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The pathophysiology of autoimmune disorders is multifactorial, where immune cell migration, adhesion, and lymphocyte activation play crucial roles in its progression. These immune processes are majorly regulated by adhesion molecules at cell–extracellular matrix (ECM) and cell–cell junctions. Integrin, a transmembrane focal adhesion protein, plays an indispensable role in these immune cell mechanisms. Notably, integrin is regulated by mechanical force and exhibit bidirectional force transmission from both the ECM and cytosol, regulating the immune processes. Recently, integrin mechanosensitivity has been reported in different immune cell processes; however, the underlying mechanics of these integrin-mediated mechanical processes in autoimmunity still remains elusive. In this review, we have discussed how integrin-mediated mechanotransduction could be a linchpin factor in the causation and progression of autoimmune disorders. We have provided an insight into how tissue stiffness exhibits a positive correlation with the autoimmune diseases’ prevalence. This provides a plausible connection between mechanical load and autoimmunity. Overall, gaining insight into the role of mechanical force in diverse immune cell processes and their dysregulation during autoimmune disorders will open a new horizon to understand this physiological anomaly.
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INTRODUCTION
The concept of “immune tolerance” was proposed by Macfarlane Burnett in 1948, where it was defined as an acquired immunological inertness or “ability of the immune system to prevent itself from targeting self-molecules, cells, or tissues” (Cojocaru et al., 2010). However, further research has discovered that breaches in this tolerance mechanism can lead to the development of autoimmune diseases (ADs), where immune responses against self-antigens are observed. Patients can lead normal lives despite suffering from a single AD with proper lifelong treatment. Additionally, the occurrence of one autoimmune disorder increases the susceptibility for other ADs, which leads to a systematic clinical manifestation called multiple autoimmune syndromes (Cojocaru et al., 2010). This comorbidity brings havoc in the life quality of patients and is predicted to occur in approximately 25% of the population who are suffering from any one AD (Cojocaru et al., 2010). These diseases affect nearly 3%–5% of the population worldwide, and the number is gradually increasing (Jacobson et al., 1997; Eaton et al., 2007; Wang et al., 2015). The onset and prevalence of AD vary among patients as substantial heterogeneity exists by different genetic and environmental factors (Bogdanos et al., 2012; Wang et al., 2015). Nearly a hundred AD have been identified to date, and the list of ADs in the autoimmune registry is being constantly updated (Kienberger et al., 2005). Among them, type 1 diabetes mellitus (T1DM), autoimmune thyroiditis, multiple sclerosis (MS), and rheumatoid arthritis (RA) are some of the most prevalent autoimmune disorders.
It is well-established that mechanical force plays an indispensable role in diverse cellular processes (Webb, 2003; Matsumura, 2005; Vicente-Manzanares et al., 2009; Maître and Heisenberg, 2011; Wruck et al., 2017); however, its direct influence on immune cells and their processes still remains elusive. Different immunological processes, ranging from immune cell migration and adhesion under shear flow to dynamic cell–cell interaction, have been observed to occur under mechanical force (Lafaurie-Janvore et al., 2013; Natkanski et al., 2013; Yusko and Asbury, 2014; Huse, 2017). These forces are sensed as well as transmitted by mechanosensitive proteins present in both the cytosolic and extracellular regions of the cell. Additionally, the nuclear LINC complex and other nuclear proteins such as SUN and YAP/TAZ factors transmit force while interacting with their interactors (Dupont et al., 2011; Bone et al., 2014; Elosegui-Artola et al., 2017; Donnaloja et al., 2019). Mechanosensitive ion channels such as different subtypes of transient receptor potential (TRP) channel (Nikolova-Krstevski et al., 2017), the mechanosensitive channel of small conductance (MscS) channels (Zhang et al., 2021), and piezo channels (Wang et al., 2019) have been reported to be involved in MS and experimental autoimmune encephalomyelitis (EAE) model, RA (Jairaman et al., 2021), ulcerative colitis (Toledo-Mauriño et al., 2018; Silverman et al., 2020), and Crohn’s disease (Alaimo and Rubert, 2019). These mechanosensitive proteins sense force and subsequently transduce biochemical signals to both inside and outside of the cell, regulating cell shape, size, and its fate (Dong et al., 2009; Paluch and Heisenberg, 2009; Yusko and Asbury, 2014; Sivarapatna et al., 2015; Kumar et al., 2017; Leal-Egaña et al., 2017; Schakenraad et al., 2020). Among these mechanosensitive proteins, adhesive proteins are the major players in mediating the mechanical cross-talk between the cell and extracellular matrix (ECM). Integrin, being a major adhesive protein, plays a crucial role in AD progression through different immune cell processes (McMurray, 1996; Steinman, 2004; Rose et al., 2007; Chase et al., 2012; Engl et al., 2014; Sun et al., 2016). While interacting with both the intracellular and intercellular partners, integrin regulates immune cell functioning like cell migration, adhesion, lymphocyte activation as a major co-stimulator (Kong et al., 2009; Sun et al., 2016; Nordenfelt et al., 2017; Jaumouillé et al., 2019). Notably, force plays a regulatory role in integrin activation, and several studies have quantified the mechanical force controlling the integrin-mediated immune mechanisms (Woolf et al., 2007; Kong et al., 2009; Chen et al., 2010; Franck et al., 2011; Stout et al., 2016; Sun et al., 2016; Sun et al., 2019). Therefore, the mechanical role of integrin in the causation of abnormal immune responses, specifically in AD, is of keen interest. In this review, we have illustrated how integrin’s mechanosensitivity is regulated in different immune cell processes, resulting in different ADs. Interestingly, we have provided a new insight that tissue stiffness possesses a positive correlation with AD prevalence, indicating a plausible role of tissue stiffness in AD progression. Overall, this review will provide a new physical perspective to autoimmune disorders, where mechanical load could play a pivotal role in disease pathobiology.
INTEGRIN SENSING MECHANICAL FORCE
Ligand specificity of integrins is decided by the couplet combinations of its α and β subunits (Table 1). Generally, one integrin heterodimer is capable of binding many ligands, and similarly, one ligand can interact with different integrin subtypes. Extracellular ligand interactions of integrin are divided into several groups, based on the structural disposition of the molecular interaction (Hynes, 2002; Humphries et al., 2006; Bachmann et al., 2019): i) RGD-binding integrins, recognizing diverse extracellular ligands with RGD motif; ii) LDV motif-binding integrins, which interact with ligands with LDV motif; iii) αI domain-containing α subunits, which bind to laminin/collagen; iv) non-αA/αI domain-containing integrin, which interacts with laminin while pairing with β1 subunit (Humphries et al., 2006); and v) some integrins that exhibit a change in conserved GFFKR sequence in the membrane proximal part of α subunit (Dickeson and Santoro, 1998; Hynes, 2002; Humphries et al., 2006; Barczyk et al., 2009; Bachmann et al., 2019). On the other hand, members of the integrin interactome can be broadly classified into three categories: ECM ligands containing the RGD sequence; transmembrane proteins such as tetraspanin, syndecan, and CD47, which interact laterally with integrins while being attached to the cell membrane; and intracellular proteins like talin and kindlin binding to the cytosolic tails of α and β subunits to trigger inside-out signaling (Emsley et al., 2000; Xiong et al., 2002; Shimaoka et al., 2003; Xiao et al., 2004).
TABLE 1 | Classification of major integrin with a cluster of differentiation (CD) nomenclature.
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Integrin subtypes undergo conformational changes through three states: bent-closed, extended-closed, and extended-open conformation. However, its underlying mechanism upon ligand binding is highly debated by the supporters of switchblade and deadbolt models. Integrin activation, shifting from its bent-closed conformation (inactive) to the extended-open conformation (active with high affinity), causes the ligand-binding site to move 150–200 Å away from the cell surface (Zhu et al., 2007a; Jahed et al., 2014). This is followed by the initiation of integrin-mediated mechanotransduction by switching to its thermodynamically unstable active conformation by either “outside-in” or “inside-out” mechanism. The “inside-out” mechanism involves a key intracellular player talin, which, along with kindlin, has the unique ability to activate integrins (Goult et al., 2021; Cowell et al., 2021). This activation of integrins, followed by ligand binding, results in integrin clustering. This causes the heterodimers to oligomerize, forming lateral assemblies that eventually mature into focal adhesion complexes (Jahed et al., 2014). Though the mechanism of clustering is elusive, it is majorly regulated by inside-out signals that recruit multimeric protein complexes to integrin tails (Shattil et al., 2010). By contrast, outside-in signaling allows integrin to bind ECM proteins such as fibronectin, laminin, and collagen, enhancing the force transmission across the cell membrane and subsequent integrin interaction with talin and kindlin (Sun et al., 2019; Chakraborty et al., 2019; Goult et al., 2018). Once talin binds to the NPxY motif in the structurally conserved PTB-like domain of integrin, integrin α and β cytoplasmic tails separate, resulting in its activation (Kong et al., 2009). Interestingly, it is recently discovered that the flexible loop in the F1 domain of the integrin head is crucial for activating the β3 domain of integrin (Kukkurainen et al., 2020). Although talin itself is unable to cross the thermodynamic barrier to activate integrin, it can disrupt the transmembrane salt bridge between two integrin subunits with the help of PIP2 (Figure 1) (Sun et al., 2019; Orłowski et al., 2015a). Talin remains attached to the cytoskeleton via actin and acts as a linchpin partner for integrin in relaying force from the inside-out (Cowell et al., 2021; Chakraborty et al., 2019). Talin interacts with the RIAM protein in a Rap1-dependent manner and has been observed to enhance integrin activation during leukocyte stimulation (Goult et al., 2013; Yao et al., 2015; Gough et al., 2021; Han et al., 2006). Kindlin, on the other hand, binds to the membrane-distal region of the β-integrin tail to its NxxY motif. While a tension of 10 pN has been measured across talin molecules at focal adhesion sites, kindlin experiences no intramolecular tension despite being directly linked to F-actin (Austen et al., 2015; Bledzka et al., 2016). Both protrusive and contractile F-actin dynamics work in tandem at cell–ECM contacts to generate frictional drag (Huse, 2017). These molecules form the focal adhesion complex with talin–integrin linkage as a center of the “molecular clutch.” Gradual integrin clustering matures the focal adhesion by recruiting adaptor proteins like vinculin and kindlin, manipulating actin retrograde motion by traction force generation (Figures 1, 2D,E) (Khan and Goult, 2019). Remarkably, increased forces sustained by the focal adhesion have been shown to correlate with the integrin cluster size during the focal adhesion maturation for larger adhesions over 1 μm (Wang et al., 2015). No such correlation, however, exists for smaller adhesions or beyond the initial stages of myosin-mediated adhesion maturation and growth (Tan et al., 2003; Stricker et al., 2011; Mehrbod and Mofrad, 2013).
[image: Figure 1]FIGURE 1 | Integrin-dependent mechanotransduction by outside-in and inside-out signaling. Integrin can exist between three conformational states: bent-closed, extended-closed, and extended-open conformation. Bent-closed conformation is functionally inactive and thus could not interact with cell–extracellular matrix (ECM) ligands. Chemokine signaling initiates RIAM to bind the autoinhibited talin. The autoinhibited talin–RIAM complex binds to the Rap1 protein, which activates talin by extending it from the autoinhibited structure. Subsequently, the extended talin binds to the NPxY motif of the cytosolic tail of the β subunit of integrin. Talin binds to PIP2 by the FERM domain (red pentagon) and actin by its actin-binding domains. These interactions break the transmembrane salt bridge between α and β subunits and activate integrin by providing the required force, which allows integrin to cross its internal thermodynamic barrier, resulting in the active state stabilization by the very low force provided by talin. Now activated integrin is able to bind ECM ligands on the extracellular region connected to the actomyosin complex inside the cell. On the contrary, integrin also gets activated from the extended-closed structure through outside-in force sensing by forming interacting bonds with its intercellular ligands like CAMs or ECM proteins. The thermodynamic barrier causes conformational fluctuation between the most stable bent-closed to unstable extended-open conformation through a transient extended-closed state. While experiencing ligands outside the cell, the extended-closed conformation has the ability to form a transient bond with the ligand (here CAM), which transmits the force through integrin to talin. Talin along with PIP2 breaks the transmembrane salt bridge, activating the integrin to extended-open conformation. This is followed by the binding of the actin cytoskeleton to talin. This provides longer and more durable catch-bond formation, under force, between the integrin-extracellular ligand, thus transducing the signaling cascades and retrograde flow to regulate immune synapse formation, activation of lymphocytes, tissue invasion by migration, cytotoxicity, etc. (Orłowski et al., 2015b; Haining et al., 2016; Yao et al., 2016; Khan and Goult, 2019; Sun et al., 2019).
