2 U/mL of murine rIL-12 (R&D Systems, Minneapolis, MN). The cells were incubated for three days before further analysis.



Killing Assay

The CellTiter-Glo® (CTG) killing assay is based on the number of viable cells left in the culture after cytotoxic T lymphocyte killing of the target cells (39, 40). B16.OVA melanoma cells adhere to plastic surfaces and can efficiently present OVA257–264 peptide; activated OT-I T cells recognize H-2Kb/OVA257–264 and initiate specific killing of these B16.OVA cells (41, 42). B16.OVA cells were seeded onto 96-well white plates at 30,000 cells/well in 100 μL Allos medium, and activated OT-I cells were added to each well as effectors to target cells (B16.OVA cells) at a ratio of 1:1, 5:1, and 20:1. After overnight incubation, T cell suspensions (both OT-I cells and B16.OVA) were removed by washing three times with Allos medium. Luminescent signals (relative luminescent unit, RLU) from a 96-well plate were measured by the addition of 200 μL of 50% Cell Titer Glo (Promega, Madison, WI) followed by measurement of luminesce using a plate reader (Bio-Rad). The kill percentage of the B16.OVA cells by effector OT-I cells was calculated according to the following equation: Killed % = 100% x (RLU of untreated B16.OVA cells – RLU of B16.OVA cells cultured with OT-I cells)/RLU of untreated B16.OVA.



Cell Culture and Transient Transfections

The Neon electroporation system (Invitrogen, Waltham, MA) was used for transient transfection of activated CTLs. Transfections were performed two days prior to the experiment according to the following protocol: 1.5-2 × 105 cells were resuspended in 10 μL of R buffer with 0.5-2 μg of plasmid. The cells were electroporated under the following conditions: 1325V/10ms/3 pulses. Transfected cells were transferred to fresh pre-warmed Allos medium and incubated at 37°C with 5% CO2 for 36-48 hours prior to imaging.



Substrate Preparation

8-well chambers (Cellvis, Mountain View, CA) were incubated with 0.01% poly-L-lysine (PLL) diluted in distilled water for 10 mins at room temperature. PLL was aspirated from each well and the chambers were allowed to dry for 1 hour at 37°C. PLL-coated dishes were subsequently incubated with a 10 μg/mL solution of purified anti-mouse CD3 antibody (Clone 17A2, BioLegend, San Diego, CA) in 1x Dulbecco’s phosphate-buffered saline (DPBS) for 2 hours at 37°C or overnight at 4°C. The coated wells were washed with Leibovitz’s L-15 (L-15) imaging medium prior to the experiment.



Immunofluorescence

Activated CTLs were stimulated on anti-CD3 coated coverslips and fixed at 3 and 6 minutes after stimulation using 3.5% paraformaldehyde for 10 minutes. Fixed cells were washed thoroughly with 1X DPBS. Cells were permeabilized for 8 minutes with a 0.15% Triton-X solution. Blocking was performed using 0.02g/mL bovine serum albumin (BSA) and 0.3M Glycine in 1X DPBS solution for 1 hour at room temperature. Acti-stain 488 phalloidin (Cytoskeleton, Inc., Denver, CO) was used to label F-actin according to the manufacturer’s instructions.



Total Internal Reflection Fluorescence (TIRF) Microscopy

Imaging was performed on an inverted microscope (Nikon Ti-E PFS, Melville NY) equipped with a 60x objective for IRM and TFM, and a 100× objective lens TIRF imaging respectively using a Prime BSI camera (Photometrics, Tucson AZ). Imaging protocols were implemented using Nikon Elements and images were cropped in Fiji before further analysis using MATLAB scripts. For live cell imaging, activated CTLs in L-15 medium were seeded on anti-CD3 coated surfaces equilibrated to 37°C in a stage-top Okolab Incubator (Okolab S. R. L., Pozzuoli, NA, Italy). IRM time-lapse images were acquired every 5 s. TIRF images were acquired every 0.5-1 s for imaging of F-Tractin-EGFP transfected cells and every 1 s for imaging of EGFP-EB3 transfected cells.

Fast imaging of lytic granules: Rapid TIRF imaging of lytic granules was performed using a 100x objective and an electron multiplying charge coupled device (emCCD) camera (Andor iXon 897). Activated CTLs expressing Lamp1-RFP were imaged between 1 to 15 minutes after being added to an anti-CD3-coated coverslip. For each cell, timelapse images were acquired every 100 ms for 100 s (1000 frames).



Traction Force Microscopy

Coverslip activation, polyacrylamide gel fabrication and gel surface functionalization were performed as described previously (43). Briefly, 35 mm glass bottom dishes with No. 1.5 coverslips (Cellvis, Mountain View, CA) were activated by incubating with 2% 3-aminopropyltrimethoxysilane (Sigma-Aldrich, St. Louis, MO) followed by thorough washing, drying and incubation with 1% glutaraldehyde (Fisher Scientific, Hampton, NH). Dried coverslips were used for fabrication of two-layer polyacrylamide gels with a thin layer of fluorescent beads on top. A ratio of 3% acrylamide to 0.1% bis-acrylamide was used for preparation of polyacrylamide gels with individual gel stiffnesses in the range of 0.7-1.2 kPa. Indentation by stainless steel spheres was used to quantify gel stiffness as before (30). Prepared polyacrylamide gels were functionalized using hydrazine hydrate and coated with 0.01% poly-L-lysine. Functionalized gels were washed with 1x DPBS and incubated with 10 μg/mL purified anti-mouse CD3 antibody for 2 hours at 37°C or overnight at 4°C, followed by washing with 1xDPBS. PBS was replaced with pre-warmed L-15 medium prior to imaging.

Activated CTLs were added to anti-CD3 coated polyacrylamide gels. The cells were allowed to adhere to the substrate and imaging was initiated within 5 minutes of addition of cells. Images of CTLs in brightfield and the fluorescent bead field were acquired every 15 s for a total of 15 minutes using widefield microscopy. CTLs were detached from the substrate using 2 mL each of 0.25% trypsin-EDTA and 1x DPBS. A final image of the fluorescent bead field was acquired after detachment of CTLs to be used as a reference frame.

For inhibitor treatments, activated CTLs were added to anti-CD3 coated polyacrylamide gels and were imaged as above until 15 minutes after addition of cells. Y27632 was added to the imaging medium at a final concentration of 100 μM, and imaging was performed for another 15 minutes. CTLs were detached using trypsin-EDTA and 1x DPBS as before, and a final reference image of the fluorescent bead field was captured.



Image Analysis


Area Calculation From IRM Images

Edge detection using the Canny operator in MATLAB was implemented to segment IRM images to obtain a binary mask of the cell. The area over time curves were fit to a hyperbolic tangent function A(t) ∼ A0 tanh(αt) to obtain the cell spreading rate α.



Intensity Analysis of Fixed Cells

Edge detection was implemented as above to segment images of phalloidin-labeled CTLs. The binary mask of the cell was eroded with a disk of radius 0.3*radius of the cell to define a ‘central’ and an ‘annular’ region. The ratio of total actin intensity in the cell center to total actin intensity in the annulus was calculated to quantify actin depletion at the cell center. The Wilcoxon rank sum test was used to test the null hypothesis of actin intensity ratios being derived from the same population.



Spatio-Temporal Image Correlation Spectroscopy (STICS)

STICS analysis (44, 45) was run to generate actin and myosin flow vector maps after the cell had achieved maximum spread area for up to five minutes after the start of imaging. STICS was run with a subregion size of 16 x 16 pixels with a shift of 4 pixels between subregions. For analysis of actin flows, the time of interest (TOI) window was selected to be 20 seconds, with a TOI shift of 2 seconds. For analysis of myosin flows, the time of interest (TOI) window was selected to be 60 seconds, with a TOI shift of 6 seconds. Directionality was defined as the cosine of the angle between a given actin flow vector and a vector from the same region of the cell pointing toward the cell center. All vectors with directionality greater than 0.9 were defined as inward flows. The two-sample Kolmogorov Smirnov test was used to test the null hypothesis of actin flow speeds originating from the same distribution. The proportions test was used to test the null hypothesis of the two proportions of inward flow being identical.



Tracking of EB3 Tips

Analysis of EB3 tips was performed after the cell had achieved maximum spread area for up to five minutes after the start of imaging. EB3 tips were tracked using the comet detection routine of the MATLAB-based software u-track (46). A Brownian search radius of 1 to 6 pixels (corresponding to 0.06-0.39 µm) was used for frame-to-frame linking.



Analysis of Granule Distribution

To quantify granule distribution four frames (30 seconds apart) from the live imaging of Lamp1-RFP cells were chosen to detect and measure bright spots corresponding to individual granules or granule clumps. The cell edge was detected from the maximum intensity projection of the live cell movie. The individual frames were binarized and granules were segmented using the function imbinarize from MATLAB. Thresholding values used for each image were defined based on the mean of the distribution of pixel intensities in an automated manner to account for photobleaching and differences in Lamp1-RFP expression. Detected objects smaller than 3 pixels (~ 0.5 µm) were discarded and granule area fraction was calculated as the ratio of number of pixels within the granule and the total number of pixels in the cell.



Tracking of Lytic Granules

Individual lytic granules were detected and tracked using the Fiji plugin TrackMate (47). The following parameters were used for detection and tracking of lytic granules: estimated blob diameter = 1 µm, threshold = 0.5, maximum linking distance = 0.6 µm, maximum gap closing distance = 0.6 µm, maximum gap closing frames = 2. Tracks with a duration lower than 2 seconds were excluded from further analysis. MSD curves were calculated for each track using the MATLAB per-value class @msdanalyzer (48). A one-degree polynomial fit was performed for the log-log of the MSD curves to obtain a value of α for each curve. Only tracks with fits with an r-squared value greater than 0.8 were retained for further analysis.



Traction Force Analysis

Microscopy images were registered using ImageJ/Fiji (descriptor-based registration) and cropped into 600 x 600 pixel-sized regions of interests (ROIs) each containing a single cell at the center. Traction force microscopy analysis was conducted on the single-cell ROIs based on Regularized Fourier Transform Traction Cytometry (FTTC) (49) using a open-source package implemented in MATLAB (50). The displacement field was estimated using a template matching algorithm with a template size of 32 pixels and maximum displacement of 16 pixels. The values for elastic modulus and gel height were obtained by indentation experiments mentioned above. Regularization parameter for stress estimation was 0.0001. Calculated stress fields at each time point were integrated over the entire ROI and reported as traction force applied by each cell. Traction force metrics including the maximum, mean and median force during the 15-minute imaging period were considered for comparison of 2SI and 3SI CTLs. For inhibitor experiments on 3SI CTL, the effect of treatment was quantified by the ratio of traction force at the end of treatment to the traction force at the onset of treatment for each cell. Statistical comparisons of traction force and force ratio were based on Wilcoxon rank sum test.





Results


CTL Activation Conditions Influence the Size and Organization of the Immune Synapse

TCR triggering by APCs leads to rapid cytoskeletal reorganization at the cell-cell interface, which is essential for proper CTL function (14). Cytoskeletal remodeling leads to the rapid spreading of CTLs on the target cell or on stimulatory surfaces (11). We sought to investigate how the presence of inflammatory cytokines as a third activating signal impacts CD8+ T cell cytoskeletal dynamics upon TCR restimulation. We purified naïve CD8+ T cells from lymph nodes of OT-I mice (Figure S1A) and activated these in vitro under 2SI or 3SI conditions. We verified that 3SI activated cells expressed increased levels of CD25 and similar CD62L levels as compared to 2SI activated cells (Figure S1B). Next, we confirmed the functional activity of 2SI and 3SI CTLs by measuring effector molecule production and cytolytic efficiency. Consistent with the typical phenotype of effectors generated by 2SI and 3SI, we found that 3SI CTLs exhibited increased IFN-γ and granzyme B production, accompanied by enhanced cytolytic efficiency (Figures S1C, D) (3, 4, 51).