[image: Figure 2]FIGURE 2 | Integrin-mediated immune cell adhesion to endothelial cells under a shear force of blood flow. (A) Migration of immune cells under force—immune cells traveling through the blood vessel experience a shear force of the blood flow. Chemokines (green) are secreted by the endothelial cells lining the tissue displaying self-antigens; however, the chemokine gradient is highest near the infectious tissue. The chemokines slow down the flow rate of the migratory leukocytes towards the site of infection under the shear stress of blood flow, equivalent to 1 dyn/cm2. (B) Slip-bond formation and decrement in cell migration velocity—cells gradually decrease the speed along with the rise of chemokine gradient and tumble on the endothelial cells of the blood vessel. The selectin molecules, expressed by the leukocyte, interact with its counterpart expressed on the endothelial cells. However, their interaction under a shear force of blood flow causes the slippage of the bonds, allowing the cell to roll on the endothelial layer, while rolling numerous numbers of slip bond forms and breaks between the molecules like P-selectin, E-selectin, PSGL1, E-cadherin, etc. (C) Extended-closed integrins—the GPCR expressed on the leukocytes interacts with the chemokine to activate PI3K that induces Rap1–RIAM complex to activate talin for further binding with the β subunit cytosolic tail of integrin. This partially activates integrin from its bent-closed to extended-closed structure. (D) Integrin activation leading to focal adhesion—the extended-closed integrin gets activated, either by outside-in signaling by interacting with CAM while rolling on the endothelial layer or by inside-out signaling through sensing the force from talin–actin complex. The activation breaks the integrin salt bridge, transforming it into a thermodynamically unstable but active extended-open conformation. This forms integrin–ligand catch bonds under blood-flow shear force, resulting in complete adhesion of the immune cells to the endothelial layer. During this interaction, the force is transmitted through integrin both outside and inside the cell, which finally transduces downstream forming the focal adhesion. (E) Adhesion of cell—this focal adhesion regulates the cell's shape and migration and strictly adheres the cell on the endothelial layer by inducing the catch-bond formation. (F) Diapedesis—while remaining attached on the endothelial surface in the infected tissue, the self-reactive immune cells transmigrate in between adjacent cells by diapedesis towards the infected tissue region (Zhu et al., 2007b; Jahed et al., 2014; Huse, 2017).
Each talin–integrin molecular clutch is believed to have its own threshold, beyond which a mechanosensing event is triggered resulting in the adhesion growth by increased integrin recruitment (Oria et al., 2017). The entire dynamics are tightly controlled by mechanical signals, acting as a well-oiled “gearbox.” As a result, the adhesion turnover is monitored through the contraction of the actomyosin skeleton and the cellular traction force (Chakraborty et al., 2019). The rate of adhesion turnover is essential in the force transmission and adhesion strengthening, since it controls the force redistribution pattern across its scaffolding thereby, forming a heterogeneous focal adhesion complex (Elosegui-Artola et al., 2016). Interestingly, the cellular response increases with both matrix rigidity and ligand density, which finally promotes adhesion growth (Elosegui-Artola et al., 2016). This challenges the wide consensus where the collapse of the adhesion complex was observed under high load, beyond a second rigidity threshold of 30 kPa for 100-nm-spaced substrates and 150 kPa for 50-nm-spaced substrates (Oria et al., 2017). Additionally, a small increase in ECM stiffness can directly affect mechanotransduction (DuFort et al., 2011). For example, on soft ECMs (∼1.5 kPa), integrins cluster with intermolecular distances of ∼200 nm (Oria et al., 2017), but stiffer ECMs of higher tensions (∼150 kPa) enable denser clustering of integrins with ∼60-nm separable distance forming more stable adhesions (Cavalcanti-Adam et al., 2007). Interestingly, the positioning of molecular clutch engagement varies among cell types and affects those cellular motilities (Huse, 2017). Hence, the talin–integrin clutch plays a crucial role in efficient migration by localizing the adhesions to areas with stiff ECM and active F-actin protrusion. This additionally constrains the rapid actin polymerization, which otherwise is energetically costly and limits the formation of unnecessary adhesive contacts (Huse, 2017).
The role of force-dependent integrin binding in cell–cell adhesion and cell–ECM interaction is indispensable. Different force-based imaging techniques have observed the biomechanics of leukocyte circulation, endothelial and trans-endothelial migration, and their persistence in the surrounding matrix (Schwartz et al., 2021). For example, traction force microscopy (TFM) has revealed that neutrophils and migrating T cells have force exertion concentrated in the rear side, where fully activated extended integrins are also found to cluster, similar to a “rear-wheel drive” mechanism (Jannat et al., 2011a; Dixit et al., 2011; Smith et al., 2007; Green et al., 2006). By contrast, macrophages and dendritic cells (DCs) exhibit maximum traction forces near the leading edge of the diapadesing cell (Gardel et al., 2010a; Renkawitz and Sixt, 2010a). This is similar to the “front-wheel drive” of fibroblasts and endothelial cells (ECs), which form focal adhesions at the base of their lamellipodia (Gardel et al., 2010b; Renkawitz and Sixt, 2010b). Leukocyte diapedesis has been shown to increase with the substrate stiffness, which in turn is correlated with higher DLC-1 expression in ECs. This stabilizes ICAM1 (a ligand of LFA-1 and Mac-1) adhesome during the trans-endothelial migration, a form of diapedesis (Schimmel et al., 2018). It is also well known that trans-endothelial migration of leukocytes is strongly enhanced by the matrix stiffness of the vasculature (Huynh et al., 2011). Notably, α actinin-4 recruitment has been reported to be a strong influencer of endothelial stiffness, regulating the spreading and subsequent diapedesis efficiency of adhesive polymorphonuclear (PMN) cells. This EC stiffness also regulates the function of ICAM1, an integrin ligand, controlling the transmigration of neutrophils (Schaefer et al., 2014). Martinelli et al. has shown that EC mechanics including a defined substrate stiffness can switch the diapedesis route (Martinelli et al., 2014). Indeed, they observed that initiation of diapedesis requires local reduction of EC stiffness, and thus, trans-endothelial migration occurs majorly at low stiffness sites (Huveneers et al., 2015). Recently, it has been shown that monocyte migration and adhesion are also stiffness dependent and correlate well with ICAM1/VCAM1 expression (Chen et al., 2019). The mechanism by which ECs render the matrix stiffness toward trans-endothelial migration remains less explored. An AFM-based study shows that increasing the matrix stiffness from 0.5 to 100 kPa increases LFA-1/ICAM1 binding force from 123 to 220 pN, thereby augmenting the chance of leukocyte adhesion to ECs and promoting trans-endothelial migration (Jiang et al., 2016). Monocyte adhesion and diapedesis have been shown to be dependent on integrin ligands such as ICAM1, ICAM2, and VCAM1 (Schenkel et al., 2004). Neutrophil transmigration has also been reported to be influenced by EC stiffness through myosin light chain kinase (MLCK)-dependent cell contraction (Stroka and Aranda-Espinoza, 2011). By contrast, in the case of ICAM1 or VCAM1 interaction, CD4+ T-cell migration becomes shear dependent instead of stiffness dependent (Kim and Hammer, 2021). Similarly, another study has shown a stiffness-dependent T-cell migration and adhesion via T-cell receptor (TCR) mechanosensing (Bashour et al., 2014). Inflammation can result in higher stiffness of the tissue matrix, further modulating the transmigration pathway (Fowell and Kim, 2021). This indicates that the endothelial stiffness effect on transmigration could be a linchpin factor depending on the cell type interacting with the ECs with respective ligand interactions. Additionally, tenertaxis, or the guidance of lymphocyte migration by the path of least mechanical resistance, has been proved to support the lymphocyte diapedesis through the mechanically softer tissues (Martinelli et al., 2014). Interestingly, leukocyte migration through 2D and 3D environments differs according to the matrix and tissue stiffness (Mestas and Ley, 2008; McIntyre et al., 2003). For example, leukocytes, although displaying adhesive receptor-dependent migrations in 2D, generally prefer amoeboid-type migration in 3D, which is independent of adhesion proteins (Gaertner et al., 2022; Yamada and Sixt, 2019; Reversat et al., 2020). However, mesenchymal migration of macrophages has been reported to be adhesion protein-dependent with integrin as a major one. Cui et al. (2018) showed that macrophage migration can be regulated by αMβ2 and αDβ2 integrin-mediated adhesome even in a 3D environment, and thus, receptor-mediated migration is not only limited to 2D matrix stiffening. Recently, Bhattacharjee et al. discussed that immune cell–ECM crosstalk could be critically involved in different autoimmune skin diseases (Bhattacharjee et al., 2019). Different groups have debated that immune cell–ECM interaction is pivotal for cell migration and other immune cell processes (Boyd and Thomas, 2017; McMahon et al., 2021; Moreau et al., 2017). Hons et al. (2018) has also demonstrated that intra-nodal migration of T cells is regulated by both cytokine and integrin, controlling actin flow and substrate friction. Other ADs (except RA) like scleroderma and psoriasis are known to be crucially regulated by integrin interaction with matrix ligands (Conrad et al., 2007; Pattanaik et al., 2015; Gerber et al., 2013). As the mesenchymal migratory route is opted more often in the stiffened matrix, with the help of matrix metalloproteinase (MMP)-secreting invadopodia, the stiffened matrix also regulates the occurrence of pathobiological signaling. Specialized cellular structures like podosomes and invadosomes, which are involved in diapedesis, invasion, and migration of myeloid-originated immune cells (Dufrançais et al., 2021), are formed by the integrin-mediated focal adhesion complex (Martinelli et al., 2014; Hood and Cheresh, 2002). Labernadie et al. measured the podosome mechanics within the living macrophage using AFM methodology and observed that the podosome stiffness is 43.8 ± 9.5 kPa (reported as mean ± s.e.m.). This specialized cellular structure is crucial in assisting the motility of macrophages through ECM degradation and tissue invasion (Labernadie et al., 2010). Integrin-controlled immune cell processes mentioned here and in Table 2 support the role of mechanotransducing integrin in inflammatory processes, which finally assists the immune cells in migration and tissue penetration (Hood and Cheresh, 2002).
TABLE 2 | Integrin–ligand interaction playing regulatory roles in immune cells processes.