To visualize the contact interface, activated CTLs were imaged during interaction with an anti-CD3-coated stimulatory glass coverslip using interference reflection microscopy (IRM) (Figures 1A and S2A). Upon contact with the coverslip, cells started spreading on the surface, forming an extended contact zone or immune synapse. To compare spreading dynamics between 2SI and 3SI CTLs, the cell area was calculated using segmented images (see Methods). The change in area over time was fit to a hyperbolic tangent function, which has been previously used to describe T cell spreading (52, 53). Fitted curves were used to calculate the rate of cell spreading (Figure S2B). We find that 2SI and 3SI CTLs have comparable spreading rates (Figure 1B). We further measured the contact area from images of CTLs fixed at 6 minutes, a timepoint at which most CTLs achieved the maximum spread area in our experiments, and found that 3SI CTLs display a larger IS area than 2SI CTLs (Figure 1C).




Figure 1 | Spreading kinetics and actin distribution in activated CTLs. (A) Representative time-lapse images of a 3SI CTL spreading on an anti-CD3-coated coverslip and imaged using IRM. Scale bar = 10 µm. (B) Spreading rates of 2SI (n=48 cells), 3SI (n=36 cells) CTLs from at least 3 independent experiments. (C) Representative TIRF images of 2SI and 3SI CTLs fixed at 3 and 6 minutes and stained with phalloidin to visualize F-actin. (D) Immune synapse area obtained from TIRF images of phalloidin-stained 2SI and 3SI CTLs fixed at 6 min. (E) Depiction of the erosion of a binary mask to define central and annular regions in the cell. Red asterisk indicates the cell centroid. (F) Actin intensity ratio at 3 and 6 min. Actin intensity ratio was defined at the ratio of actin MFI at the center to the actin MFI at the annulus. Scale bar = 5 um for panels (D, E). Data taken from at least 150 cells from 3 independent experiments. Wilcoxon rank-sum test performed to calculate p-values. ***p<0.001, n.s. - not significant.



TCR stimulation on anti-CD3 coated surfaces in activated CTLs induces rapid actin depletion at the immune synapse, followed by actin recovery (14, 26). This depletion of cortical actin at immune synapse is required for secretion of lytic granules and release of granule contents towards the target cell (14, 26). To study the formation and recovery of this actin ‘ring’, we next compared the organization of the actin cytoskeleton in 2SI and 3SI CTLs. Activated 2SI and 3SI CTLs stimulated on anti-CD3-coated glass coverslips were fixed at 3 and 6 minutes after stimulation to capture ‘early’ and ‘late’ stages of actin reorganization at the IS. To study F-actin distribution, cells were stained with phalloidin and imaged using TIRF microscopy (Figure 1D). Qualitatively, we observed a larger actin depletion zone in 3SI cells, with this effect enhanced at early timepoints (Figure 1D). From the fluorescent images, we defined two regions – the cell ‘center’ and ‘annulus’ as shown in Figure 1E. The mean fluorescence intensity (MFI), which measures the total fluorescence intensity in a given region divided by the area of the region, was calculated for these two regions. The ratio of actin MFI at the cell center to actin MFI in the annulus (henceforth referred to as the ‘actin intensity ratio’) was compared across activation conditions. An actin intensity ratio equal to 1 would signify a relatively homogenous distribution of actin at the synapse, while a ratio greater than or lesser than 1 could arise due to central actin accumulation or depletion respectively. We found that 3SI CTLs consistently displayed enhanced actin depletion at the center of the IS as compared to 2SI CTLs at both early and late timepoints. (Figure 1F). Importantly, the observed difference in actin intensity ratio is due to reduced actin MFI at the center of 3SI CTLs at both 3 and 6 minutes (Figure S2C).



3SI CTLs Exhibit Altered Lytic Granule Distribution and Dynamics as Compared to 2SI CTLs

Activated CTLs kill target cells by secreting lytic granules containing perforin and granzymes that trigger target cell apoptosis. Lytic granule secretion occurs in zones of actin depletion in both CTLs and natural killer cells (14, 26, 54, 55). Furthermore, lytic granule movement in natural killer cells is modulated by the cytoskeleton – inhibiting various elements of the cytoskeleton using small molecular inhibitors of actin or microtubules leads to altered granule mobility patterns (56, 57). In CTLs, depolymerization of actin using Latrunculin A leads to continued granule release (26). Given that the cytoskeleton regulates lytic granule dynamics, enhanced actin depletion in 3SI CTLs may be associated with altered granule dynamics at the interface, potentially resulting in increased lytic granule secretion as compared to 2SI CTLs. We therefore studied lytic granule dynamics in 2SI and 3SI activated CTLs co-transfected with F-Tractin-EGFP and Lamp1-RFP (Lysosomal-associated membrane protein 1) to label F-actin and lytic granules respectively. While Lamp1 is a lysosomal membrane marker, previous studies have shown that over 90% of Lamp1-labeled lysosomes in CTLs contain cathepsin-D and granzymes found in lytic granules (58). Lamp1 tagging has also been previously used to track lytic granule mobility and release in CTLs and natural killer cells (14, 26, 55, 58). Transfected CTLs were stimulated on anti-CD3 coated glass coverslips and imaged with TIRF every 1 second (Figure S3A). In agreement with previous work, both 2SI and 3SI CTLs show characteristic actin ring formation and recovery, with granule secretion occurring in areas of the synapse where actin is transiently depleted (Figures S3B, C).

To capture lytic granule dynamics near the plasma membrane prior to release, we performed rapid TIRF imaging of activated CTLs transfected with Lamp1-RFP at intervals of 100 ms (Supplementary Movie 1). Fast imaging of Lamp1-RFP-labeled lytic granules showed a variety of mobility patterns, with a larger fraction exhibiting low mobility, while others displayed fast directed motion – likely the result of transport along microtubules. Qualitatively, 3SI CTLs appeared to have a greater number of lytic granules at the synapse than 2SI CTLs. Furthermore, lytic granules in 2SI CTLs appeared to be more clustered towards the center of the synapse, while 3SI CTLs displayed a relatively homogenous distribution of granules across the synapse (Figure 2A). To quantify these differences, we used thresholding to detect individual granule-sized objects in the captured images. Consistent with our qualitative observations, a higher number of structures were detected per cell for 3SI CTLs than for 2SI CTLs (Figure 2B). From the detected structures, we calculated the mean granule fluorescence intensity and granule area as a fraction of the cell area. This data was then summarized in five bins based on radial position of the granule from the cell center, where a radial position of 0 corresponds to the cell centroid. We found that for 2SI CTLs, granules tend to occupy a larger fraction of the cell area closer to the cell center (corresponding to radial position bins 0-0.2 and 0.2-0.4) (Figure 2C). In 3SI CTLs, granules were distributed more evenly across the synapse compared to the more clustered appearance in 2SI cells. Furthermore, granules closer to the cell center in 2SI CTLs tended to have a higher MFI than in 3SI, reflecting a high degree of granule accumulation at the center of the synapse (Figure 2D).




Figure 2 | 3SI CTLs exhibit altered lytic granule distribution and dynamics: (A) Representative snapshots of a 2SI and 3SI CTL expressing Lamp1-RFP interacting with an anti-CD3-coated coverslip imaged using TIRF microscopy after reaching maximum spread area. Scale bar = 5 µm. (B) Number of granules for 2SI and 3SI CTLs detected per cell using thresholding. For granule number, p=0.002 (Wilcoxon rank-sum test). (C) Fraction of the complete cell area occupied by lytic granules granules and (D) Granule MFI binned according to granule radial position. Data is presented as mean ± SEM. (E) Full lytic tracks for a representative 3SI CTL. Scale bar = 2 µm. (F) Median granule speeds and (G) cumulative distribution function of instantaneous granule speeds obtained from tracking of lytic granules. For median granule speeds, p=6.762793e-08 (Wilcoxon rank-sum test). For instantaneous granule speeds, p=0.005 (two-sample Kolmogorov-Smirnov test). Data taken from 20 cells each for 2SI (n=205 tracks) and 3SI (n=226 tracks) from 2 independent experiments. ***p<0.001, **p<0.01.



We then tracked granule movements at the synapse (Figure 2E) and calculated instantaneous and median granule speeds. We found that 3SI CTLs exhibit significantly slower granule speeds across the synapse as compared to 2SI CTLs (Figures 2F, G). Finally, the mean-squared displacement (MSD) was calculated for each track to capture the degree of overall granule movement. The first 25% of each MSD curve was fit according to the relationship MSD(t) = Btα to obtain a value of α for each track (48, 59). The resulting α values for each track were used to classify the track as exhibiting super-diffusion (α > 1.2), normal diffusion (1.2 > α > 0.8) or sub-diffusion (α < 0.8). 2SI and 3SI CTLs both show similar fractions of super-diffusive, normal, and sub-diffusive tracks (Figure S3E). Classified tracks were also used to construct ensemble MSDs for both 2SI and 3SI CTLs, with the resultant ensemble MSD curves showing similar behavior regardless of activation condition (Figure S3D). In summary, these results show that, while activation conditions do not influence overall lytic granule mobility patterns, 3SI CTLs exhibit altered granule distribution and speeds as compared to 2SI CTLs.



Cytokine Stimulation Alters Actomyosin Dynamics

Actin clearance at the center of the immune synapse is accompanied by extensive actin flow at the periphery of the synapse. Actin flows drive the centripetal movement of TCR signaling microclusters towards the center of the synapse and trigger downstream signaling resulting in sustained calcium flux (11, 60–66). Having observed differences in actin organization at the IS in 2SI and 3SI CTLs, we next investigated actin flow dynamics using high-resolution live-cell imaging methods. We transfected activated CTLs with F-Tractin-EGFP to label F-actin. Transfected CTLs were stimulated on anti-CD3 coated glass coverslips as described above and imaged using TIRF microscopy every 1 second (Figure 3A and Figure S4A, Supplementary Movie 2). Live TIRF imaging of activated CTLs expressing F-Tractin-EGFP revealed dynamic protrusions and retractions at the lamellipodial edge. Both 2SI and 3SI CTLs exhibited transient actin depletion at the center of the synapse, followed by recovery of cortical actin (as seen in the last panel of Figure 3A and Figure S3A) which coincides with termination of granule fusion (26).




Figure 3 | 3SI stimulation alters actomyosin flow speeds in CTLs: (A) Representative time-lapse images of a 3SI CTL expressing F-tractin-EGFP spreading on an anti-CD3-coated coverslip and imaged using TIRF microscopy. Yellow arrows show actin protrusions. (B) Output from STICS analysis showing actin flow vectors at the immune synapse. The color of actin flow vectors corresponds to the magnitude of actin speeds, as represented by the color bar. (C) Heat maps showing magnitudes of actin flow speeds over the synapse at the indicated timepoint for 2SI and 3SI CTLs. Colors correspond to speeds as indicated by the color bar. (D) Cumulative distribution function of actin flow speeds obtained from STICS analysis of 2SI and 3SI CTLs. n=15 cells for 2SI and 12 cells for 3SI from 6 independent experiments. For actin speeds, p= 8.09e-06, two sample Kolmogorov-Smirnov test. Scale bars = 5 µm. (E) Heat maps showing myosin flow speeds at the indicated time point in 2SI and 3SI cells. (F) Cumulative distribution function of myosin flow speeds obtained from STICS analysis of 2SI and 3SI CTLs. n=11 cells for 2SI and 17 cells for 3SI from 3 independent experiments. For myosin speeds, p=8e-04, two sample Kolmogorov-Smirnov test. Scale bars = 5 µm.