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It is well-established that integrins sense and transmit mechanical force; however, it remains unclear whether a specific integrin bears maximum load (over 30 pN) or it is a cumulative effort of many weaker interactions by the entire adhesion structure (Chang et al., 2016). As integrin activation and ligand binding result in integrin clustering on the cell membrane, hundreds of adaptors and signaling molecules nucleate at their cytosolic tails to form a large dynamic supramolecular complex, called the integrin adhesome or focal adhesion (DuFort et al., 2011). Single-molecule techniques like FRET-based molecular tension sensor (Li and Springer, 2017), AFM (Hinterdorfer et al., 1996), optical force microscopy (Stout and Webb, 1998), magnetic tweezers (Roca-Cusachs et al., 2009), and ensemble techniques like micropipette-based force transducers (Evans et al., 1991; Evans et al., 1995; Shao and Hochmuth, 1996; Chesla et al., 1998), centrifugation (Lotz et al., 1989; Piper et al., 1998), and shear flow have been used to measure the integrin–ligand interaction under force (Tha et al., 1986; Alon et al., 1995; Pierres et al., 1995a; Pierres et al., 1995b). An AFM study by Franz et al. has observed receptor–ligand recognition forces to fall within the wide range of 1–100 pN at a loading rate of 102–10 pN/s (Bogdanos et al., 2012), and acting on short distances between 0.1 and 1 nm (Franz et al., 20072007). Recently, Chang et al. (2016) observed that most integrins bear 1–7 pN of force, which is nearly 10-fold less than the maximum load that integrins have been found to uphold. By contrast, a previous AFM study showed that a peak rupture force of 120 pN (observed at a loading rate of 10–50,000 pN/s and pulling speed of 1–15 μm/s) is required for a single α5β1/FN interaction (Li et al., 2003). However, using optical tweezers, Thoumine et al. (2000) measured average integrin bond strength within 20–28 pN. Interestingly, it has also been observed that some integrin subtypes within the adhesions have the ability to withstand higher forces than the empirical measurement, reinforcing the idea of differential force transmission among integrin subtypes. In fact, when fibronectin-binding α5β1 and αVβ3 were subjected to a small force of 1 nN using magnetic tweezers, Roca-Cusachs et al. (2009) found that αVβ3 could not sustain the applied forces while α5β1 was inhibited, suggesting individual integrin molecules are capable of withstanding different mechanical loads. While αVβ3 is important for reinforcement and mechanotransduction, α5β1 is mainly involved in mediating adhesion strength (Roca-Cusachs et al., 2009). At 30 pN, α5β1 integrin achieves maximal affinity for fibronectin (Kong et al., 2009), while LFA-1 and Mac-1 show optimal functioning under 10–15 pN (Chen et al., 2010; Rosetti et al., 2015). Moreover, using AFM-based single-cell force spectroscopy, Wang et al. (2018) suggested ligand-specific activation of α4β7 via MAdCAM-1 and VCAM1 interactions and showed that Mn2+ addition increased the force-dependent lifetime of these interactions besides increasing integrin ligand-binding affinity. The ability of α4β7 to switch its conformer specificity allows it to precisely regulate leukocyte homing in tissue. These data also suggested that β2 integrin may also have similar ligand-specific active states induced by differential activation (Wang et al., 2018). Therefore, the force spectroscopic technologies quantified the force-dependent interactions of different integrins with their ligands, which further aided in understanding their interactions in vivo.
In addition to biochemical and intracellular activation, integrins can also be activated by forces experienced directly from the extracellular region, inducing catch-bond formation with the respective ligand. While most tensional forces weaken protein–protein interactions by forming slip bonds (Figure 2B), catch bonds are formed between almost every integrin–ligand interaction. By definition, catch bonds are formed between receptor and ligand to act like molecular hooks that dissociate easily in the absence of force but remain reinforced under tensile forces (Hertig and Vogel, 2012). These bonds are induced upon experiencing a range of mechanical force and are responsible for strengthening adhesion and drastically increasing bond lifetimes. For example, for specific interaction between α5β1 and fibronectin, 10–30 pN of force was observed by Kong et al. (Sun et al., 2019). However, while force application accelerates catch-bond activation by passing the short- to long-lived state of integrin across its free energy barrier, it is not essential for strengthening adhesion (Hertig and Vogel, 2012; Kinoshita et al., 2010; MacKay and Khadra, 2020). In the case of integrin, many extracellular domains can interact with each other when in bent-closed conformation to stabilize the nonactivated state (Hertig and Vogel, 2012). More importantly, the catch bond formed between α5β1 and fibronectin leads to a force-induced conformational change in the integrin headpiece allosterically, which drives the α5 subunit to associate with the synergy site in FNIII9 of fibronectin (Figure 2D) (Kong et al., 2009; Chen et al., 2010; Rosetti et al., 2015; Sun et al., 2019). Kong et al. (2009), using AFM-clamp experiments, quantified the lifetime of single α5β1/FN bonds at forces as low as 4 pN and observed catch-bond formation ≤30 pN (at a cantilever pulling speed of 200 nm/s). Upon truncating the leg region and using two activating monoclonal antibodies (mAbs) binding the headpiece, they found that the catch-bond formation involves force-assisted activation of the headpiece but not integrin extension (Kong et al., 2009). Additionally, integrins like LFA-1 (αLβ2) and Mac-1 (αMβ2) also form catch bonds with their ICAM ligands. Notably, Lou et al., using a biomembrane force probe, measured single-bond interactions between LFA-1 and ICAM1 (Chen et al., 2010). They found that integrin LFA-1 forms catch–slip bonds with ICAM1 in three cation conditions and in the presence of a chemokine that triggers inside-out signaling. With a gradual increment of force, LFA-1/ICAM1 bond lifetimes first increase, forming catch bonds, and as their off-rates decrease, then slip bonds form beyond a threshold of 15 pN, declining the bond lifetime (Chen et al., 2010). Interestingly, on changing the divalent cations from Ca2+/Mg2+ to Mn2+, the peak of the average lifetime curve has been observed to increase from 10 to 15 pN. More importantly, upon using an internal ligand antagonist XVA143 that blocks the pulling force of the α7-helix, suppression of intermediate-/long-lived states was observed, leading to the elimination of catch bonds and revealing an internal catch bond between the αI and βI domains of LFA-1 (Chen et al., 2010). In contrast, to catch bonds, a more intuitive biomolecular interaction is the formation of slip bonds. These slip-bonds can be observed between E-selectin and their ligands, like different integrins, antibodies or antigens. (Li et al., 2016). Chen et al. (2011) showed that pulling force at a cyclic RGD motif bound to the integrin head also extended the integrin, suggesting force-dependent activation of integrins. The formation of catch bonds between integrins and their ligands is proved to be an important aspect of various immunological functions. For example, the LFA-1/ICAM1 interaction is majorly responsible for leukocyte migration and firm adhesion under force (Chen et al., 2010). Similarly, the fibronectin-receptor integrin α5β1 plays a direct role in angiogenesis (Kong et al., 2009). Integrin α4β1 (or VLA-4) is expressed on T and B lymphocytes, monocytes, eosinophils, neutrophils, and natural killer cells, promoting inflammatory responses by assisting leukocyte migration. Lastly, αMβ2 (or Mac-1) is another important integrin that is highly upregulated in migrating phagocytes (Lishko et al., 2003). These examples lead to the understanding that catch bond–slip bond transitions during the integrin–ligand interactions, under mechanical force-sensitive scenarios, will play crucial roles in immune cell mechanisms.
MECHANOSENSITIVE INTEGRINS REGULATE IMMUNE CELL PROCESSES
Immune cells are known to migrate towards their destined site by rolling, and then it tethers and firmly adheres to the ECs, further transmigrating into the tissue by diapedesis (Figure 2). An example of precise spatiotemporal adhesion regulation under force is leukocyte rolling, which is mediated by selectins. It is plausible that shear force might be disruptive and impede leukocyte adhesion; however, it has been observed to be essential for optimal selectin-dependent adhesion. An AFM study has revealed that selectins form catch bonds with an optimum force of <20 pN (Marshall et al., 2003). Also, at a shear stress of >6 dyn/cm2 and pulling force of ∼35 pN per microvillus, leukocyte rolling is stabilized by the dynamic transition between slip and catch bonds. As immune cells tether to the ECs, a firm adhesion takes place through the integrin interaction with cell adhesion molecules (CAMs) on ECs. For example, T cell with the expressed integrin interacts with ICAM1 on the ECs. These integrin–CAM interactions are force-dependent and are allosterically strengthened within 10–30 pN of force (Sun et al., 2019). For example, in T cell, the expressed integrin LFA-1 gets activated either by activation of GPCRs on binding with chemokines or when auto-antigens are displayed by the antigen-presenting cells (APCs) to bind TCR, thus finally activating T cells in a mechanosensitive manner (Figure 3) (Savinov and Burn, 2010). Activation of TCR induces the interleukin-2 (IL-2)-induced T-cell kinase followed by activation of phospholipase C-γ1 (PLC-γ1) (Savinov and Burn, 2010). This PLC-γ1 induces a GEF Rap1 to form a complex with RAPL, eventually to induce the open conformation of αLβ2, or LFA-1, the most common integrin expressed in immune cells, to bind ICAM1. TCR activation also has the ability to phosphorylate GEF2 and induce Rap1 to ultimately change the conformation of αLβ2. Even GPCR activation leads to downstream signaling of PI3K, PLC, Rho, Ras, and MAPK-dependent pathways, which trigger the Rap1–RAPL complex to activate LFA-1 (Savinov et al., 2003; Kellermann et al., 2002; Amsen et al., 2000). These different modes of activation cause clustering of αLβ2/ICAM1 in the immune synapse, thus firmly adhering the T cells to the ECs even under shear stress (Figures 1, 2). Interestingly, cell rolling to adhesion at high shear stress helps TH cells access the site of inflammation, which is significantly increased in the case of ADs (Skapenko et al., 2005; Bartholomäus et al., 2009). In the case of neutrophil motility, it was observed that these cells show integrin-dependent migration on surfaces as stiff as 12 kPa, whereas in less stiff surfaces (∼2 kPa), they show integrin-independent motility but exert a reduced traction force (Jannat et al., 2011b). Interestingly, during neutrophil transmigration, it has been shown to exert an immensely strong force of 60 nN per cell. Notably, the importance of mechanical threshold has also been noticed when B cells selectively internalized only high-affinity antigens, for optimally functioning as APC, before presenting it to CD4+ T cells (Huse, 2017). Interestingly, Tedford et al. proved that B cells adhere to the ECM very strongly at 3 dyn/cm2 of shear force in the murine model (Tedford et al., 2017). This binding is stabilized by LFA-1 interaction with ICAM1 and VCAM1. Due to a huge elevation of T-cell and B-cell functioning displayed by both systemic and organ-specific Ads, the role of NK cells becomes more prominent (Kucuksezer et al., 2021). Additionally, the guidance of NK cells towards specific tissue can be attributed to mechanical factors like tissue stiffness and cellular elasticity (Swaney et al., 2010). On the other hand, softer tissue (∼0.1–100 kPa) (Huang et al., 2012) causes talin polarization (which is defined as the localization or accumulation of talin at the cell–cell interface and is known to be integrin-dependent) in the interface of lymphocyte and target cell, forming unstable adhesion and lesser NK cell activation (Kupfer and Singer, 1989; Sedwick et al., 1999; Chakraborty et al., 2019; Friedman et al., 2021).
[image: Figure 3]FIGURE 3 | Regulatory role of force during lymphocyte activation in immune synapse—during T lymphocyte activation (green), it interacts with an antigen-presenting cell (APC; blue) to recognize the antigen, presented by the APC. During this binding, there form three regions: central regions of supramolecular activation complex (cSMAC), peripheral SMAC (pSMAC), and distal SMAC (dSMAC). TCR/peptide–MHC interaction occurs in the cSMAC region and is required for the T-cell activation, whereas force-dependent integrin–ligand (LFA-1/ICAM1) interactions take place in the pSMAC region, which surrounds the inner cSMAC region. This results in the formation of focal adhesion complexes inside the lymphocyte at the immunological synapse. This integrin interaction at the pSMAC plays a crucial role in the co-stimulation of T-cell activation by forming adhesome enriched with talin bounded actin–myosin complex. Additionally, the interaction between TCR-antigen–MHC complexes in the cSMAC also occurs under force and forms catch bonds up to ∼10 pN (Huse, 2017).
This suggests that T-cell and B-cell migration and homing (Matsumoto et al., 2017) can elevate autoimmunity in an integrin-dependent manner (Norman and Hickey, 2005). In addition to that, the success of anti-integrin antibodies in decreasing the effects of autoimmunity also supports the role of integrin in autoimmunity (Kawamoto et al., 20122012; Rath et al., 2018; Shannon and Mace, 2021). Furthermore, mechanical processes occurring in NK cells (Shannon and Mace, 2021), macrophages, and monocytes (Schittenhelm et al., 2017) also show their tissue residence during autoimmunity with the assistance of integrin. Therefore, considering these major immune cell processes, the role of mechanical force is inseparable from autoimmunity. More importantly, it confirms the obvious roles of mechanosensitive integrin in immune cell processes, causing the focal adhesome to regulate the biochemical and mechanical factors of immune cells.