Actin flows during the first 5 minutes after the cell had achieved its maximum spread area were analyzed using Spatio-Temporal Image Correlation Spectroscopy (STICS). STICS is a technique that quantifies spatiotemporal changes in protein dynamics based on fluorescence intensity correlations across spatial and temporal interrogation windows (44, 45). A representative output image depicting actin flow velocity vectors color-coded for magnitude overlaid on an image of an activated CTL is shown in Figure 3B. We decomposed actin flow velocity vectors into heatmaps of speed magnitudes and directionalities (Figures 3C and S4B). Actin flow directionality was defined as the cosine of the angle between an actin flow vector and a vector from the same region of the cell pointing towards the cell center.

To quantify differences in actin flows between 2SI and 3SI CTLs, we constructed the cumulative distribution function (CDF) of actin speeds calculated using STICS. We found that 3SI CTLs exhibited significantly slower actin flow speeds at the synapse as compared to 2SI CTLs (Figures 3D and S4C). We further constructed probability density functions (PDFs) of actin flow directions to compare directionalities between conditions. All vectors with directionality greater than 0.9 were classified as ‘inward flows’. Our analysis showed that while directionalities for 2SI and 3SI CTLs followed a similar distribution, 3SI CTLs had significantly higher inward flows (Figure S4D).

High-resolution imaging of the IS has implicated myosin II in forming arc-like structures at the base of the peripheral regions of the contact zone (60) that were shown to drive the inward movement of engaged TCR clusters. We next examined whether cytokine stimulation alters myosin dynamics. We transfected activated CTLs with EGFP-tagged myosin light chain (MLC) to label myosin II. Transfected CTLs were stimulated on anti-CD3 coated glass coverslips as described above and imaged using TIRF microscopy every 1 second (Supplementary Movie 3). STICS analysis of myosin II dynamics revealed that 3SI stimulated cells showed more coherent and higher overall myosin speeds compared to 2SI stimulated cells (Figure S4E, Figures 3E, F).



3SI CTLs Display Faster Microtubule Growth Rates As Compared To 2SI CTLs

Contact formation between CTLs and target cells induces centrosome reorientation towards the IS with lytic granules being transported along microtubules (MTs) to the CTL-target cell synapse (19, 20). Our prior work has demonstrated that actin flow patterns at the IS further influence MT dynamics at the IS (32, 67). Having observed differences in lytic granule distribution and actin flows, we decided to investigate whether the activation of CTLs in the presence of inflammatory cytokines would also affect MT distribution and dynamics. We first used immunofluorescence to study microtubule organization at the IS of 2SI and 3SI CTLs. Activated CTLs stimulated on anti-CD3-coated glass coverslips were fixed at 3 and 6 minutes after stimulation, similar to the methodology used to study actin distribution. Fixed cells were stained with antibodies to tubulin and imaged using TIRF microscopy (Figure 4A). Comparison of tubulin MFI in central and annular regions of the cell revealed that 3SI CTLs had a higher ratio of tubulin intensity at the cell center to annulus at both timepoints (Figure 4B). This effect arises due to a lower MFI of tubulin intensity at the annulus of 3SI CTLs, likely caused by a higher accumulation of actin in the same region (Figures S5B and Figures 1D, 3A).




Figure 4 | 3SI CTLs display altered microtubule growth rates: (A) Representative TIRF images of 2SI and 3SI CTLs fixed at 3 and 6 min and stained with anti-β-tubulin to visualize microtubules. Cell outline is shown in white. (B) Ratio of tubulin fluorescence intensity at the center to the annulus at 3 and 6 min. Data taken from at least 130 cells from 3 independent experiments. Wilcoxon rank-sum test performed to calculate p-values. ***p<0.001. (C) Representative time-lapse images of a 3SI CTL expressing EGFP-EB3 spreading on an anti-CD3-coated coverslip and imaged using TIRF microscopy. (D) All EB3 tracks for a representative 3SI cell. (E) Cumulative distribution function of instantaneous microtubule tip. n=12 cells for 2SI, 16 cells for 3SI from 4 independent experiments. For EB3 speeds, p=0.009 (two sample Kolmogorov-Smirnov test). All scale bars represent 5 µm.



To study microtubule growth rates, we transfected activated CTLs with EGFP-EB3, a construct that labels EB3 (end-binding protein 3). EB3 binds to the ends of growing microtubules and is frequently used to study microtubule growth (68). Transfected CTLs were stimulated on anti-CD3 coated glass coverslips as above and imaged using TIRF at 1 second intervals (Figure 4C and Figure S5A, Supplementary Movie 4). We tracked EB3 comets during the first 5 minutes after the cell had achieved its maximum spread area using the MATLAB-based software, uTrack (46) (Figure 4D). The instantaneous speed of a microtubule tip was defined as the inter-frame tip displacement between two consecutive images divided by the imaging interval (1 second) (67). We constructed the CDF of instantaneous EB3 speeds to compare the distributions of microtubule tip speeds between activation conditions and found that 3SI CTLs exhibited significantly faster EB3 speeds than 2SI CTLs (Figure 4E). These results indicate faster microtubule growth rates in 3SI CTLs as compared to 2SI CTLs.



Traction Force Microscopy Reveals 3SI CTLs Generate Stronger Traction Forces Than 2SI CTLs

The extensive actin flows and MT dynamics during the formation of the IS mediate force generation at the CTL-target contact site. These forces enhance target cell killing, potentially by altering the membrane and cytoskeletal tension of the target cell, thereby facilitating perforin activity and target cell lysis (30–33). Given our above results on differences in actin and microtubule dynamics in 3SI CTLs and to further investigate the role of the third signal in modulating cytoskeletal dynamics, we proceeded to examine mechanical force generation by activated CTLs.

We used traction force microscopy (TFM) to measure forces generated by 2SI and 3SI CTLs during stimulation by a biomimetic stimulatory surface. We prepared polyacrylamide (PA) hydrogel substrates of approximately 1.0 kPa stiffness embedded with fluorescent nanoparticles and coated with anti-CD3. The chosen stiffness level for the hydrogel substrates matches the range of stiffness reported for various cancer cell lines and was considered appropriate for modeling the target cell (69–71). Activated CTLs were plated on PA gels and the fluorescent nanoparticle field was imaged every 15 seconds using widefield microscopy during the interaction of CTLs with the gel surface (Figure 5A and Supplementary Movie 5). A reference image of the nanoparticle field was obtained by detaching the cells with trypsin-EDTA and washing the gel with PBS after the end of imaging. Force exertion by CTLs on the PA hydrogel substrate causes displacement of fluorescent nanoparticles. Displacement fields were obtained for each cell by comparing the locations of fluorescent nanoparticles with respect to the reference image (Figure 5B). The measured displacements were used to calculate the traction stresses exerted by the cell based on the linear elastic theory for a homogenous isotropic material of known stiffness and thickness (Figure 5C, Methods).




Figure 5 | Traction force microscopy reveals 3SI CTLs generate stronger traction forces. (A) Brightfield image of a 3SI CTL spreading on a polyacrylamide hydrogel substrate at 12 minutes of imaging. (B) Composite fluorescence image showing displacement of fluorescent beads embedded in the gel surface during spreading of the cell in (A). Bead positions for deformed and undeformed (reference) states of the hydrogel are indicated by green and magenta, respectively. Undisplaced beads are indicated by white. (C) Traction stress vectors calculated for the cell in (A). (D) Spatial distribution of traction stress magnitude associated with the cell in (A) at time points between 0 and 12 minutes of imaging. (E) Evolution of integrated traction force over the course of imaging for 2SI and 3SI CTLs. The trends are reported as mean ± sem. (F) Maximum traction force generated by 2SI and 3SI cells during the imaging period. n = 72 cells for 2SI and 63 cells for 3SI. Data taken from 4 independent experiments. *** p-value < 0.0001. All scale bars indicate 10 μm.



2SI and 3SI CTLs rapidly begin to exert a force after contact with the stimulatory PA gel building up to saturating levels (~10-15 min, Figure 5D and Supplementary Figure S6A). Enhanced traction stresses were observed in an annular region at the cell periphery, likely corresponding to the actomyosin ring. The baseline level of force at 0 min resulted from a finite time lag between addition of cells on the substrate and the start of imaging. The total forces exerted by primary CTLs were in the nano-newton (nN) range, comparable to previously measured values (31, 33) (Figure 5E). Intriguingly, our results show that 3SI CTLs exert significantly greater traction forces than 2SI CTLs (Figures 5E, F and Figure S6B). Previous work has shown that myosin II is required for force generation in T cells (30, 31). Analogous to previous observations, we found that force exertion by 3SI CTLs was reduced after treatment with the Rho-kinase inhibitor Y27632 which reduces myosin II activity (72) (Figure S6C). Observed differences in force generation between 2SI and 3SI CTLs are potentially indicative of differential modulation of the cytoskeletal machinery by third signal cytokines such as IL-12.




Discussion

Optimal function of effector CD8+ T cells requires integration of multiple signals, including cytokine stimulation as a third signal (73). A number of studies have led to the well-established paradigm that third signal cytokines such as IL-12 induce the optimal accumulation of activated CD8+ T cell populations in vivo by regulating their division and survival (74) or by conferring a proliferative advantage (38, 51, 75). In addition, prior exposure to third signal cytokines leads to rewiring of TCR signaling pathways (76) and increased expression of perforin and granzymes (3, 4), potentially mediating their enhanced effector function.

In this work, we used a combination of high resolution TIRF imaging and traction force microscopy to delineate an additional mechanism by which third signal cytokines enhance effector function by regulation of the CTL cytoskeleton. We showed that 3SI CTLs exhibit higher actin depletion as compared to 2SI CTLs. This is accompanied by larger numbers of lytic granules and decreased clustering of lytic granules towards the center of the synapse in 3SI CTLs. Given that actin depletion regulates secretion of lytic granules in CD8+ T cells (14, 26), these results likely indicate an improved ability of 3SI CTLs to secrete lytic granules, hence contributing to enhanced cytotoxic efficiency.

We further found that activation in the presence of IL-12 leads to changes in cytoskeletal dynamics, with 3SI CTLs exhibiting slower actin flows compared to 2SI CTLs. Intriguingly, we found that myosin speeds are higher in 3SI CTLs at the synaptic interface. Actin retrograde flow is a result of the ‘superimposition’ of two processes - actin assembly and myosin-based filament retraction (77, 78). Previous studies have found that myosin-II has a larger influence on flows in primary T cells, where flows are mostly localized to the lamellar region of the cell (79). Of note, we observed that activated CTLs show coherent myosin retrograde flow whereas inward actin flow is not as organized.

Actomyosin dynamics are known to drive cellular force generation in T cells. Our results showed that 3SI CTLs exert higher traction forces than 2SI CTLs with higher myosin-II speeds being an important contributor toward the exertion of traction forces in CD8+ T cells. Overall, our observations that slower actin flow rates in the distal region of the IS are correlated with higher traction forces are broadly consistent with prior work on adherent cells (80). These differences in mechanical force exertion between 2SI and 3SI CTLs have important functional implications. Basu et al. have shown that mechanical force exertion across the CTL-target interface facilitates perforin pore formation, thereby suggesting a correlation between actomyosin generated forces and cytotoxic potential (31). The enhanced force generation by 3SI CTLs may provide an additional mechanism by which cytokines augment effector function.

A central question that remains is the mechanism by which the actin cytoskeleton may be differentially regulated in 3SI CTLs. Previous work comparing gene expression in 2SI and 3SI CTLs at timepoints similar to those used in our study may shed light on potential molecular players (4). Primary among these are the Rho-family GTPases RhoA, Rac and Cdc42. 3SI CTLs exhibit lower expression of GTPase-activating proteins Rho-GAP1 and Rac-GAP1 which participate in GTPase ‘molecular switching’ by triggering GTPase behavior of Rho, leading to GTP dissociation and conversion to an ‘off’ state. This is consistent with our results showing increased myosin speeds and cellular forces which would be expected with enhanced Rho activity. Additionally, IL-12 treatment results in decreased expression of Cdc42 and its effector proteins in CD4+ and CD8+ T cells (35), which could lead to the decreased actin flows that we observed. Finally, expression of the Cdc42 effector protein IQGAP1 is differentially modulated in 3SI CTLs. IQGAP1 links microtubule plus ends with the actin cortex and is cleared along with actin at the time of granule secretion delivery (20).

Another important cytoskeletal regulatory pathway that may be involved is via phosphatidylinositol-3-kinase (PI3K). IL-12 treatment activates the PI3K signaling pathway in CD8+ T cells (8, 38) and in CD4+ T cells (81, 82). Class IA PI3K isoforms generate the second messenger PIP3 which controls actin ring formation (37). PI3K regulatory subunit p85alpha, which is expressed at higher levels in 3SI CTLs, is recruited to TCR microclusters (4, 37). PI3K signaling is also required for force exertion and IS formation: inhibition of PI3K antagonist PTEN leads to higher forces (31), and an increase in IS size and killing efficiency (37). Examining the connection between IL-12 regulation of the PI3K pathway and enhanced effector function of CTLs will be the subject of future work.

We further found that 3SI CTLs have a higher density of microtubules at the cell center. One possible mechanism regulating reorganization of the MT cytoskeleton in 3SI CTLs may involve differential diacylglycerol (DAG) concentrations. DAG accumulates in the cSMAC and is required for centrosome docking at the IS. Diacylglycerol kinase-α (DGK-α) localizes to the dSMAC and is required to focus DAG in the cSMAC for proper centrosome polarization (83). DGK-α is expressed at lower levels in 3SI CTLs which may result in differential DAG concentrations across the synapse, thus modulating centrosome polarization and reorganization of the MT cytoskeleton (4). We also found that 3SI CTLs have faster microtubule growth rates. It has been previously reported that actin acts as a physical barrier for MT growth (84). Actomyosin dynamics further regulate MT filament curvature and dynamics (67, 85). Furthermore, we have previously shown that actin retrograde flow in T cells is negatively correlated with MT tip influx (32). Thus, faster MT tip speeds in 3SI CTLs may serve to slow actin retrograde flow and augment force generation. These results also underscore the importance of exploring the roles played by different proteins involved in actin-microtubule crosstalk such as IQGAP1 (86), CLIP-170 (87) and Apc (88).

We note that the experimental system used in our studies did not include ICAM-1, the ligand for the T cell integrin LFA-1. LFA-1 localizes to the peripheral supramolecular activation cluster - an annular region of the IS located at an intermediate distance between the cell center and the cell edge (89). The interaction of LFA-1 with ICAM-1 mediates adhesion of a CTL to a target cell, and is required in addition to antigenic stimulation for granule secretion and IS formation on planar lipid bilayers (37, 90–92), LFA-1 engagement further regulates actin assembly and flows (93–96). While anti-CD3 acts as a strong stimulatory signal to induce cytoskeletal reorganization, whether additional LFA-1 engagement would alter the differential cytoskeletal remodeling patterns observed in our study remains an open question.

The cytoskeleton acts as a dynamic framework for the transmission of mechanochemical signals to regulate T cell signaling and gene expression. At the receptor level, the cytoskeleton is intricately linked to the TCR (13, 93), which has been characterized as a mechanosensor (97–101). Not only can forces activate signaling via the TCR, piconewton-level actomyosin forces applied through the TCR allow for the formation of catch bonds with cognate ligands and thus participate in peptide discrimination (100–104). At the cellular level, the cytoskeleton allows the T cell to sample mechanical properties, such as stiffness, of the antigen presenting surface, and modulate force generation (30). While our current work involved CTL activation and force measurements on a hydrogel of physiologically relevant stiffness, an important open question is whether three-signal activation conditions prime CD8+ T cells to better recognize and respond to a range of substrate stiffnesses, thus augmenting T cell function.

In conclusion, the results from our current study indicate that three-signal activation conditions modulate cytoskeletal dynamics and forces in CD8+ T cells. Given that the cytoskeleton is an established regulator of T cell signaling and effector function, differential modulation of the cytoskeletal machinery may be a potential mechanism by which IL-12 enhances CTL effector function. Our results provide novel biophysical insights into the role of IL-12 in improving T cell function at the single cell level.
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Trabecular meshwork (TM) cells are phagocytic cells that employ mechanotransduction to actively regulate intraocular pressure. Similar to macrophages, they express scavenger receptors and participate in antigen presentation within the immunosuppressive milieu of the anterior eye. Changes in pressure deform and compress the TM, altering their control of aqueous humor outflow but it is not known whether transducer activation shapes temporal signaling. The present study combines electrophysiology, histochemistry and functional imaging with gene silencing and heterologous expression to gain insight into Ca2+ signaling downstream from TRPV4 (Transient Receptor Potential Vanilloid 4), a stretch-activated polymodal cation channel. Human TM cells respond to the TRPV4 agonist GSK1016790A with fluctuations in intracellular Ca2+ concentration ([Ca2+]i) and an increase in [Na+]i. [Ca2+]i oscillations coincided with monovalent cation current that was suppressed by BAPTA, Ruthenium Red and the TRPM4 (Transient Receptor Potential Melastatin 4) channel inhibitor 9-phenanthrol. TM cells expressed TRPM4 mRNA, protein at the expected 130-150 kDa and showed punctate TRPM4 immunoreactivity at the membrane surface. Genetic silencing of TRPM4 antagonized TRPV4-evoked oscillatory signaling whereas TRPV4 and TRPM4 co-expression in HEK-293 cells reconstituted the oscillations. Membrane potential recordings suggested that TRPM4-dependent oscillations require release of Ca2+ from internal stores. 9-phenanthrol did not affect the outflow facility in mouse eyes and eyes from animals lacking TRPM4 had normal intraocular pressure. Collectively, our results show that TRPV4 activity initiates dynamic calcium signaling in TM cells by stimulating TRPM4 channels and intracellular Ca2+ release. It is possible that TRPV4-TRPM4 interactions downstream from the tensile and compressive impact of intraocular pressure contribute to homeostatic regulation and pathological remodeling within the conventional outflow pathway.
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Introduction

Biomechanical factors such as intraocular pressure (IOP) are an important determinant of the ocular environment, with roles in growth, cellular signaling that subserve ocular health and pathology (1). IOP is homeostatically regulated by the trabecular meshwork (TM), a mechanosensitive phagocytic tissue composed of smooth muscle-, macrophage- and fibroblast-like cells that function as an adaptive valve for outflow of aqueous humor from the anterior eye (1, 2). In healthy cells, acute IOP elevations engender an increase in outflow resistance that is followed by an adaptive response that guides gradual recovery of tissue permeability to fluid flow (3) whereas chronic mechanical stress triggers transdifferentiation of TM cells into stiff and contractile myofibroblasts that subserve a lasting increase in outflow resistance (4–6). TM cells express major histocompatibility complex proteins and Toll-like receptor 4 receptors (TLR4) and help maintain the immune privilege in the anterior eye via phagocytosis and TGFβ2 signaling (7). TLR4 expression is increased in glaucoma, TGFβ-TLR4 crosstalk is involved in production of ECM and regulation of IOP, whereas a mutation in TLR4 inhibited TGFβ2-induced ocular hypertension in mice (7). These observations suggest that the innate immune system might be involved in pressure-dependent differentiation of TM cells into profibrogenic myofibroblasts (8) yet the molecular mechanisms that underlie pressure-dependent TRL4 activation, TGFβ signaling and ECM remodeling remain unknown. Recent studies showed that TM cells sense acute and chronic mechanical stressors via arrays of mechanosensitive proteins that include integrins, the cytoskeleton, and stretch-activated ion channels (SACs) (9–11) such as TRPV4. This nonselective cation channel responds to TM substrate deformation with Ca2+ influx that regulates cytoskeletal and lipid dynamics, Rho signaling and cell-ECM interactions to facilitate myofibroblast differentiation (12–14). Excessive TRPV4 activity was suggested to drive the pressure-induced increase in TM stiffness and contractility (5, 14, 15) but it is not known how the channel responds to sustained activation.

The human TRPV4 gene contains 16 exons that encode a protein consisting of a proline-rich (PRD) domain, phosphoinositide binding site, ankyrin repeats and a helix-turn-helix (HTH) linker domain within the N-terminus, six transmembrane domains with the pore between S5-S6, and modulatory sites (TRP domain, MAP7-binding domain, CaM/IP3R-binding domain, PDZ domain) in the C-terminus that endow the channel with sensitivity to temperature, metabolites of arachidonic acid, nociceptive and mechanical stimuli (16, 17). Gain- and loss-of-function mutations in the TRPV4 gene cause debilitating skeletal abnormalities, sensorimotor neuropathies and vision loss (18), indicating that the channel is required for homeostatic transduction of sensory information. TRPV4 overactivation and exposure to TGFβ induce transdifferentiation of epithelial, endothelial, and smooth muscle cells into hypersecretory and contractile myofibroblasts (19, 20). Interactions with a wide array of proteins (aquaporins, BK channels, kinases, actin) and processes (Ca2+ release from intracellular stores, receptor-operated and store-operated Ca2+ influx) (13, 21–24) indicate that TRPV4 exerts its functions within a multiplicity of biological contexts.

The aim of this study was to simulate sustained application of mechanical stress in the absence of confounding effects of the in situ milieu and attendant activation of auxiliary stretch-activated channels (SACs) such as TREK-1 and Piezo1 (10, 11). We report that continual chemical stimulation of TRPV4 channels [PCa/PNa = 10 (25)] induces [Ca2+]i fluctuations that require TRPM4, a Ca2+- activated monovalent cation channel [PCa/PNa = 0.12 (26)] that has been linked to hypertension and Ca2+ oscillations and Ca2+ release from intracellular compartments in lymphocytes and macrophages (27–30). TRPV4 and TRPM4 were also implicated in the maturation of phagocytic function, with disruption of either TRPV4 or TRPM4 signaling in monocytes and macrophages resulting in profound dysregulation of Ca2+ homeostasis, LPS-stimulated phagocytosis and survival (31, 32). These findings identify a mechanism that couples TM mechanosensing to endogenous oscillatory activity, with potential functions in innate immune regulation and outflow resistance in the anterior eye.