AUTOIMMUNE DISOEDERS REGULATED BY INTEGRIN
Autoimmunity is a multifactorial pathological abnormality that is due to factors ranging from abnormal genetics to environmental conditions. During AD progression, the self-reactive antibodies and self-antigens react in tissues and organs, creating inflammation and thus severe tissue damage (Jacobson et al., 1997; Eaton et al., 2007; Wang et al., 2015). However, the mere presence of potentially self-reacting lymphocytes does not cause pathological phenotype and is also found in healthy individuals. These lymphocytes produce the known natural autoantibodies required to remove the degraded self-antigens and keep foreign antigens in check to maintain homeostasis, such as rheumatoid factor and auto-nuclear antibody. This autoimmunity is called physiological autoimmunity where a normal individual does not show any pathological condition (Eaton et al., 2007). There are tolerance mechanisms that tightly regulate the production of auto-reactive lymphocytes in the body occurring in the thymus, bone marrow, and peripheral region before traveling through the circulating system. There is a positive selection of lymphocytes where self-antigens are displayed and made non-self-reactive. This is followed by negative selection and deletion of self-reactive lymphocytes. Even after negative selection, the autoreactive B cells are either deleted by clonal deletion or made inactive during peripheral anergy (Jacobson et al., 1997; Eaton et al., 2007; Xing and Hogquist, 2012; Wang et al., 2015). Only when these tolerance barriers are disrupted and self-reactive lymphocytes travel through the circulatory system to the site of inflammation or tissue displaying self-antigen does pathological autoimmunity develop (Xing and Hogquist, 2012). Some of these autoimmune disorders targeting different organs are discussed here and in Table 3, where several mechanically regulated immune cell processes take an active part through integrins and their ligands.
TABLE 3 | Integrin and its ligands as a key contributor in the progression of autoimmune diseases 
[image: Table 3]Type 1 Diabetes Mellitus
T1DM is one of the most prominent examples of AD, which results in the destruction of pancreatic islet β cells and requires lifelong treatment. Studies about human T1DM on nonobese diabetic (NOD) mouse models provided critical information about the roles played by T helper (TH) and T cytotoxic (TC) cells. The exposure of peptides, either post-translationally modified or insulin derived, to the autoreactive T cells in the pancreatic lymph node causes the generation of T memory cells against the pancreatic β cells (Jiang et al., 2016). Additionally, B cells also interact with the CD4+ T cells and cause autoantibody production against islet β cells (Schenkel et al., 2004; Huynh et al., 2011; Stroka and Aranda-Espinoza, 2011; Martinelli et al., 2014). Along with these T and B cells, neutrophils are also implicated in the instigation of insulitis and T1DM, as the reduction in blood neutrophil content was correlated with increased infiltration of neutrophils in the pancreatic islets leading to an occurrence of autoimmune T1DM in the NOD mouse. These studies have also revealed that the migration of lymphocytes from blood to secondary lymph nodes is one of the salient reasons for providing adaptive immunity as well as causing the autoimmune T1DM, and during this migration, mechanical force plays a crucial role (McIntyre et al., 2003; Mestas and Ley, 2008; Gaertner et al., 2022), as described previously. This directed migration is majorly assisted by the adhesive molecules expressed on the surface of immune cells and ECs (Campbell et al., 2003; Butcher and Picker, 1996; Ni et al., 2003; Myśliwiec et al., 1999; von Andrian and Mempel, 2003). Interestingly, during the early phase of T1DM, increased expression of adhesion molecules was observed, and inhibition of the same restricted the disease progression in the NOD mouse (Huang et al., 2005).
Different integrin interactions are known to exhibit biphasic force dependency, where the bond lifetime first increases with the force (known as catch bond), followed by a decrease in lifetime metrics with a further increase in force (known as slip bond) upon achieving the force maxima. This peak force is where the bond lifetime is the highest, and long-lifetime complex fractions are mostly observed. For firm adhesion, force-sensitive interactions of LFA-1, and Mac-1 with ICAM1, as well as between α5β1/FN, are indispensable for T cell and EC interactions (Sun et al., 2019). These integrin–ligand interactions have been reported to occur within defined force regimes. Such LFA-1/ICAM1 interaction is functional within 0–15 pN of force range, whereas α5β1/FN interaction is known to function within the 10–30 pN range (Kong et al., 2009; Chen et al., 2010). At <30 pN of force range, this bond formation has a prolonged lifetime due to a catch-bond formation; however, this prolonged lifetime decreases after >30 pN of force or below 20 pN, suggesting a force maxima at ∼30 pN of force. Other integrin interactions such as α4β1/VCAM1 and α4β7/MAdCAM1 are not mechanically characterized by force spectroscopy techniques (Baron et al., 1994; Hänninen et al., 1998). Interestingly, T cells interact with many APCs in lymph nodes, among which B cells are prime APCs that interact with T helper cells to initiate T1DM. Studies observed the B-cell role in the autoimmunity onset when these cells expressed adhesion molecules in different lymph nodes directly or indirectly linked to T1DM in a 3- to 4-week-old NOD mouse (Springer, 1995; Butcher and Picker, 1996; Xu et al., 2010). They observed that the α4, β7, and αLβ2 integrins were expressed by mostly all the B cells of the peripheral, pancreatic, and mesenteric lymph nodes. However, their expression did not correlate to their activity when observed in in vivo migration assay. Interestingly, inhibiting MAdCAM1 or α4β7 with specific mAbs reduces the B-cell migration into the pancreatic lymph node, thereby reducing the occurrence of T1DM (Xu et al., 2010). In an AFM study, the unbinding force of α4β7/MAdCAM1 interaction has been measured to be within 32–80 pN of force at a loading rate of ∼100 to ∼2,700 pN/s (Wang et al., 2018). However, inhibition of αLβ2, expressed as highly as α4, is unable to impede the B-cell migration effectively, and thus, a single integrin is not capable of deciding the migratory fate of the cell for causing the disease. Although the role of αLβ2 might not be as important in the B-cell migration and causation of T1DM, its significance cannot be ruled out in the pathogenesis and progression of T1DM (Savinov and Burn, 2010; Xu et al., 2010; Huang et al., 2016). Early studies on LFA-1 in T1DM causation showed that expression of its αL subunit decreased and αLβ2 expression on monocyte was normal, suggesting LFA-1 as not indispensable for the pathology of T1DM (Martin et al., 1991). Nevertheless, knocking out any of the subunits of αLβ2 integrin prevented insulitis even in the advanced diabetic stage in NOD mice. Specifically, eliminating the β subunit restricted the T-cell adhesion to ECs, whereas the absence of α subunit inhibited it, speculating the biochemical regulatory role of integrin by transducing the force (Huang et al., 2005). Furthermore, studies have found a very high expression correlation in monocytes, and its counter ligand ICAM1, along with islet cell-based autoantibody titer (Martin et al., 1991; Myśliwiec et al., 1999; Bertry-Coussot et al., 2002). Due to the constitutive expression of LFA-1 in different kinds of immune cells, it becomes a target for proteins to control the pathogenesis of T1DM. Indeed, inactivating the LFA-1 with its mAbs caused the delayed occurrence of T1DM, blocking the disease pathology. Specifically, a cyclic peptide cLAB.L has been engineered to prevent the D1 domain of ICAM1 on ECs with αI domain of T cell LFA-1, suggesting the regulatory effect of its αI domain on T-cell adhesion to the microvascular endothelium (Huang et al., 2005). In addition, even in the presence of other adhesion molecules like α4β1 and VCAM1, this T-cell interaction with microvascular endothelium is critically dependent on the αI domain, reconciling the importance of LFA-1 directly in the causation of T1DM (Huang et al., 2005). Since the progression of T1DM is crucially regulated by mechanically regulated immune cell processes like lymphocyte migration, adhesion, and interactions, integrin adhesome proves the integral role of mechanical force in this disease progression (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic diagram of type 1 diabetes mellitus (T1DM) pathophysiology and its regulation by integrin: the figure provides a schematic diagram of how autoimmune diabetes mellitus causes and integrin regulates this disease. Blue arrows denote signaling/mechanism being regulated by integrin.
Rheumatoid Arthritis
RA is a highly aggressive and complex inflammatory disorder, affecting majorly the synovial joints of hands and feet that lead to joint destruction, chronic disability, and poor life quality (Smolen et al., 2007; Smolen et al., 2018). The disease onsets with non-organ specific autoantibodies, produced as a consequence of this disease, cause further inflammation of other organs, leading to serious cardiovascular, pulmonary, or skeletal complications (Smolen and Steiner, 2003; Firestein, 2005; Smolen et al., 2007; Smolen et al., 2016; Firestein and McInnes, 2017; Smolen et al., 2018). The HLA-DRB1 locus of the MHC complex was found to be associated with RA, by assisting antigen presentation to T cells during the induction of autoimmunity. Studies with SKG mice (murine model for understanding RA pathogenesis) provided the link of autoreactive T-cell activation, selection, and its interaction with innate and adaptive immune cells, resulting in the production of autoantibodies and RA onset (Sakaguchi et al., 2003; Firestein, 2004; Firestein, 2005). Additionally, while treating the RA patients with rituximab, a chimeric mAb targeting CD20 on B cells, the role of B lymphocyte also became prominent in RA. Due to the B-cell abundance in synovial fluids of inflamed joints, rituximab can be a therapeutic agent for RA treatment (Dörner and Burmester, 2003; Edwards et al., 2004; Tsokos, 2004). Other cells such as fibroblast-like synoviocytes and chondrocytes interact with T cells, accelerating the joint destruction in RA patients. Direct or indirect production of IL-17 cytokine by T-cell simulation causes fibroblasts, T cells, or macrophages to infiltrate the inflamed joints. It has also been observed that IL-17 induces MMP production, which changes the bone metabolism towards osteoclastogenesis, leading to bone resorption (Chabaud et al., 1999; Koshy, 2002; Stamp et al., 2004). These studies highlight the importance of self-reactive T cells and their interacting cells, playing a significant role in RA.
Highly proliferative synovial fibroblasts (SFs) line the synovial lining of joints and act as a major player in severe cartilage and bone destruction during RA progression (Mellado et al., 2015). TH1 cells activate macrophage, SF, and ECs in the joints, creating an inflammatory niche by the release of cytokines, matrix-degrading enzymes, and overexpressing integrin-like adhesion molecules (Sweeney and Firestein, 2004). These attachments with ECM proteins are controlled by the expression of ICAM1 and αLβ2 integrin, which have been reported to optimally interact under 10–15 pN of applied load (Chen et al., 2010). The enriched presence of IL-1β in the synovial tissue of RA increases the ICAM1 expression, in the proinflammatory niche of the RA, which is the major interacting partner of αLβ2 integrin (Lowin and Straub, 2011). As αLβ2 is expressed in the majority of immune cells and is required during the guidance of leukocytes to the synovial tissues, it majorly contributes to the development of inflammation (Lowin and Straub, 2011). Additionally, the expression of a laminin-binding integrin-α6β1 in the synovial lining provides an interesting mechanical insight into the causation of RA, as laminin and integrin interactions are thought to be mechanically regulated (Takizawa et al., 2017). By contrast, the expression of α4β1 is very high in the synovial tissue T cells, if compared to that residing on the tissue lining (Hyun et al., 2009). Since VCAM1 expression is very high on RA ECs, it attaches to the α4β1 integrin of T lymphocytes and assists them in the migration to the site of inflammation (Hyun et al., 2009). Zhang et al. observed that an individual α4β1/VCAM1 complex may experience <50 pN of force during the leukocyte activation by AFM spectroscopy with a loading rate of 100–100,000 pN/s. At this force range, the interaction is capable of forming a strong adhesion. Interestingly, during the rolling process, this α4β1/VCAM1 could work within 50–250 pN; however, the dissociation rate at this regime becomes less force-dependent and can exhibit mechanics similar to those of the αLβ2/ICAM1 complex (Zhang et al., 2004). Even in collagen-induced arthritis, α4β1 antagonists have shown prevention of inflammation and MMP production (Lowin and Straub, 2011). Synovial tissue resident cells express α5β1 and αvβ3 integrins, which exhibit force-dependent interactions with their respective ligands like fibronectin, vitronectin, and bone sialoprotein, within a range of 0.1 pN to tens of pN (Li et al., 2003; Sun et al., 2005; Roca-Cusachs et al., 2009; Chang et al., 2016).