Materials and Methods


Primary Cell Isolation and Culture

Primary trabecular meshwork cells (pTM) were isolated from juxtacanalicular and corneoscleral regions of the human donors’ eyes (56 years-old male, 62 years-old female) with no recorded history of eye disease as described (10, 11, 13). The tissues were obtained through the Lions Eye Bank at the Moran Eye Center at the University of Utah and were used in concordance with the tenets of the WMA Declaration of Helsinki and the Department of Health and Human Services Belmont Report. A subset of biochemical experiments was conducted in parallel with immortalized cells (hTM), isolated from the juxtacanalicular region of the human eye (ScienCell Research Laboratories, Carlsbad, CA, USA). The cell phenotype was periodically profiled for expression of MYOC, TIMP3, AQP1, MGP, ACTA2 (α-smooth muscle actin, αSMA) genes and DEX-induced upregulation of myocilin protein (11, 14).

Passage 2 – 6 cells were seeded onto Collagen I-coated coverslips and grown in Trabecular Meshwork Cell Medium (ScienCell, Catalog#6591; Carlsbad, CA, USA) supplemented with 2% fetal bovine serum (FBS), 100 units/ml penicillin, 100 ug/ml streptomycin, at 37°C and pH 7.4. Cells were transfected with scrambled shRNA (Sc-shRNA) or Trpm4 shRNA using Lipofectamin™ 3000 (5 μg per 25 cm2 tissue culture flask). shRNA -transfected cells were identified by green (GFP) or red (mCherry) fluorescence. Knockdown efficiency of TRPM4 shRNA was validated in HEK 293T cells overexpressing GFP-hTRPM4, scrambled shRNA or one of three TRPM4 shRNA constructs. shRNA1 and shRNA2, with target sequences GGACATTGCCCAGAGTGAACT (1218–1238) and GGAAAGACCTGGCGTTCAAGT (1835–1855), showed >65% knockdown efficiency (Supplementary Figure 1). Experiments were conducted 3 - 4 days post- transfection.



Reagents

GSK1016790A (GSK101) is a highly specific agonist (16, 17, 23) and HC067047 (HC-06) antagonist, of TRPV4 channels. Both were purchased from Sigma (St. Louis, MO) or Cayman Chemical (Ann Arbor, MI). Salts were purchased from Sigma (St. Louis, MO) or VWR (Radnor, PA), CBA (4-chloro-2-[[2-(2-chlorophenoxy) acetyl aminobenzoic acid from Tocris Bioscience (Minneapolis, MN), and BAPTA (1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid) from Alfa Aesar (Tewksbury, MA). The TRPM4 antagonist 9-phenanthrol (9-PA) was from Tocris Bioscience (Bristol, UK). GSK101 (1 mM), and HC-06 (20 mM) DMSO stocks were diluted in extracellular saline (98.5 mM NaCl, 5 mM KCl, 3 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM D-glucose, 93 mM mannitol), with final DMSO concentration not exceeding 0.1%.



Immunocytochemistry


Cells

Cells were plated on collagen Type 1-coated glass cover slip 1 day prior to fixation with the 4% PFA for 10 minutes at RT. The samples were blocked with phosphate-buffered saline containing 0.3% Triton X-100 and 5% FBS for 30 minutes at a room temperature (RT). The primary polyclonal rabbit antibody was diluted 1:1000 in PBS (2% BSA and 0.2% Triton X-100) and incubated overnight at 4°C (32). After rinsing, cells were incubated for 1 hour at RT with goat anti-mouse and goat anti-rabbit IgG (H + L) secondary antibodies conjugated to fluorophores (Alexa Fluor 488 nm, 568 nm and/or 594 nm; 1:500; Life Technologies, Carlsbad, CA, USA). Unbound antibody was rinsed, and conjugated fluorophores protected with Fluoromount-G (Southern Biotech, Birmingham, AL, USA) prior to mounting coverslips. Images were acquired on a confocal microscope (FV1200; Olympus, Center Valley, PA) at 1024 x 1024 pixels with a 20x water superobjective (1.00 N.A.; field size: 158.565 x 158.565 µm; 0.155 µm/pixel; sampling speed: 10.0 us/pixel; 12 bits/pixel). ≥50 cells per experiment were acquired for at least 4 independent experiments (n ≥ 200 in total; N ≥ 4).



Tissue Immunohistochemistry

Anterior chambers were fixed in 4% paraformaldehyde for 1 hour, cryoprotected in 15 and 30% sucrose gradients, embedded in Tissue-Tek® O.C.T. (Sakura, 4583), and cryosectioned at 12 µm, as described (13, 30). Sections were probed with a polyclonal rabbit TRPM4 antibody (1:100 (32); and aquaporin-1 mouse monoclonal antibody (1:1000; Santa Cruz Biotechnology Sc-25287). Secondary antibodies were anti-rabbit IgG DyLight 488 (Invitrogen, 35552) and anti-mouse IgG DyLight 594 (Invitrogen, 35511). Sections were coverslipped with DAPI-Fluoromount-G (Electron Microscopy Sciences, Hatfield, PA, 17984-24) and imaged with a confocal microscope. Images were acquired using identical (HV, gain, offset) parameters.




Semiquantitative Real Time-PCR

Total RNA was extracted using Arcturus PicoPure RNA Isolation Kit (ThermoFisher, Cat. No.: KIT0204) (33, 34). 100 ng of total RNA was used for reverse transcription. First-strand cDNA synthesis and PCR amplification of cDNA were performed using qScript™ XLT cDNA Supermix (Quanta Biosciences, Cat. No. 95161). The samples were run on 2% agarose gels using ethidium bromide staining along with the 100-bp DNA ladder (ThermoFisher Scientific, Waltham, MA, Cat. No.: S0323). The primers used in the study are listed in Table 1.


Table 1 | Primer sequences used for PCR analysis.





Western Blot

TM cells were detached from culture flasks by trypsinization and centrifuged at 2000 rpm for 3 minutes. The cell pellet was washed with PBS and lysed in a RIPA Buffer System (Santa Cruz Biotechnology, Dallas, TX). Cell lysates were separated by 10% SDS-PAGE followed by electrophoretic transfer to polyvinylidene difluoride membranes (Bio-Rad, Hercules CA). Membranes were blocked with 5% skim milk in PBS containing 0.1% Tween 20 and incubated at 4°C overnight with the TRPM4 antibody, following by 3 washes with PBS containing 0.1% Tween-20, blotted with HRP-conjugated GAPDH antibody for 30 min at room temperature and washed with PBS containing 0.1% Tween 20. The signals were visualized with an enhanced chemiluminescence system (FluorChem Q, Cell Biosciences, Santa Clara, CA).



Ion Imaging

Pharmacological experiments were conducted on a microscope stage in a fast-flow chamber (RC26GLP, Warner Instruments, Hamden CT) connected to a gravity-fed perfusion system. The flow rate of the solution was regulated via individual pinch valves (VC-6; Warner Instruments; Holliston, MA). Primary cells were loaded with Fura-2 AM (3 μM; Invitrogen/ThermoFisher Scientific) for 45 min at RT. The cells were perfused with extracellular solution containing (mM): 135 NaCl, 2.5 KCl, 1.5 MgCl2, 1.8 CaCl2, 10 HEPES, 5.6 D-glucose (pH = 7.4, osmolarity = 300 - 303 mOsm). Epifluorescence imaging was performed on Nikon microscopes using 40x (1.3 N.A., oil or 0.80 N.A., water) objectives, 340 nm and 380 nm excitation filters (Semrock, Lake Forest, IL, USA) and a Xenon arc lamp (DG4, Sutter Instruments). Fluorescence emission at 510 nm, in response to alternating 340/340 excitation, was captured with cooled EMCCD or CMOS cameras (Photometrics, Tucson, AZ). Data acquisition was controlled by NIS Elements 3.22 software (Nikon). Typically, ~5-10 cells per slide were averaged across ~3-6 slides per experiments, with at least 3 independent experiments (n ≥ 50; N ≥ 3). The experiments were performed at room temperature (20 - 22°C).

Ca2+ imaging. Cells were loaded with 3 μM Fura-2 AM (Invitrogen/ThermoFisher) (Kd at RT = 225 nM) for 45 min. ΔR/R (peak F340/F380 ratio – baseline/baseline) was used to quantify the amplitude of Ca2+ signals (e.g (13, 35). Only transient Ca2+ events with amplitudes exceeding three standard deviations of baseline fluctuations were included in analysis.

Intracellular Na+ imaging. Cells were loaded with 3 μM NaTRIUM Green™-2 AM (TEFLabs Austin, TX) for 50 – 60 min in a cell culture incubator at 37°C. Fluorescence was acquired at 484 nm excitation and 520 nm emission (Semrock, Rochester, NY). Na+ signals were normalized to the average baseline (F/Fo) obtained at the beginning of the experiments.



Electrophysiology

Whole cell and single-channel techniques were used to record membrane currents (voltage clamp) or voltage (current clamp) (11, 35, 36). Borosilicate patch pipettes (WPI, Sarasota, FL) were pulled to resistances of 5 - 8 MΩ (P-2000; Sutter Instruments, Novato CA). The standard pipette solution contained (in mM): 125 NaCl, 10 KCl, 10 HEPES, 1 MgCl2, 2 ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N”-tetraacetic acid (EGTA), 0.3 Na-GTP (pH 7.3) The pipette solution for recording Ca2+-activated current contained (in mM): 125 Na-gluconate, 10 HEPES, 1 MgCl2, 0.01 CaCl2, 0.3 Na-GTP (pH 7.3). Nominally Ca2+-free pipette solution (standard) contained (in mM): 125 Na-gluconate, 10 HEPES, 1 MgCl2, 5 BAPTA, 0.3 Na-GTP (pH 7.3). The standard extracellular solution contained (in mM): 135 NaCl, 2.5 KCl, 1.5 MgCl2, 1.8 CaCl2, 10 HEPES, 5 D-glucose (pH 7.4). The extracellular solution for recording Ca2+-activated current contained (in mM): 135 Na-gluconate, 10 HEPES, 1 MgCl2, 1.8 CaCl2, 0.3 Na-GTP (pH 7.3). The bathing solution for excised (inside-out) patch clamp experiments contained (mM): 140 NaCl, 2.5 KCl, 1.5 MgCl2, 1.8 Ca2+ or 10 EGTA, 5.6 D-glucose, 10 HEPES (pH 7.4, adjusted with NaOH). The pipette solution used in excised patch recordings contained 140 NaCl, 2.5 KCl, 1.5 MgCl2, 1.8 CaCl2, 5.6 D-glucose, 10 HEPES (pH 7.4, adjusted with NaOH). Experiments were performed at room temperature of 21-22°C.

Patch clamp data in whole-cell and single-channel configurations was acquired with a Multiclamp 700B amplifier and a Digidata 1550 interface, and controlled by Clampex 10.7 (Molecular Devices, Union City, CA). Cells were held at -100 mV or +100 mV, with currents sampled at 5 kHz, filtered at 2 kHz with an 8-pole Bessel filter and analyzed with Clampfit 10.7 (Molecular Devices) and Origin 8 Pro (Origin Lab, Northampton, MA). Whole-cell currents were elicited by voltage ramps ascending from -100 mV to 100 mV (0.2 V/sec) from the holding potential of 0 mV. The time course of Ca2+-activated currents was obtained by subtracting voltage ramp-evoked currents traces recorded 40 s after obtaining the whole-cell configuration from preceding and following traces. I-V curves of Ca2+-activated currents were assessed by subtracting currents recorded 40 s after obtaining the whole-cell configuration from steady state currents recorded 4 min after obtaining the whole-cell configuration.

Patch clamp combined with fluorescent imaging. Cells were loaded with a calcium indicator Fluo-4 (Invitrogen/ThermoFisher) through a patch pipette. Fluorescence signals in voltage-clamped cells were detected using the excitation filter 484 nm and the emission filter 520 nm (Semrock, Lake Forest, IL). VOCC-mediated current was recorded in the extracellular solution containing as following (mM): 115 NaCl, 2.5 KCl, 20 BaCl2, 1.5 MgCl2, 10 HEPES, 5.6 D-glucose.



Outflow Facility Measurement: iPerfusion

Procedures on living mice were carried out under the authority of a UK Home Office project license and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The outflow facility in enucleated eyes from C57BL/6J mice (N = 5 mice; 11-week-old males; Charles River UK Ltd., Margate, UK) was measured using iPerfusion, a custom-made microfluidic setup (37, 38). Following cervical dislocation, eyes were enucleated and affixed to a support platform using tissue glue. Eyes were submerged in a PBS bath kept at 35°C throughout the perfusion. Using a micro-manipulator under a dissection microscope, the anterior chamber was cannulated within 10 minutes of death using a glass micropipette pulled to have a 100 µm diameter beveled tip. The perfusion fluid was Dulbecco’s PBS containing divalent cations and 5.5 mM glucose (DBG) that was sterile filtered (0.25 µm) prior to use.

One eye was perfused with 9-PA (25 µM) whilst the contralateral eye was perfused with vehicle (perfusion fluid containing the same concentration of DMSO). IOP was set to 9 mmHg for 1 hour to pressurize and acclimatize the eye to the perfusion environment and to allow sufficient time for 9-PA to reach the outflow tissues. Flow into the eye was then measured over 8 increasing pressure steps from 6.5 to 17 mmHg. Steady state for each step was evaluated when the ratio of the flow rate to pressure changed by less than 0.1 nl/min/mmHg per minute over a 5-minute window (37). The stable pressure, P, and flow rate, Q, were calculated over the last 4 minutes of each step, and a power-law relationship of the form

	Eq. 1

was fit to the Q – P data. The reference outflow facility, Cr, represents the value of outflow facility at a reference pressure Pr of 8 mmHg, and β characterizes the non-linearity of the Q-P relationship (37). The relative difference in Cr between treated and untreated contralateral eyes was then calculated as the ratio of Cr in the treated eye relative to that in the contralateral control eye minus unity. We evaluated whether the relative difference in facility was statistically different from zero using a weighted t-test on the log-transformed data, as previously described (37). Facility values and relative changes in facility are reported in terms of the geometric mean and the 95% confidence interval on the mean.



IOP Measurement

Male and female C57BL/6J mice (JAX; Bar Harbor, ME) and homozygous pan-TRPM4 KO mice (39) were maintained in a pathogen-free facility with a 12-hour light/dark cycle and ad libitum access to food and water. The experimental protocol was approved by the animal ethics committee at the University of Utah and adhered to the tenets of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. No sex differences were noted in the data, which were pooled. A TonoLab rebound tonometer was used to measure IOP in mice between noon and 2 PM, as described (13). In animals habituated to handling for several days preceding the IOP measurement. An IOP reading represents an average of 10 to 20 tonometer readings.



Statistical Analysis

Student’s paired t-test or two-sample t-test (OriginPro 9.0; OriginLab, Northampton, MA) were applied to estimate statistical significance of results. P < 0.05 was considered statistically significant. Results are presented as the means ± S.E.M. A preprint of this article was submitted at https://biorxiv.org/cgi/content/short/2021.12.15.472700v1.




Results


Activation of TRPV4 Induces Fluctuations of [Ca2+]i

Unstimulated TM cells from healthy donors have low basal [Ca2+]i and rarely show Ca2+ fluctuations (13) but previous studies of mechanically evoked Ca2+ signaling in TM cells have been limited to short stimulation paradigms (5-10 min) (11, 13) and little is known about how the TM regulates [Ca2+]i in the presence of sustained TRPV4 activity. To investigate the mechanisms that underlie Ca2+ signaling downstream from the channel, Fura-2-loaded human TM cells were stimulated for 30 – 45 min with bath-applied agonist GSK101 (25 nM). Agonist-evoked [Ca2+]i increases peaked within 2-3 min, followed by a gradual decline to a steady plateau at ~27% of the peak (Figures 1, 2). A subset (~50%) of cells showed an increase in the frequency of Ca2+ fluctuations during the plateau phase whereas cells treated with the TRPV4 antagonist HC067047 (HC-06; 5 μM) (Figures 1B, C), broad-spectrum inhibitors of TRP channels such as Ruthenium Red, or Ca2+ -free saline (Figure 2), did not exhibit this time-dependent behavior.




Figure 1 | GSK101 triggers intracellular Ca2+ oscillations in hTM cells. (A) Representative traces of [Ca2+]i oscillations in GSK101 treated TM cells. (B) GSK101-induced oscillations are absent in cells pretreated with HC-06. (C) Quantification of results shown in (A, B), shown as average ± S.E.M. ****P < 0.0001, ***P < 0.001 (paired-sample t-test), ###P < 0.001 (two-sample t-test), n = 49 cells and n = 38 cells for control/GSK101 and control/HC06+GSK101 groups, respectively.






Figure 2 | GSK101-induced [Ca2+]i oscillations requires activity of Ca2+ -permeable and Ca2+ -dependent TRP channels. Shown are representative traces. (A, C) GSK101-induced [Ca2+]i fluctuations are abolished by the nonselective TRP blocker Ruthenium Red (RuR; 10 µM) and in the absence of free extracellular Ca2+. (B, D) RuR and Ca2+-free solution abolish GSK101 induced [Ca2+]i oscillations. Mean ± S.E.M. ***P < 0.001, ****P < 0.0001, paired t-test, n = 51 and n = 43 cells for (B, D), respectively.



Oscillatory Ca2+ signals can reflect activation of voltage-operated mechanisms within the membrane and/or release from internal compartments. Voltage-dependent mechanisms were tested by stimulating the cells in the current-clamp mode. The agonist evoked a ~15 mV shift in the membrane potential (Figures 3A, C) that was maintained over the course of the experiment (e.g., 40 min after agonist application; red trace in Figure 3B) and was not associated with changes in temporal behavior.




Figure 3 | GSK101 depolarizes TM cells, but they lack functional L-type voltage-operated Ca2+ channels (A–C) Current clamp. GSK101 depolarizes the cells, with the effect maintained over 40 min (red trace vs. black trace denoting the unstimulated control in B). (D) Combined whole cell recording and calcium imaging. The voltage protocol (upper trace), depolarization-evoked whole-cell current (middle trace), time-lapse of Fluo-4 fluorescence (lower trace). Shadowed bars indicate the depolarizing steps. (E, F) Representative whole-cell currents elicited by voltage steps in TM cells (Ei; n = 15) (B) and mouse retinal ganglion cells (Eii; n = 5), respectively. (F) Voltage-current relationships derived from cells shown in (E). The current was measured at the end of each voltage pulse.



L-type voltage-operated Ca2+ channels have been implicated in calcium oscillations and pressure-dependent contractility in smooth muscle cells (40). To test their involvement, we combined imaging in Fluo-4-loaded cells with whole-cell recording. As shown in Figure 3D, stepping the holding potential from the holding potential of -70 mV to 0 mV had no detectable effect on the Ca2+ signal. Similarly, extracellular BaCl2 (20 mM) which permeates voltage-operated Ca2+ channels without inactivating the channel pore or stimulating Ca2+ release from ER stores (41–43) did not induce depolarization-evoked inward currents or Ca2+ spiking (Figure 3Ei) whereas retinal ganglion cells responded with an inward current (Figures 3Eii, F) that was blocked by the L-type channel blocker nimodipine (1 μM) (Figure 3Fii). These data suggest that TRPV4-dependent Ca2+ oscillations in human TM cells do not involve L-type voltage-operated Ca2+ channels activity.



TRPV4-Induced Ca2+ Fluctuations Require TRPM4

To further investigate the mechanism that underlies TRPV4-induced calcium oscillations, cells were loaded with the Na+-sensitive indicator NaTRIUM Green-2 and exposed to GSK101. The agonist stimulated an increase in [Na+]i in 54% (39/73) cells (5.96 ± 0.81% above baseline; p < 0.0001; n = 39). The increase in Na+ concentration was not associated with an oscillatory component, indicating that TRPV4-induced Na+ influx is distinct from mechanisms that subserve Ca2+ oscillations. We tested the potential involvement TRPM4, a Ca2+-activated channel permeable to monovalent ions that has been implicated in [Ca2+]i oscillations in T cells, cardiomyocytes, and smooth muscle cells (27, 28, 40) but with no known functions in the eye by exposing the cells to GSK101 in the presence of 9-phenanthrol (9-PA, 40 μM), an intracellularly acting benzoquinolizinium inhibitor of the channel (44, 45). 9-PA reversibly attenuated the increase in [Na+]i evoked by GSK101 (P < 0.001) (Figures 4A, B), and obliterated Ca2+ fluctuations during the plateau response phase (Figures 4C, D) (P < 0.0001).




Figure 4 | TRPM4 mediates TRPV4-induced Na+ influx and facilitates Ca2+ fluctuations. (A). Averaged time lapse ratio in NaTRIUM Green-loaded TM cells. GSK101-evoked increase in [Na+]i is partially and reversibly suppressed by 9-PA. (B) Mean ± S.E.M. values for the experiment in A (n = 10). Black and white symbols represent time at which the intensity was measured. (C) GSK101-evoked [Ca2+]i oscillations are suppressed by 9-PA (n = 39). (D) Summary of the data shown in (C), as mean ± S.E.M. *** = P < 0.001, **** = p < 0.0001, paired-sample t-test.





Histology: TM Cells Express TRPM4

Transcriptional profiling of immortalized (hTM) and primary (pTM) cells showed robust expression of TRPM4 and TRPV4 transcripts (Figure 5A) together with TM markers myocilin and aquaporin 1, at bp sizes that matched expected sizes for their respective DNAs. The overall levels of TRPM4 transcripts in hTM cells were comparable to TRPV4 mRNA, and ~35% of TRPV4 mRNA in primary cells (Figure 5B). In both cell lines, a validated antibody (32) labeled a Western blot band at ~130 kDa (Figure 5C), corresponding to the known M.W. of the TRPM4b protein variant (46). Confocal examination of TRPV4-immunol reactive cells and intact tissue further showed labeling of the plasma membrane and cytosolic puncta (Figure 5Dii) and cytosolic puncta. In the preparation from the mouse anterior eye, TRPM4-ir was distributed across the juxtacanalicular and corneoscleral TM regions (green), where it colocalized with the TM marker Collagen IV. Additional, albeit more modest, TRPM4-ir signals were also detected in the ciliary body and the retina.