The function of αvβ3 in RA inflammatory tissue remains unclear, as it is reported to assist angiogenesis while interacting with vascular endothelial growth factor receptor 2 (VEGFR2) during tumor progression (Wilder, 2002; Alghisi et al., 2009). As angiogenesis is also required for proper RA, it has been observed that an αv antagonist prohibits the growth of blood vessels in the inflamed region (Wilder, 2002; Alghisi et al., 2009). αvβ3 increases the bone resorptive capability of the osteoclast cells by initiating FAK and c-Src signaling, which helps in transducing the force sensed through integrin molecule (Wilder, 2002; Alghisi et al., 2009; Lowin and Straub, 2011). In the inflammatory tissue, β1 and β3 subunits are predominantly expressed, which are known to bind diverse interacting partners like fibronectin, laminin, collagen, and vitronectin in synovial tissue (Charo et al., 1990; Davis et al., 1990; Pankov and Yamada, 2002; Hoberg et al., 2006). Degradation of the collagens by MMPs frees up the RGD peptides, which go on to activate several integrins like αvβ3, α5β1, or αIIbβ3 (Davis, 1992). However, primary integrins getting activated by RGD peptides in arthritic condition are α1β1 and α2β1, which bind to collagen. In osteoarthritis, α1 is found on the blood vessels of arthritic joints and synovial lining, but in the presence of cortisol, the SFs also show massive expression of this adhesive subunit (Rubio et al., 1995; Lowin et al., 2009; Lowin and Straub, 2011). Thus, the inflammatory milieu of RA assists in the overexpression of α1 integrin similar to the α5, otherwise induced by cortisol (Takahashi et al., 1992). VEGF in synovial tissue upregulates α1 integrin, a prime regulator of angiogenesis required for continuous progression of RA (Senger et al., 1997). Thus, the inhibition of α1 and collagen will prevent the formation of new blood vessels, providing a therapeutic target for RA. In a murine model of anti-collagen II antibody-induced arthritis, the prevention of α1 integrin has shown decreased cartilage degradation and leukocyte infiltration. Similar to collagen, laminin ligands—α3β1, α6β1, α7β1, and α6β4—assist in cell adhesion and migration. Especially, α3β1 in the synovial tissue and α6β1 in the synovial lining fibroblasts are highly expressed, leading to the upregulation of laminin. This eventually increases the expression of MMP3 and MMP10 and activates integrin (Davis, 1992; Hoberg et al., 2006). In addition, inflammatory fibrous tissue in RA has been observed to infiltrate with macrophage, and T and B lymphocytes, which predominantly express α2β1 integrin on their surfaces. However, antigen-induced arthritis (AIA) mice lacking in α2β1 integrin show decreased MMP3 expression due to anomaly in ERK activation in both sera and fibroblast-like synoviocytes (Davis, 1992; Pfaff et al., 1993; de Fougerolles et al., 2000; Wilder, 2002; Peters et al., 2012). These findings suggest that different β1 integrins enhance the inflammatory cartilage degradation by different means, ranging from fibroblast proliferation to MMP expression. Similarly, fibronectin-coated synovial cells attract lymphocytes expressing α4β1 and α5β1 integrin where the α5 integrin subunit is largely expressed in the synovial tissues as well as the cells lining it (Davis et al., 1990; Davis, 1992; Hoberg et al., 2006; Lowin and Straub, 2011). These examples of different integrins along with their ligands, interacting in a force-dependent manner, define the regulatory role that integrin plays in the cause and progression of RA. Additionally, by the application of antagonists designed against these adhesive molecules, partial prevention or onset of the disease might be delayed (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic diagram of rheumatoid arthritis pathophysiology: the figure provides a schematic diagram of how rheumatoid arthritis develops and what points of this disease are regulated by integrin. Blue arrows denote signaling/mechanism being regulated by integrin.
Multiple Sclerosis
MS is a demyelinating, inflammatory disorder of the central nervous system (CNS), affecting the global population (Zhang et al., 2020). Two-thirds of the patients show a relapse of the disease where inflammatory lesions with B cells, T cells, or macrophages are observed in the white matter, and the axons and neurons are subject to inflammation or degradation in the gray matter (Steinman, 2009; Lee-Chang et al., 2011; Miljković and Spasojević, 2013). In the majority of the MS studies, researchers have used an EAE mouse model to understand this pathological abnormality, as this model displays both progressive and relapsing–remitting types of MS. In EAE mouse, encephalitogenic leukocytes cross the blood–brain barrier and cause damage in neuronal and axonal myelin sheaths, which has revealed the hyperactivity and release of auto-reactive T cells in the progression of MS (Handel et al., 2010; Mkhikian et al., 2011; Miljković and Spasojević, 2013). In addition to cytotoxic T cells, helper T cell subsets TH1 and TH17 are the most autoreactive T cells responsible for CNS damage (Petermann and Korn, 2011). Consequently, these autoreactive TH cells recruit immune cells like macrophages, neutrophils, and B cells to attack the cells displaying self-antigens, making them autoreactive as well (Miljković and Spasojević, 2013). In CNS, CD27+ B memory cells are a major source of producing antibodies, while other B cells are involved in the production of cytokines such as IFNγ or IL-12-like inflammatory substances, making the migration of B cells across CNS endothelia a major reason in the initiation of MS (Lee-Chang et al., 2011).
Microarray analysis on the EAE pathogenesis has provided substantial insight on molecular players that regulate the migration of T or B lymphocytes and other autoimmune responsive cells into the CNS (Chabas et al., 2001). Notably, in MS murine model, the paralysis and abnormal conduction through nerve decrease due to intravenous treatment with anti-α4 and anti-β1 molecules by blocking the T cell binding to inflamed brain endothelium (Yednock et al., 1992; Baron et al., 1993; Steinman, 2005). In encephalitogenic cells expressing α4β1 integrin, treatment with anti-β7 mAbs showed a partial remission along with a diminished EAE. This was due to the possible involvement of either α4β7 or αEβ7 integrins in MS pathogenesis, as β7 subunit couples with these two α subunits. Interestingly, the application of both anti-α4 mAbs and anti-β7 mAbs brought complete remission to the encephalitogenic cells. Additionally, it decreased the complete remission period to 4–5 days from 50 days when otherwise treated with only anti-α4 mAbs. However, the application of anti-β7 mAbs did not reduce the progression of the MS; its importance was noticed when β7 knock-out T cells failed to proliferate as control (Kanwar et al., 2000). These experiments reconciled the role of α4 and β7 integrin subunits in the causation of MS. Additionally, it was found that after complete remission in antibody-treated EAE mice, integrin ligands like MAdCAM, VCAM1, and ICAM1 proteins were either not expressed or less expressed if compared to the high expression in severe disease conditions (Kanwar et al., 2000). Interestingly, it is already known that ligand molecules expressed on APCs like DCs are ligands of α4β7 and αEβ7 on T cells and are required for co-stimulation (Szabo et al., 1997; Lehnert et al., 1998; Berg et al., 1999; Ebner et al., 2004). Transportation of the autoreactive T cells occurs due to the expression of VCAM1 and osteopontin in the inflamed brain tissue. Osteopontin, an N-linked glycoprotein, is expressed majorly on the inflamed EC of the blood–brain barrier and binds to α4β1 integrin (Fisher et al., 2001). Thus, T cells expressing α4β1 bind to the counter ligands of ECs and diapedase through the endothelia. Once these T cells get inside the brain, they encounter self-antigen displayed by the APCs and release a plethora of cytokines. These cytokines damage the oligodendrocytes, which are responsible for myelin production. In addition, activation of B cells by TH cells produces antibodies against myelin, creating a proper inflammatory niche in the CNS (Steinman, 2009). Therefore, integrins like α4β7, αEβ7, and α4β1 and their respective ligands are responsible for the progression and development of MS by regulating the processes of immune cells (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic diagram of multiple sclerosis pathophysiology and role of integrin in its progression: the figure provides a schematic diagram of how multiple sclerosis develops and what points of this disease are regulated by integrin. Blue arrows denote signaling or mechanism being regulated by integrins.
Vitiligo
Vitiligo is an acquired disorder of skin depigmentation that is progressive in nature, causing hypomelanosis of the skin and hair due to the total absence of melanocytes. This causes depigmented patches all over the body, affecting the physiological and psychological health of almost 0.5%–2% of the world population (Ongenae et al., 2005; Ramakrishna and Rajni, 2014; Iannella et al., 2016; Salman et al., 2016; Su et al., 2019). Vitiligo was unsurprisingly considered to be an autoimmune disorder involving several humoral and cellular components of the adaptive and innate immune systems. This was based on a strong correlation of being associated with other ADs such as pernicious anemia, T1DM, myasthenia gravis, psoriasis, Addison’s disease, and Grave’s disease (Gauthier et al., 2003; YAGHOOBI et al., 2011). Indeed, genes related to autoimmune susceptibilities such as HLA, PTPN22, CTLN4, and NALP1 were reported to be involved in vitiligo too (Badri et al., 1993). Additionally, similarities with other ADs like the chronic relapse and remission, circulating anti-melanocyte antibodies, and response to immunosuppressive treatments were observed for vitiligo (Farrokhi et al., 2005; Glassman, 2011). Moreover, the periphery of vitiligo lesions shows sparse infiltration of CD8+ T cells, a key characteristic of autoimmune disorder (Pichler et al., 2009; YAGHOOBI et al., 2011). Additionally, a sharp increase in the ratio of TH to TC cells was observed in vitiligo patients; however, the B cell role was not observed directly in tissues. The memory T cells express CLA, which is known to bind E-selectin of dermal ECs (Glassman, 2011; YAGHOOBI et al., 2011). Interestingly, CLA+ T cells that clustered around disappearing melanocytes are cytotoxic, i.e., are positive for both granzyme B and perforin (Glassman, 2011; YAGHOOBI et al., 2011). Notably, the release of these enzymes is remarkably regulated by force through integrin adhesome (Keefe et al., 2005; Thiery et al., 2011). Moreover, the release of IFNγ and CXCL10 forms the CD8+ T cells, as observed in the mouse model of vitiligo, which proved how TC cells are directed towards lesion sites in the epidermis (Birlea et al., 2017). Thus, the role of TC cells in vitiligo pathogenesis becomes quite prominent due to its capability of attacking the automelanocytes. Although the complete mechanism of vitiligo remains elusive, several theories have been postulated to describe its plausible causation. Among these, the theory of “melanocytorrhagy” majorly focuses on the depigmentation of vitiligo patches, due to the detachment of melanocytes in the presence of mechanical stress (Gauthier et al., 2003; YAGHOOBI et al., 2011).
According to the “melanocytorrhagy” theory, the decrease in melanocyte number occurs not only due to TC cells but also due to decreased adhesion of it from the keratinocyte of the basal membrane, allowing it to migrate and separate from the epidermis, resulting in vitiligo patches. The cell–cell interaction regulating paracrine and adhesive molecules from keratinocytes is also responsible for tuning melanocyte decoupling, migration, and recoupling elsewhere (Ezzedine et al., 2015; Birlea et al., 2017; Su et al., 2019). Thus, the adhesion molecules' role gradually becomes clear in the causation of vitiligo, as the adhesion and migration of melanocytes are regulated majorly by these adhesive molecules. Recent discoveries also found the role of adhesive molecules in regulating the initiation and pigmentation procedure in vitiligo (Reichert Faria et al., 2017; Su et al., 2019). However, among these adhesive molecules, cadherin and catenin are major proteins that form the intercellular junctions between the keratinocyte and the melanocyte, whereas the melanocyte connects to the basal membrane through the expressed integrin and the corresponding ligands especially collagen and laminin, which interestingly are regulated in a force-dependent manner (Reichert Faria et al., 2017; Su et al., 2019). These adhesive molecules regulate the melanocytes' connection with keratinocytes and basal membrane. Interestingly, it was hypothesized that miR-9, a neural crest cell micro-RNA inhibitor, might have a regulatory role in melanocytes of vitiligo lesions. This regulatory miRNA reduces different adhesive molecules such as β catenin, E-cadherin, laminin, collagen IV, and β1 integrin during tumor progression in neural crest cells (Su et al., 2019). Similarly, this effect was also observed for melanocytes, and the reduction in adhesion molecules caused lesser decoupling of melanocytes from the epidermis or adjacent keratinocytes. Particularly for PIG1 melanocyte cells and HaCaT keratinocyte cells, it was observed that less migration of PIG1 occurred from the HaCaT cells due to miR-9 treatment. This shows how β1 integrin and its ligands (collagen and laminin) are extensively involved in the decoupling–migration–recoupling mechanisms of melanocytes leading to pigmentation anomaly. Additionally, ligands of β2 integrin like ICAM1 and VCAM1 have also shown constant expression on vitiligo melanocytes (Su et al., 2019). Moreover, constitutive expression of ICAM1 has been observed to be linked with the abnormal immune response of melanocytes (Ezzedine et al., 2015; Birlea et al., 2017; Reichert Faria et al., 2017; Su et al., 2019). Additionally, another group showed expression of ICAM1 in perilesional melanocytes of active patches of vitiligo. Since β2 integrin in neutrophils has been found to interact with ICAM1 in its high-affinity bent-open conformation at ∼6 dyn/cm2, it also generates a possibility of force-dependent interaction for the melanocytes (Glassman, 2011). Moreover, during re-pigmentation, there are subsequent changes in integrin expressions, which otherwise showed no observable difference in lesioned, non-lesioned, or normal skin (Birlea et al., 2017; Reichert Faria et al., 2017; Su et al., 2019). This proves that integrin and its ligands are key players in the mechanically regulated melanocyte adhesion as well as the detachment during the pathogenesis of vitiligo, making it a proper therapeutic target (Figure 7).
[image: Figure 7]FIGURE 7 | Schematic diagram of vitiligo pathophysiology: the figure provides a schematic diagram of how vitiligo develops and what points of this disease are regulated by integrin. Blue arrows denote signaling or mechanism being regulated by integrins.
OUTLOOK
Mechanical force plays an integral role in regulating diverse cellular processes ranging from protein translation, translocation to cell adhesion, and migration (Wruck et al., 2017; Vicente-Manzanares et al., 2009; Haldar et al., 2017; Goldman et al., 2015). The recent development of force spectroscopy technologies has provided an access to measure the force sensed by mechanosensitive proteins of immune cells. Furthermore, studies on immune cell mechanics provided information on the regulatory roles of force in different cellular processes (Franck et al., 2011; Benoit et al., 2000; O'Donoghue et al., 2013; Kienberger et al., 2005; Zhang et al., 2020; Hosseini et al., 2009; Pageon et al., 2018; Vorselen et al., 2020). Immune cell interaction, activation, and signaling that occurred during their migration process suggest the plausible role of mechanical force at the cellular level. Though mechanical force has been reported to play a key role in immune system functioning, how its perturbation drives autoimmunity progression has not been studied yet (Natkanski et al., 2013; Hui et al., 2015; Basu et al., 2016; Lämmermann et al., 2008). It is well known that matrix or tissue stiffness is a critical factor in different pathological conditions such as cancer metastasis (Bauer et al., 2020). However, its plausible role in the development of ADs is not studied much and remains elusive. Additionally, a change in substrate stiffness results in heritable epigenetic modifications, which in turn causes ADs by regulating gene expression (Janmey et al., 2020; Mazzone et al., 2019). A study by McCullough et al. showed an empirical relevance of stiffness in myositis disease, where reduction in muscle stiffness is correlated with the disease progression (McCullough et al., 2011). Recently, an AFM study has shown that autoimmune insulitis is governed by the changes in islets stiffness due to hyaluronan reduction in ECM (Nagy et al., 2018). A clinical study by Yada et al. has speculated that liver stiffness could be a critical factor in autoimmune hepatitis; however, further studies are required to reconcile the role of stiffness (Czaja, 2014). Arterial stiffness has also been reported as a factor for systemic vasculitis (Booth et al., 2004). This stiffness-mediated autoimmune progression has not been demonstrated at the cellular level; however, an AFM-TEM study has shown that mechanical disruption of collagen alters the matrix composition, which in turn changes the mechanical stability of the ECM network in RA (Antipova and Orgel, 2012; Maldonado and Nam, 2013; Poole et al., 2002). Overall, this varied stiffness results in two phenomena: either it detaches from the soft matrix, or it adheres too much to the stiffened matrix (Janmey et al., 2020). Matrix stiffness-regulated MMP activity has been reported in cancer-associated liver fibrosis; and thus, it is also plausible that it plays a critical role in liver fibrosis condition in type 1 autoimmune hepatitis (Lachowski et al., 2019). In response to the stiffened matrix, cells use its invadopodia to degrade the stiffened matrix using secretory MMPs (Janmey et al., 2020). MMP involvement has also been reviewed by Ram et al. (2006). This degradation helps the cells to migrate through the stiffer tissues. However, these degraded ECM peptides can act as major ligands in integrin activation, causing anomalies in mechanotransduction events. For example, we have discussed in the case of RA that MMP degrades collagen and that laminin frees the RGD peptide, which activates integrins, finally causing severe autoimmune disorder (Charo et al., 1990; Hoberg et al., 2006; Pankov and Yamada, 2002; Davis et al., 1990; Davis, 1992). Hence, modulated-tissue stiffness (or surrounding substrate stiffness) assists in the development of pathological conditions, providing insight on how tissue stiffness of different organs could result in ADs. Interestingly, fibulin-5 has been reported to be increased in skin tissues of systemic scleroderma patients. Indeed, loss of fibulin-5 prevents the inflammation and fibrotic phenotype in an animal model, which is a prominent pathological feature in any autoimmune disorder. The same study has also shown that a small change in matrix stiffness (2.5 times) upregulates chemokine expressions, which is also a linchpin factor in autoimmune disorders (Nakasaki et al., 2015; Karin, 2018). Additionally, integrin-modulating therapy has also been shown to be effective in scleroderma-associated fibrosis conditions. Integrin therapy also restores the skin stiffness in the patient sample (Gerber et al., 2013). This suggests integrin be used as a therapeutic agent, which directly connects the extracellular region and could be a factor for matrix stiffening in different autoimmune disorders. Other autoimmune disorders could also be speculated to be substrate or tissue stiffness-dependent. Autoimmune encephalitis, T1DM, or autoimmune thyroiditis, which specifically target the brain, pancreas, and thyroid, respectively, have a prevalence percentage much lesser than 0.1% (Dubey et al., 2018; Baldini et al., 2017; Resende de Paiva et al., 2017). However, on stiffer tissues such as the skin, spinal cord, or cartilage, the disease prevalence rate increases well beyond 0.1% and provides a correlation that stiffer tissues are more affected by ADs (Baldini et al., 2017; Parisi et al., 2020; Siebert et al., 2016; Walton et al., 2020; Almutairi et al., 2021; Chopra et al., 2013; Barber et al., 2021). Data introspection suggests that the prevalence of ADs on softer tissues (<100 kPa) is much lower as compared to stiffer tissues or hard tissues (Figure 8). Recently, the mechanical strain has been reported to play a regulatory role in arthritic inflammation and tissue damage (Cambré et al., 2018). This suggests force as a linchpin regulator during the causation of AD during migration and activation of immune cells.
[image: Figure 8]FIGURE 8 | Plausible correlation between the worldwide prevalence of different autoimmune disorders with organ stiffness: the prevalence percentage of different autoimmune disorders affecting differentially stiff organs has been illustrated. Autoimmune diseases range from autoimmune encephalitis, type 1 diabetes mellitus (T1DM), and autoimmune thyroiditis, which affects softer tissues like the brain, pancreas, and thyroid, respectively, to vitiligo, psoriasis, multiple sclerosis, and lupus scleroderma, which affect stiffer or hard tissues, have been considered for this study. As the figure depicts, the trend of autoimmune disease prevalence shows a positive correlation with the different organ stiffness. For example, in the case of autoimmune thyroiditis, the worldwide prevalence rate is approximately 0.1%, which majorly affects the thyroid with tissue stiffness of 29 kPa (Guimarães et al., 2020), whereas, with lupus, which affects ligament (>5 MPa), the prevalence rate increases to 0.8%. Autoimmune encephalitis affected the brain; type 1 diabetes mellitus affected the pancreas; Hashimoto’s thyroiditis affected the thyroid; multiple sclerosis and ankylosing spondylitis affected the spinal cord; vitiligo, psoriasis, and scleroderma affected the skin; relapsing polychondritis and rheumatoid arthritis affected the cartilage; rheumatoid arthritis and lupus affected the ligament (Chopra et al., 2013; Baldini et al., 2017; Resende de Paiva et al., 2017; Dubey et al., 2018; Parisi et al., 2020; Siebert, Raj, Tsoukas; Walton et al., 2020; Almutairi et al., 2021; Barber et al., 2021).
It is well known that integrin regulates physical and biochemical processes during autoimmune disorders; however, integrin mechanics have not been clearly defined during autoimmunity. Throughout this review, we have shown that different integrin subunits are mechanically involved in the pathophysiology of ADs. In the majority of these disorders, integrin along with its ligands are regulated by bidirectional force transmission through an integrin–talin–actin mechanical linkage. This regulates the migration and activation of the self-reactive lymphocytes in the site where self-antigen is detected. Due to the indispensable role of integrin in mediating ADs, it has been suggested as a potential therapeutic target. Anti-integrin antibodies and small molecules, targeting specific integrin subtypes, reduce the integrin-mediated immune activity in pronounced inflammatory conditions. Natalizumab, vedolizumab, and lifitegrast are well-known anti-integrin therapeutics used in AD treatments such as Crohn’s disease and MS (Park and Jeen, 2018; Slack et al., 2022). Unlike broad immune inhibitors such as corticosteroids and TNF inhibitors, anti-integrin therapeutics possess reduced risk factors (Sattler et al., 2021). Glucocorticoids, a class of corticosteroids, can act against autoimmune conditions by interfering with the function of L-selectin and LFA-1, thereby reducing the neutrophil trans-endothelial migration (Filep et al., 1997). Similarly, dexamethasone increases αvβ3 expression in cells; however, using these drugs has severe dose-dependent toxicity (Saag et al., 1994; Huscher et al., 2009; Davis et al., 2011; Fan et al., 2012). Despite concerns regarding the use of small-molecule integrin inhibitors due to their less specificity and off-target effects, they are much safer to use because of their efficacy and specificity (Millard et al., 2011). However, anti-TNF drugs along with vedolizumab have shown promising effect in vedolizumab refractory patients (Rath et al., 2018). Moreover, considering the systematic complication of AD pathophysiology, experiments can also be performed with anti-integrin therapy accompanied with specific signaling regulators to increase treatment efficiency. Vedolizumab, an anti-α4β7 integrin antibody, is approved for the treatment of inflammatory bowel disease (IBD), an autoimmune disorder. This is known to inhibit the adhesion of leukocytes to the endothelium of the gastrointestinal tract, thereby impeding the interaction of α4β7/MadCAM-1 (Dotan et al., 2020). In a recent study, Rath et al. have shown through transcriptome analysis that vedolizumab reduces the adhesion and diapedesis of both granulocytes and agranulocytes (Rath et al., 2018). Similarly, natalizumab, generated against specific α4 integrin, is used for the treatment of EAE mouse and humans MS models (Kerfoot et al., 2006; Brandstadter and Katz Sand, 2017). This drug is shown to disturb the ability of leukocytes to transmigrate through the blood–brain barrier. Similarly, a small molecule named lifitegrast inhibits LFA-1–ICAM1 interaction to decrease lymphocyte migration and adhesion to the endothelial wall, acting as a potential drug for autoimmune dry eye disease (Perez et al., 2016). This suggests that these anti-integrin drugs are disrupting the force-dependent integrin interactions with their ligands, thereby interfering with integrin-dependent immune cell activities.