Figure 5 | TRPM4 is expressed in TM cells. (A) Representative PCR gels show expression of TRPM4 and TRPV4 transcripts together with markers aquaporin 1 (AQP1), TRPV1, and myocilin (MYOC) in immortalized (hTM) and primary (pTM) cells. (B) Semiquantitative qRT-PCR. Relative mRNA abundance of TRPM4 vs. TRPV4; expression is normalized to hTM TRPM4; mean ± S.E.M, N = 3. (C) Western blot. hTM and pTM cells show a TRPM4 band at the expected M.W. [(D), upper panel] Cultured cells immunolabeled for TRPM4, with a magnified image of the region selected by the square (inset) showing punctate signals within the plasma membrane. Scale bar = 50 µm. (E) Anterior eye section from a wild type C57 mice, labeled with TRPM4. The TM region shows pronounced TRPM4-ir (arrows) that colocalizes with the marker Collagen IV (Col IV, blue). Moderate signal is seen in the ciliary body (arrows) and ciliary vasculature (asterisk).





Electrophysiology: TM Cells Functionally Express TRPM4

We next assessed the properties of the TRPM4-mediated current in voltage-clamped cells by probing for a Ca2+-sensitive monovalent current (47, 48). Cells were dialyzed with pipette solutions containing 10 µM or zero Ca2+ and Ca2+-activated K+ and Cl- conductances were minimized by replacing extra/intracellular K+ ions (with Na+) and Cl- ions with gluconate (47). ~50% of cells dialyzed with the Ca2+-containing solution showed time-dependent increases in inward and outward whole-cell currents. The current-voltage relationship of the Ca2+-dependent current showed modest outward rectification and peaked within ~4 min after obtaining the whole-cell configuration (Figure 6A), had a reversal potential of 1.6 ± 2.9 mV and amplitudes of -122.7 ± 61.5 pA and 211.2 ± 93.7 pA at holding potentials of -100 mV and 100 mV, respectively, (Figure 6B). The current was inhibited by 9-PA (20 μM; n=7/7) and was not observed in cells dialyzed with Ca2+-free solutions or exposed to bath-applied Ruthenium Red (10 μM) (n = 5/5) (Figure 6A).




Figure 6 | Functional expression of a calcium-activated non-selective cation channels. (A) Time course of the whole-cell current recorded at the holding potentials 100 and -100 mV. The pipette solution contained 10 µM Ca2+ in the standard saline (black, n = 5), with addition of Ruthenium Red (RuR; 10 µM; olive, n = 11), 9-PA (20 µM; magenta, n = 15) in extracellular solution, or Ca2+-free pipette solution (red, n = 15). (B) Averaged current-voltage relationship of the Ca2+ activated current in A subtracted by the Ca2+-free component (n = 6). (C) Representative trace demonstrating the activity of a Ca2+-activated channel in an inside-out patch preparation at +100 mV. (D) Representative traces of single channel activity. (E) Histogram of unitary current amplitude, fit with Gaussian function (red trace; R-Square = 96.6%). The data were binned at 0.02 pA. (F) Current-voltage relationship of single channel current, n = 6 patches. (A, B, F) show mean ± S.E.M.



Single channel properties of the Ca2+-activated current were additionally investigated in inside-out membrane patches using symmetrical Na+ gluconate-based pipette and extracellular solutions. Patch excision in 1.8 mM Ca2+-containing saline triggered a rapidly inactivating channel with a linear current-voltage relationship (n = 15/85 patches; Figures 6C, F). The slope conductance of the unitary current was 18.9 ± 0.6 pS and the amplitude at 100 mV was 2.05 ± 0.04 pA (Figures 6D–F). The channel was facilitated at positive membrane potentials, inhibited by 9-PA (Figures 6C, D), and typically inactivated within ~5 min after patch excision. Its activity was abolished in Ca2+-free saline (Figure 6C). Both whole-cell and single channel properties of the Ca2+-induced current in TM cells are consistent with TRPM4 activity.



TRPM4 Is Required for TRPV4-Dependent Ca2+ Oscillations

To more specifically test the role of TRPM4 in [Ca2+]i fluctuations, we transfected the cells with TRPM4-specific short-hairpin (shTRPM4-GFP) or “scrambled” (Sc-GFP) control shRNAs (Figure 7A). Of the 3 TRPM4-shRNA constructs, we utilized Sh#1 which downregulated TRPM4 mRNA by 80% (Supplementary Figure 1). Compared to Sc-shRNA-expressing controls, TRPM4 shRNA-transfected cells showed ~80% reduction in the frequency of TRPV4-induced Ca2+ fluctuations (Figures 7B–D).




Figure 7 | TRPM4 knockdown disrupts GSK101-triggered [Ca2+]i fluctuations. (A) TM cells treated with Sc-GFP, and TRPM4 shRNA-GFP constructs. (B, D) Sc-shRNA-transfected cells exhibit fluctuating [Ca2+]i signals, which show (C, D) reduced frequency in TRPM4-shRNA-treated cells. Data shown as mean ± S.E.M. ***P < 0.001, N.S.P > 0.05, paired t-test, n = 116 cells and n = 27 cells for Sc- and TRPM4 shRNAs, respectively.



We also tested the TRPM4-dependence of TRPV4-induced calcium signals by transfecting HEK293 cells with TRPV4 and/or TRPM4 DNA. TRPV4 only-transfected cells responded to GSK101 with a peak [Ca2+]i increase that inactivated to a plateau without showing time-dependent Ca2+ oscillations whereas cells co-transfected with TRPV4 + TRPM4 DNA displayed robust oscillations in the presence of GSK101 (Supplementary Figure 2).



TRPM4 Does Not Regulate Trabecular Outflow or Steady-State Intraocular Pressure

Chronic TRPV4 activation was suggested to suppress aqueous humor drainage in hypertensive mouse eyes (13). Given that 9-PA inhibits TRPV4-dependent Ca2+ oscillations in vitro (Figures 8A, B), we tested whether it influences the trabecular component of pressure-induced fluid outflow (“outflow facility”). The effect of 9-PA on outflow facility was examined in enucleated mouse eyes using the iPerfusion system (37, 38). In response to 25 µM 9-PA, outflow facility decreased by -5% [-23%, 18%] (geometric mean [95% CI]; Figure 8A) relative to contralateral eyes that were perfused with vehicle, but this difference was not statistically significant (p=0.38, n=5 pairs). Cr for 9-PA treated eyes was 5.4 [4.2, 6.9] nl/min/mmHg and 5.5 [4.6, 6.7] nl/min/mmHg for vehicle-treated eyes (Figure 8A).




Figure 8 | TRPM4 does not regulate trabecular outflow and steady-state intraocular pressure. (A) Representative flow-pressure (Q – P) plot for contralateral eyes perfused with 25 µM 9-PA versus vehicle. Curves show the optimal fit from Equation 1, with 95% confidence bounds and error bars show 95% confidence intervals. (B) Relative difference in outflow facility between contralateral eyes perfused with 25 µM 9-PA versus vehicle. The relative difference in facility is defined as the ratio of Cr in the experimental eye perfused with 9-PA relative to vehicle-perfused contralateral eye minus unity, expressed as a percentage. Each data point represents the relative difference in facility for an individual mouse. Error bars are 95% confidence intervals. Shaded regions represent the best estimate of the sample distributions, with the central white line representing the geometric mean. Dark central bands represent the 95% CI on the mean, and the outer white lines represent the limits encompassing 95% of the population. (C) Averaged results for intraocular pressure in wild-type (WT, n = 14 eyes) and TRPM4 KO (n = 36 eyes) mice. N.S. = P > 0.05.



Finally, we investigated whether genetic deletion of TRPM4 channels affects intraocular pressure homeostasis in the mouse eye. TRPM4-/- eyes showed intraocular pressure levels (11.86 ± 0.14 mm Hg that were comparable to controls (12.10 ± 0.16 mm Hg; p > 0.05; n = 14 eyes and n = 36 eyes for WT and TRPM4-/-, respectively), indicating that TRPM4 may not be required for steady-state intraocular pressure regulation (Figure 8C). Overall, these results suggest that TRPM4 signaling is not required for step-induced fluid drainage across the or for steady-state intraocular pressure regulation.




Discussion

The goal of this study was to define the properties of calcium homeostasis during sustained stimulation of TRPV4, a transducer of mechanical stimuli that has been implicated in the regulation of conventional outflow and intraocular pressure (13). We show that long-term TRPV4 stimulation evokes Ca2+ oscillations that are independent of the membrane potential and require expression of TRPM4. Both TRPV4 and TRPM4 were strongly expressed in primary and immortalized TM cells, with functional coupling between the two cation channels revealed by the rise of the Ca2+-activated monovalent current and loss of oscillatory response following TRPM4 knockdown. Our findings identify novel interactions between TRPV4, TRPM4 and intracellular calcium stores and build a new working model that may help increase our understanding of homeostatic and time-dependent signaling within the primary outflow pathway.

Changes in [Ca2+]i represent one of the earliest responses of nonexcitable cells to mechanical stress. Resting human TM cells do not exhibit spontaneous calcium activity whereas sustained stimulation of TRPV4 channels produced three types of time-dependent calcium behavior. (i) The initial increase in [Ca2+]i evoked by GSK101 peaked within 2-4 min and showed slow onset kinetics that was likely shaped by the messenger pathway involving obligatory activation of phospholipase A2 and production of epoxyeicosatrienoic messengers that bind the pocket formed by S2-S3/S4-S5 linker residues (13, 17). (ii) The subsequent relaxation to the steady-state plateau phase reflects Ca2+-dependent channel inactivation, internalization, interactions with modulatory sites within N- and C-termini (16) or negative regulation of Ca2+ influx by TRPM4 (44). (iii) The relaxation phase was associated with Ca2+ fluctuations in a frequency range similar to signals reported in glaucomatous TM (45) and pressure-, stretch- and GSK101- stimulated fibroblasts and chondrocytes (49, 50).

Several pieces of evidence suggest that the oscillatory  response requires TRPM4 signaling. (i) TRPV4-induced fluctuations were suppressed by 9-PA, which also induced a reversible decrease in [Na+]i; (ii) TRPM4 knockdown in TM cells preserved the GSK101 response but eliminated the oscillatory calcium component, and (iii) Heterologous expression of TRPV4 and TRPM4 channels reconstituted fluctuations in HEK293 cells. TRPM4 expression in TM cells was confirmed by transcriptional profiling and immunohistochemistry, with TRPM4 mRNA levels reaching ~30-70% of TRPV4 mRNA, and immunoblots showing a band at the predicted M.W. As in other cell types (51, 52), the TRPM4 antibody labeled plasma membrane and intracellular compartments. The former corresponds to full-length TRPM4b variant which forms the Ca2+-activated Ca2+-impermeant cation channel and appears to congregate into punctate clusters within the cell membrane (Figure 5Dii) whereas intracellular puncta may correspond to truncated N-terminal variants with unknown functions that localize to the ER (32, 53, 54). The aggregation of TRPM4-ir signals resembles mechanosensory clusters enriched in TRPV4, paxillin and pFAK described in TM cells and embryonic fibroblasts (14, 55). Consistent with biochemical analyses, TM cells showed current-voltage relationship and pharmacological profiles characteristic of nonselective calcium-activated monovalent current mediated by TRPM4 (i.e., inhibition by Ruthenium Red, 9-PA and shRNA). Its quasi-linearity points at the membrane presence of PIP2 (56) whereas inhibition by BAPTA indicates that the channel is activated within membrane microdomains within which TRPV4 and TRPM4 functionally interact. Ca2+ fluctuations and calcium-activated monovalent current were observed in ~50% of recorded cells, possibly because the cells were derived from multiple TM populations or existed in different stages of the cell cycle. An immortalized atrial cardiomyocyte cell line similarly showed TRPM4-dependent Ca2+ oscillations in ~30% cells (28).