Currently, ssDNA and RNA have been designed as aptamers against the integrin α4 subunits to be used as therapeutics against MS (Kouhpayeh et al., 2019). Additionally, in RA, targeting integrin ligands like osteopontin by M5 antibody and antibody against β1 is under clinical trial (Yamamoto et al., 2003; Smolen et al., 2018). UVB-based therapy, for treating vitiligo lesions, targets β1 integrin and E-cadherin-like adhesive molecules in melanocytes to assist them to migrate towards the keratinocytes, thus re-pigmenting the white lesions (Su et al., 2019). These different mechanical roles of integrin in autoimmune disorders establish the importance of its mechanics involved in autoimmunity, which in turn could be a critical factor for designing the integrin-associated therapeutic targets. This information provides an insight into mechanical force playing a crucial role in autoimmunity, which has not been defined yet; however, the prevalence data suggest such a trend. Since integrin is regulated by force, mAbs designed against integrin could precisely tune its force-sensing ability. Additionally, the progression and effect of ADs on the target organs also depend on the elasticity of the ECM of those organs. This elasticity range can vary from as low as 50 Pa in the blood tissue to a very high value of 5,000–6,000 kPa in cartilage ECM (Guimarães et al., 2020). This broad range of elasticity will lead to different immune cell adhesion or migration in separate organs, demonstrating different destructive effects. Unfortunately, the lack of enough data is an obstacle in understanding these phenomena. Additionally, it is well known that integrin majorly regulates the migration of immune cells on stiffer surfaces, as observed in the case of neutrophil migration (Jannat et al., 2011b). Hence, we can correlate the fact that the AD causative immune cells show their mechanically regulated processes majorly through integrin-dependent adhesome. Moreover, not much is known about the role played by mechanosensitive proteins like talin, actin, and myosin of the integrin adhesome complex in autoimmune disorder, as the force is transmitted through them. Therefore, targeting these mechanosensitive proteins and regulating their biochemical and force sensing capability can provide a new horizon in autoimmune therapy. Thus, understanding AD from a mechanical perspective will establish a new direction to observe immune mechanisms. This strengthens the hypothesis and provides a novel perspective on how the mechanical load and mechanical stiffness might act as regulators in various autoimmune disorders, which finally are regulated by integrin-dependent adhesome of immune cells.
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 Filep, J. G., Delalandre, A., Payette, Y., and Földes-Filep, E. (1997). Glucocorticoid Receptor Regulates Expression of L-Selectin and CD11/CD18 on Human Neutrophils. Circulation 96, 295–301. doi:10.1161/01.cir.96.1.295
 Firestein, G. S. (2005). Immunologic Mechanisms in the Pathogenesis of Rheumatoid Arthritis. J. Clin. Rheumatol. 11, S39–S44. doi:10.1097/01.rhu.0000166673.34461.33
 Firestein, G. S., and McInnes, I. B. (2017). Immunopathogenesis of Rheumatoid Arthritis. Immunity 46, 183–196. doi:10.1016/j.immuni.2017.02.006
 Firestein, G. S. (2004). The T Cell Cometh: Interplay between Adaptive Immunity and Cytokine Networks in Rheumatoid Arthritis. J. Clin. Invest. 114, 471–474. doi:10.1172/jci22651
 Fisher, L. W., Torchia, D. A., Fohr, B., Young, M. F., and Fedarko, N. S. (2001). Flexible Structures of SIBLING Proteins, Bone Sialoprotein, and Osteopontin. Biochem. Biophysical Res. Commun. 280, 460–465. doi:10.1006/bbrc.2000.4146
 Fowell, D. J., and Kim, M. (2021). The Spatio-Temporal Control of Effector T Cell Migration. Nat. Rev. Immunol. 21, 582–596. doi:10.1038/s41577-021-00507-0
 Franck, C., Maskarinec, S. A., Tirrell, D. A., and Ravichandran, G. (2011). Three-Dimensional Traction Force Microscopy: A New Tool for Quantifying Cell-Matrix Interactions. PLoS ONE 6, e17833. doi:10.1371/journal.pone.0017833
 Franz, C. M., Taubenberger, A., Puech, P. H., and Muller, D. J. (20072007). Studying Integrin-Mediated Cell Adhesion at the Single-Molecule Level Using AFM Force Spectroscopy. Sci. STKE 2007, pl5. doi:10.1126/stke.4062007pl5
 Friedman, D., Simmonds, P., Hale, A., Bere, L., Hodson, N. W., White, M. R. H., et al. (2021). Natural Killer Cell Immune Synapse Formation and Cytotoxicity Are Controlled by Tension of the Target Interface. J. Cell Sci 134, jcs258570. doi:10.1242/jcs.258570
 Gaertner, F., Reis-Rodrigues, P., de Vries, I., Hons, M., Aguilera, J., Riedl, M., et al. (2022). WASp Triggers Mechanosensitive Actin Patches to Facilitate Immune Cell Migration in Dense Tissues. Developmental Cell 57, 47e9–62. doi:10.1016/j.devcel.2021.11.024
 Gál, B., Dulic, S., Kiss, M., Groma, G., Kovács, L., Kemény, L., et al. (2017). Increased Circulating Anti-α6-integrin Autoantibodies in Psoriasis and Psoriatic Arthritis but Not in Rheumatoid Arthritis. J. Dermatol. 44, 370–374. 
 Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y., and Waterman, C. M. (2010). Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration. Annu. Rev. Cell Dev. Biol. 26, 315–333. doi:10.1146/annurev.cellbio.011209.122036
 Gardel, M. L., Schneider, I. C., Aratyn-Schaus, Y., and Waterman, C. M. (2010). Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration. Annu. Rev. Cell Dev. Biol. 26, 315–333. doi:10.1146/annurev.cellbio.011209.122036
 Gauthier, Y., Andre, M. C., and Taïeb, A. (2003). A Critical Appraisal of Vitiligo Etiologic Theories. Is Melanocyte Loss a Melanocytorrhagy?Pigment Cell Res. 16, 322–332. doi:10.1034/j.1600-0749.2003.00070.x
 Gerber, E. E., Gallo, E. M., Fontana, S. C., Davis, E. C., Wigley, F. M., Huso, D. L., et al. (2013). Integrin-modulating Therapy Prevents Fibrosis and Autoimmunity in Mouse Models of Scleroderma. Nature 503, 126–130. doi:10.1038/nature12614
 Glassman, S. J. (2011). Vitiligo, Reactive Oxygen Species and T-Cells. Clin. Sci. (London 120, 99–120. doi:10.1042/CS20090603
 Goldman, D. H., Kaiser, C. M., Milin, A., Righini, M., Tinoco, I., and Bustamante, C. (2015). Mechanical Force Releases Nascent Chain-Mediated Ribosome Arrest In Vitro and In Vivo. Science 348, 457–460. doi:10.1126/science.1261909
 Gough, R. E., Jones, M. C., Zacharchenko, T., Le, S., Yu, M., Jacquemet, G., et al. (2021). Talin Mechanosensitivity Is Modulated by a Direct Interaction with Cyclin-dependent Kinase-1. J. Biol. Chem. 297. doi:10.1016/j.jbc.2021.100837
 Goult, B. T., Brown, N. H., and Schwartz, M. A. (2021). Talin in Mechanotransduction and Mechanomemory at a Glance. J. Cell Sci 134, jcs258749. doi:10.1242/jcs.258749
 Goult, B. T., Xu, X.-P., Gingras, A. R., Swift, M., Patel, B., Bate, N., et al. (2013). Structural Studies on Full-Length Talin1 Reveal a Compact Auto-Inhibited Dimer: Implications for Talin Activation. J. Struct. Biol. 184, 21–32. doi:10.1016/j.jsb.2013.05.014
 Goult, B. T., Yan, J., and Schwartz, M. A. (2018). Talin as a Mechanosensitive Signaling Hub. J. Cell Biol. 217, 3776–3784. doi:10.1083/jcb.201808061
 Grayson, M. H., Van der Vieren, M., Sterbinsky, S. A., Michael Gallatin, W., Hoffman, P. A., Staunton, D. E., et al. (1998). αdβ2 Integrin Is Expressed on Human Eosinophils and Functions as an Alternative Ligand for Vascular Cell Adhesion Molecule 1 (VCAM-1). J. Exp. Med. 188, 2187–2191. doi:10.1084/jem.188.11.2187
 Green, C. E., Schaff, U. Y., Sarantos, M. R., Lum, A. F. H., Staunton, D. E., and Simon, S. I. (2006). Dynamic Shifts in LFA-1 Affinity Regulate Neutrophil Rolling, Arrest, and Transmigration on Inflamed Endothelium. Blood 107, 2101–2111. doi:10.1182/blood-2005-06-2303
 Guimarães, C. F., Gasperini, L., Marques, A. P., and Reis, R. L. (2020). The Stiffness of Living Tissues and its Implications for Tissue Engineering. Nat. Rev. Mater. 5, 351–370. 
 Haining, A. W. M., von Essen, M., Attwood, S. J., Hytönen, V. P., and del Río Hernández, A. (2016). All Subdomains of the Talin Rod Are Mechanically Vulnerable and May Contribute to Cellular Mechanosensing. ACS Nano 10, 6648–6658. doi:10.1021/acsnano.6b01658
 Haldar, S., Tapia-Rojo, R., Eckels, E. C., Valle-Orero, J., and Fernandez, J. M. (2017). Trigger Factor Chaperone Acts as a Mechanical Foldase. Nat. Commun. 8, 668. doi:10.1038/s41467-017-00771-6
 Han, J., Lim, C. J., Watanabe, N., Soriani, A., Ratnikov, B., Calderwood, D. A., et al. (2006). Reconstructing and Deconstructing Agonist-Induced Activation of Integrin αIIbβ3. Curr. Biol. 16, 1796–1806. doi:10.1016/j.cub.2006.08.035
 Handel, A. E., Giovannoni, G., Ebers, G. C., and Ramagopalan, S. V. (2010). Environmental Factors and Their Timing in Adult-Onset Multiple Sclerosis. Nat. Rev. Neurol. 6, 156–166. doi:10.1038/nrneurol.2010.1
 Hänninen, A., Jaakkola, I., and Jalkanen, S. (1998). Mucosal Addressin Is Required for the Development of Diabetes in Nonobese Diabetic Mice. J. Immunol.