The advantage of the synthetic agonist GSK101 was that it allowed us to track signaling mechanisms associated with TRPV4 in the absence of concurrent activation of Piezo1 and TREK-1 stretch-activated channels (e.g (10, 11). In contrast to previous studies in myocytes, smooth muscle cells, neurons and immune cells (27–29, 57) which linked TRPM4-dependent [Ca2+]i oscillations to obligatory voltage-gated Ca2+ influx, TM cells did not show functional voltage-operated calcium channels expression under our experimental conditions. Thus, depolarization had no discernible effect on [Ca2+]i and the transmembrane current, and Ba2+ concentrations that reliably trigger voltage-operated calcium channels-mediated spiking and suppress store release in retinal neurons (15, 41) had no discernable effects on TM signaling. The absence of coupling between the membrane potential, [Na+]i and Ca2+ oscillations indicates that Ca2+ fluctuations reflect intracellular and/or voltage-independent mechanisms. Previous investigation of TRPM4-TRPC3 interactions in HEK293 cells showed that cell depolarization caused by Na+ influx transiently suppresses TRP-mediated Ca2+ influx by reducing the inward electrochemical driving force for Ca2+ (48). TRPM4 signaling and oscillations in cardiomycotes were attributed to redistribution of mitochondrial Ca2+ stores into the cytosol (28) but it remains to be determined whether Ca2+ transients that underlie the oscillatory response involve ψm and mitochondrial transporters (Na+/Ca2+-Li+ exchangers, Ca2+/H+ exchange, and/or MCU uniporters). A simple model delineating the potential players associated with TRPV4-dependent calcium oscillations is shown in Figure 9. Another potential source could include reciprocal interactions between Ca2+ influx and the IP3R store (55, 55) mediated through contacts between the C-terminus CaM-binding site of TRPV4 and the IP3R receptor (58) and depolarization-dependent reduction of the driving force for Ca2+ influx through CRAC/Orai channels (27).




Figure 9 | Model of TRPM4-dependent calcium oscillations downstream from TRPV4. Mechanical stretch triggers cation influx through TRPV4 to elevate [Ca2+]i and activate TRPM4, a Ca2+-dependent Na+ channel to depolarize the TM cells and increase [Na+]i. TRPM4 activation is required for voltage-independent oscillatory release of Ca2+ from a yet-unknown intracellular compartment.



TRPM4 was suggested to be directly activated by membrane stretch (59) but this conclusion has been controversial (58, 60, 61). A compelling aspect of our findings is that its role in mechanosignaling might instead reflect activation downstream from stretch-activated channels. Chemical activation of TRPV4 reproduced time-dependent behavior of pressure-induced Ca2+ events in human TM cells (62) and oscillatory phenotypes in TRPV4-expressing macrophages/monocytes, fibroblasts, keratinocytes, endothelial cells, chondrocytes, and glia (50, 55) that have been linked to cellular microcontractions, ECM remodeling and transfer of mechanical force across load-bearing focal adhesions (49, 50, 63). In macrophages, TRPM4 regulates cellular calcium oscillations and contractility via FAK and Rac GTPases (27, 53, 55), processes that may be downstream from TRPV4 (14; Figure 4). Together, these data implicate TRPV4-TRPM4 interactions in endogenous, cell-generated control of stretch-sensitive tyrosine phosphorylations, RhoA signaling and contractility. Another intriguing possibility is that TRPV4-dependent Ca2+ oscillations operate at the threshold of contractile, RhoA-dependent (14) vs. relaxing, nitric oxide-dependent (64) states associated with myogenic-like contractility (62, 65, 66). TRPM4 shares the regulatory sulphonylurea receptor (SUR1/2) with inward rectifying K+ (Kir6.1 and Kir6.2) subunits that form KATP channels sensitive to [Ca2+]i and intracellular ATP (67, 68) and regulate NFATc1 signaling in immune cells (39). The effect of KATP channel openers on intraocular pressure (69) could include parallel modulation of the SUR1-TRPM4 complex, Ca2+ and Na+ homeostasis. The small, non-significant decrease in outflow facility in the presence of 9-PA and ocular normotension in mice with ablated TRPM4 gene suggest that TRPM4 is not required for steady-state IOP maintenance but it remains to be seen whether the contribution of TRPM4 channels can be unmasked under conditions associated with maximal TRPV4 activation.

In conclusion, our findings bring mechanistic evidence for novel interactions between mechanotransducers, TRPM4 channels and Ca2+ stores that may, in the presence of increased membrane strain, alter the cells’ membrane potential together with intracellular [Ca2+]i and [Na+]i. Analogy with other load-bearing and immune-like cells, suggests that a persistent pacemaking loop between Ca2+ influx, release and Ca2+-activated channels downstream from TRPV4 could suggests that a time-dependently coordinate transcription factors, actomyosin-driven tension, mechanical load transfer across focal contacts, and secretion of matrix metalloproteinases. While investigations of TM biology typically focus on smooth muscle cell- and endothelial-like properties of resident cells, it is worth underscoring their role in IOP-dependent innate immune regulation in the anterior eye. Aqueous humor inhibits immune effector cells (70) and thus key phagocytic, scavenger and immune functions in the outflow pathway are relegated to TM cells (70–72), which express immune-like markers such as complement C1QB, the tyrosine kinase binding protein (TYROBP), major histocompatibility complex proteins and TLR4 (7, 64, 73, 74). We found that, similar to macrophages/monocytes and mast cells, TM cells utilize TRPM4 for oscillatory activity, which is triggered downstream from the TRPV4 channel that integrates mechanical, temperature and chemical inputs (15–17). This suggests that TRPM4-dependent calcium oscillations and their role in TLR4-dependent phagocytosis, cytokine production and survival (31, 32) might be informed by the biomechanical milieu. TLR4 signaling regulates TM TGFβ production (7) and has been linked to both TRPV4 and TRPM4 activation (19, 31, 39). Owing to their role in translayer Ca2+, Na+ and water transport dynamics, myofibroblast transformation and immune regulation, TRPV4-TRPM4 interactions could therefore be targeted by translational interventions aimed at fine-tuning the homeostatic functions of the conventional outflow pathway and regulation of intraocular pressure.
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Supplementary Figure 1 | Validation of TRPM4 shRNA constructs. (A) Typical WB results representing knockdown effects of the TRPM4 shRNA constructs in the HEK-293 overexpression system. (B) Quantification of results shown in (A). The results are representative of three independent experiments.

Supplementary Figure 2 | HEK293 cells. TRPV4 and TRPM4 coexpression is sufficient to sustain calcium oscillations in the presence of GSK101. Representative traces of ratiometric signals in (A) TRPV4 + TRPM4 DNA-transfected cells and (B) Cells transfected with TRPV4 alone. (C) Averaged frequency of [Ca2+]i transients in TRPV4+TRPM4 expressing cells before and after GSK101 exposure.
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Secreted factors Experimental conditions Study models Related conditions or  Ref.
physiological functions
1 IL-1o, IL-1B, IL-6, IL-8 & CCL2 Stretch (cyclic 30%, 1.25 Hz) M1 (GM-CSF induced) - Lung injury (44)
hMDM
1 TNF-o. & CCL2 Stretch (cyclic 30%, 1.25 Hz) M2 (M-CSF induced) - Lung injury (44)
hMDM
1 IL-1a, IL-6, IL-8 & CCL22 GSK101 (3 nM) or Stretch (cyclic 30%, NCI-H292 Lung injury (44)
1.25 Hz)
1IL-6 & CXCL1 Mechanical ventilation (30 mikg Ty) Balb/c mice Lung injury (44)
(bronchoalveolar lavage
fluid)
| IL-6, TNF-o. & ROS LPS (100 ng/mL) TRPV4 siRNA RAW267.4  Lung injury 62)
1 NO & ROS 40-PDD (10 uM) mAM Lung injury (11)
1 ROS 40-PDD (10 uM) Endothelial cells Lung injury (36)
1 IL-6, CXCL1 & CXCL2 LPS (100 ng/mL) trov4”- mBMDM Pulmonary infection and (12)
clinical strain of Pseudomonas trov4”" C57BL6 mice injury in murine pneumonia
aeruginosa embedded in agarose beads  (whole lung lavage fluid) model
1IL-1B L IL-10 LPS (100 ng/mL) & pathological matrix trpv4”~ mBMDM Pulmonary infection, injury, (13)
stifiness (25kPa) and fibrosis
L IL-10, IL-1B, IL-3, IL-5, IL-6, IL-12p40, IL-12p70, IL-13,  LPS (50 mg/kg) + GSK219 (1 mg/kg) C57BL6/J mice (blood Sepsis (45)
IL- 170, INF-y, TNF-0,, CCL2, CCL3, CCL4, CCL5 & GM- concentration)
CSF
1 IL-6, CCL2, CCL5 & CXCL1 Intracolonic administration of 4a-PDD Mouse colonic tissue Colitis (35)
(200 pug in 40% ethanol)
1 IL-8, CCL2, CXCL9 & CXCL10 40-PDD (100uM) Caco-2 Colitis (35)
1 IL-8, CCL5 CXCL9 & CXCL10 40-PDD (100uM) T84 Colitis (35)
1 CCL2 GSK101 (10nM) or Hypotonic stimuli Muller glia Acute retinal detachment (46)
(200 mOsm/kg)
1 Prostaglandin Fa, GSK101 (100 nM) Aorta from high-salt diet-  Hypertension 43)
fed mouse
1 Prostaglandin E2 GSK101 (300 nM) mMM GI motility (14)
1 ATP GSK101 (100 nM) or Heat (25 -35.8°C)  Mouse esophageal GERD, wound healing (37,
keratinocytes 47)
GSK101 (100 nM) or 5,6-EET (500 nM)  RGE1-01 Gastric emptying (48)
or mechanical stretch (120% lateral
stretch)
GSK101 (0.01 mL, 50 nM) Rat corneal epithelium +  Acute ocular hypertension (49)
stroma, endothelium,
cornea
GSK101 (10 nM - 10 uM) Human bronchial epithelial  COPD (cigarette smoking- (38)
cells related)
40-PDD (3 uM, 10 uM) HET-1A Esophagitis and GERD (39)
GSK101 (100 nM) Mouse cholangiocytes Cholestatic liver disorders (40)
Stretch (400 um/s) or 4a-PDD (10 uM) Mouse urothelial cells Bladder function (41)
40-PDD (10 pM) Astrocyte N/A (42)

mBMDM, mouse bone marrow-derived macrophages; hMDM, human blood monocyte-derived macrophages; mAM, mouse alveolar macrophages; mMM, mouse muscularis
macrophages; Gl, gastrointestinal; GERD, gastroesophageal reflux disease; COPD, chronic obstructive pulmonary disease; GSK101, GSK1016790A; GSK219, GSK2193874; 4a-

PDD, 4a-Phorbol 12,13-didecanoate; N/A, not available.
increased: | = decreased.
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Stimulation Effects of Stretch Stretch mediated changes in expression

CD11b Piezo1 Actin
Unstim. No effect No effect No effect Static: enhance
IFNY/LPS Stretch: suppress inflammation Stretch: enhance Stretch: suppress Stretch: enhance
IL4/IL13 Static: enhance healing Cyclic: suppress No effect No effect

Cyclic: suppress healing

Changes in stretch mediated effects in macrophage inflammatory/healing responses as well as differences in CD11b, Piezo1, and F-actin expression are summarized. Stretch denotes
similar observations between both cyclic and static stretch conditions.
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