 Heinzmann, D., Noethel, M., von Ungern-Sternberg, S., Mitroulis, I., Gawaz, M., Chavakis, T., et al. (2020). CD147 Is a Novel Interaction Partner of Integrin αMβ2 Mediating Leukocyte and Platelet Adhesion. Biomolecules 10, 541. doi:10.3390/biom10040541
 Hertig, S., and Vogel, V. (2012). Catch Bonds. Curr. Biol. 22, R823–R825. doi:10.1016/j.cub.2012.08.035
 Hinterdorfer, P., Baumgartner, W., Gruber, H. J., Schilcher, K., and Schindler, H. (1996). Detection and Localization of Individual Antibody-Antigen Recognition Events by Atomic Force Microscopy. Proc. Natl. Acad. Sci. 93, 3477–3481. doi:10.1073/pnas.93.8.3477
 Hoberg, M., Rudert, M., Pap, T., Klein, G., Gay, S., and Aicher, W. K. (2006). Attachment to Laminin-111 Facilitates Transforming Growth Factor -induced Expression of Matrix Metalloproteinase-3 in Synovial Fibroblasts. Ann. Rheum. Dis. 66, 446–451. doi:10.1136/ard.2006.060228
 Hons, M., Kopf, A., Hauschild, R., Leithner, A., Gaertner, F., Abe, J., et al. (2018). Chemokines and Integrins Independently Tune Actin Flow and Substrate Friction during Intranodal Migration of T Cells. Nat. Immunol. 19, 606–616. doi:10.1038/s41590-018-0109-z
 Hood, J. D., and Cheresh, D. A. (2002). Role of Integrins in Cell Invasion and Migration. Nat. Rev. Cancer 2, 91–100. doi:10.1038/nrc727
 Hosseini, B. H., Louban, I., Djandji, D., Wabnitz, G. H., Deeg, J., Bulbuc, N., et al. (2009). Immune Synapse Formation Determines Interaction Forces between T Cells and Antigen-Presenting Cells Measured by Atomic Force Microscopy. Proc. Natl. Acad. Sci. 106, 17852–17857. doi:10.1073/pnas.0905384106
 Huang, G., Wang, L., Wang, S., Han, Y., Wu, J., Zhang, Q., et al. (2012). Engineering Three-Dimensional Cell Mechanical Microenvironment with Hydrogels. Biofabrication 4, 042001. doi:10.1088/1758-5082/4/4/042001
 Huang, J., Xiao, Y., Xu, A., and Zhou, Z. (2016). Neutrophils in Type 1 Diabetes. J. Diabetes Investig. 7, 652–663. doi:10.1111/jdi.12469
 Huang, M., Matthews, K., Siahaan, T. J., and Kevil, C. G. (2005). Αl-Integrin I Domain Cyclic Peptide Antagonist Selectively Inhibits T Cell Adhesion to Pancreatic Islet Microvascular Endothelium. Am. J. Physiology-Gastrointestinal Liver Physiol. 288, G67–G73. doi:10.1152/ajpgi.00267.2004
 Hui, K. L., Balagopalan, L., Samelson, L. E., and Upadhyaya, A. (2015). Cytoskeletal Forces during Signaling Activation in Jurkat T-Cells. MBoC 26, 685–695. doi:10.1091/mbc.e14-03-0830
 Humphries, J. D., Byron, A., and Humphries, M. J. (2006). Integrin Ligands at a Glance. J. Cell Sci. 119, 3901–3903. doi:10.1242/jcs.03098
 Huscher, D., Thiele, K., Gromnica-Ihle, E., Hein, G., Demary, W., Dreher, R., et al. (2009). Dose-related Patterns of Glucocorticoid-Induced Side Effects. Ann. Rheum. Dis. 68, 1119–1124. doi:10.1136/ard.2008.092163
 Huse, M. (2017). Mechanical Forces in the Immune System. Nat. Rev. Immunol. 17, 679–690. doi:10.1038/nri.2017.74
 Huveneers, S., Daemen, M. J. A. P., and Hordijk, P. L. (2015). Between Rho(k) and a Hard Place. Circ. Res. 116, 895–908. doi:10.1161/circresaha.116.305720
 Huynh, J., Nishimura, N., Rana, K., Peloquin, J. M., Califano, J. P., Montague, C. R., et al. (2011). Age-related Intimal Stiffening Enhances Endothelial Permeability and Leukocyte Transmigration. Sci. Transl Med. 3, 112ra122. doi:10.1126/scitranslmed.3002761
 Hynes, R. O. (2002). Integrins. Cell 110, 673–687. doi:10.1016/s0092-8674(02)00971-6
 Hyun, Y.-M., Chung, H.-L., McGrath, J. L., Waugh, R. E., and Kim, M. (2009). Activated Integrin VLA-4 Localizes to the Lamellipodia and Mediates T Cell Migration on VCAM-1. J. Immunol. 183, 359–369. doi:10.4049/jimmunol.0803388
 Iannella, G., Greco, A., Didona, D., Didona, B., Granata, G., Manno, A., et al. (2016). Vitiligo: Pathogenesis, Clinical Variants and Treatment Approaches. Autoimmun. Rev. 15, 335–343. doi:10.1016/j.autrev.2015.12.006
 Jacobson, D. L., Gange, S. J., Rose, N. R., and Graham, N. M. H. (1997). Epidemiology and Estimated Population burden of Selected Autoimmune Diseases in the United States. Clin. Immunol. immunopathology 84, 223–243. doi:10.1006/clin.1997.4412
 Jahed, Z., Shams, H., Mehrbod, M., and Mofrad, M. R. K. (2014). Mechanotransduction Pathways Linking the Extracellular Matrix to the Nucleus. Int. Rev. Cell Mol. Biol. 310, 171–220. doi:10.1016/b978-0-12-800180-6.00005-0
 Jairaman, A., Othy, S., Dynes, J. L., Yeromin, A. V., Zavala, A., Greenberg, M. L., et al. (2021). Piezo1 Channels Restrain Regulatory T Cells but Are Dispensable for Effector CD4 + T Cell Responses. Sci. Adv. 7. doi:10.1126/sciadv.abg5859
 Janmey, P. A., Fletcher, D. A., and Reinhart-King, C. A. (2020). Stiffness Sensing by Cells. Physiol. Rev. 100, 695–724. doi:10.1152/physrev.00013.2019
 Jannat, R. A., Dembo, M., and Hammer, D. A. (2011). Traction Forces of Neutrophils Migrating on Compliant Substrates. Biophysical J. 101, 575–584. doi:10.1016/j.bpj.2011.05.040
 Jannat, R. A., Dembo, M., and Hammer, D. A. (2011). Traction Forces of Neutrophils Migrating on Compliant Substrates. Biophysical J. 101, 575–584. doi:10.1016/j.bpj.2011.05.040
 Jaumouillé, V., Cartagena-Rivera, A. X., and Waterman, C. M. (2019). Coupling of β2 Integrins to Actin by a Mechanosensitive Molecular Clutch Drives Complement Receptor-Mediated Phagocytosis. Nat. Cell Biol. 21, 1357–1369.
 Jiang, L., Hu, J., Feng, J., Han, D., and Yang, C. (2016). Substrate Stiffness of Endothelial Cells Directs LFA-1/ICAM-1 Interaction: A Physical Trigger of Immune-Related Diseases?Ch 61, 633–643. doi:10.3233/ch-151951
 Kanwar, J. R., Harrison, J. E. B., Wang, D., Leung, E., Mueller, W., Wagner, N., et al. (2000). β7 Integrins Contribute to Demyelinating Disease of the central Nervous System. J. Neuroimmunology 103, 146–152. doi:10.1016/s0165-5728(99)00245-3
 Karin, N. (2018). Autoantibodies to Chemokines and Cytokines Participate in the Regulation of Cancer and Autoimmunity. Front. Immunol. 9, 623. doi:10.3389/fimmu.2018.00623
 Kawamoto, E., Nakahashi, S., Okamoto, T., Imai, H., and Shimaoka, M. (20122012). Anti-integrin Therapy for Multiple Sclerosis. Autoimmune Dis. 2012, 357101. doi:10.1155/2012/357101
 Keefe, D., Shi, L., Feske, S., Massol, R., Navarro, F., Kirchhausen, T., et al. (2005). Perforin Triggers a Plasma Membrane-Repair Response that Facilitates CTL Induction of Apoptosis. Immunity 23, 249–262. doi:10.1016/j.immuni.2005.08.001
 Kellermann, S.-A., Dell, C. L., Hunt, S. W., and Shimizu, Y. (2002). Genetic Analysis of Integrin Activation in T Lymphocytes. Immunological Rev. 186, 172–188. doi:10.1034/j.1600-065x.2002.18615.x
 Kerfoot, S. M., Norman, M. U., Lapointe, B. M., Bonder, C. S., Zbytnuik, L., and Kubes, P. (2006). Reevaluation of P-Selectin and α4Integrin as Targets for the Treatment of Experimental Autoimmune Encephalomyelitis. J. Immunol. 176, 6225–6234. doi:10.4049/jimmunol.176.10.6225
 Kevil, C. G., Hicks, M. J., He, X., Zhang, J., Ballantyne, C. M., Raman, C., et al. (2004). Loss of LFA-1, but Not Mac-1, Protects MRL/MpJ-Faslpr Mice from Autoimmune Disease. Am. J. Pathol. 165, 609–616. doi:10.1016/s0002-9440(10)63325-1
 Khan, R. B., and Goult, B. T. (2019). Adhesions Assemble!-Autoinhibition as a Major Regulatory Mechanism of Integrin-Mediated Adhesion. Front. Mol. Biosci. 6, 144. doi:10.3389/fmolb.2019.00144
 Kienberger, F., Kada, G., Mueller, H., and Hinterdorfer, P. (2005). Single Molecule Studies of Antibody-Antigen Interaction Strength versus Intra-molecular Antigen Stability. J. Mol. Biol. 347, 597–606. doi:10.1016/j.jmb.2005.01.042
 Kim, S. H. J., and Hammer, D. A. (2021). Integrin Cross-Talk Modulates Stiffness-independent Motility of CD4+ T Lymphocytes. MBoC 32, 1749–1757. doi:10.1091/mbc.e21-03-0131
 Kinoshita, K., Leung, A., Simon, S., and Evans, E. (2010). Long-Lived, High-Strength States of ICAM-1 Bonds to β2 Integrin, II: Lifetimes of LFA-1 Bonds under Force in Leukocyte Signaling. Biophysical J. 98, 1467–1475. doi:10.1016/j.bpj.2009.12.4316
 Kong, F., García, A. J., Mould, A. P., Humphries, M. J., and Zhu, C. (2009). Demonstration of Catch Bonds between an Integrin and its Ligand. J. Cell Biol. 185, 1275–1284. doi:10.1083/jcb.200810002
 Koshy, P. J. (2002). Interleukin 17 Induces Cartilage Collagen Breakdown: Novel Synergistic Effects in Combination with Proinflammatory Cytokines. Ann. Rheum. Dis. 61, 704–713. doi:10.1136/ard.61.8.704
 Kouhpayeh, S., Hejazi, Z., Boshtam, M., Mirian, M., Rahimmanesh, I., Darzi, L., et al. (2019). Development of α4 Integrin DNA Aptamer as a Potential Therapeutic Tool for Multiple Sclerosis. J. Cell Biochem 120, 16264–16272. doi:10.1002/jcb.28907
 Kucuksezer, U. C., Aktas, C. E., Esen, F., Tahrali, I., Akdeniz, N., Gelmez, M. Y., et al. (2021). The Role of Natural Killer Cells in Autoimmune Diseases. Front. Immunol. 12, 79. doi:10.3389/fimmu.2021.622306
 Kukkurainen, S., Azizi, L., Zhang, P., Jacquier, M. C., Baikoghli, M., von Essen, M., et al. (2020). The F1 Loop of the Talin Head Domain Acts as a Gatekeeper in Integrin Activation and Clustering. J. Cell Sci 133, jcs239202. doi:10.1242/jcs.239202
 Kumar, A., Placone, J. K., and Engler, A. J. (2017). Understanding the Extracellular Forces that Determine Cell Fate and Maintenance. Development 144, 4261–4270. doi:10.1242/dev.158469
 Kupfer, A., and Singer, S. J. (1989). The Specific Interaction of Helper T Cells and Antigen-Presenting B Cells. IV. Membrane and Cytoskeletal Reorganizations in the Bound T Cell as a Function of Antigen Dose. J. Exp. Med. 170, 1697–1713. doi:10.1084/jem.170.5.1697
 Labernadie, A., Thibault, C., Vieu, C., Maridonneau-Parini, I., and Charriere, G. M. (2010). Dynamics of Podosome Stiffness Revealed by Atomic Force Microscopy. Proc. Natl. Acad. Sci. 107, 21016–21021. doi:10.1073/pnas.1007835107
 Lachowski, D., Cortes, E., Rice, A., Pinato, D., Rombouts, K., and del Rio Hernandez, A. (2019). Matrix Stiffness Modulates the Activity of MMP-9 and TIMP-1 in Hepatic Stellate Cells to Perpetuate Fibrosis. Sci. Rep. 9, 7299. doi:10.1038/s41598-019-43759-6
 Lafaurie-Janvore, J., Maiuri, P., Wang, I., Pinot, M., Manneville, J.-B., Betz, T., et al. (2013). ESCRT-III Assembly and Cytokinetic Abscission Are Induced by Tension Release in the Intercellular Bridge. Science 339, 1625–1629. doi:10.1126/science.1233866
 Lämmermann, T., Bader, B. L., Monkley, S. J., Worbs, T., Wedlich-Söldner, R., Hirsch, K., et al. (2008). Rapid Leukocyte Migration by Integrin-independent Flowing and Squeezing. Nature 453, 51–55.
 Laouar, A., Collart, F. R., Chubb, C. B., Xie, B., and Huberman, E. (1999). Interaction between Alpha 5 Beta 1 Integrin and Secreted Fibronectin Is Involved in Macrophage Differentiation of Human HL-60 Myeloid Leukemia Cells. J. Immunol. 162, 407–414. 
 Leal-Egaña, A., Letort, G., Martiel, J. L., Christ, A., Vignaud, T., Roelants, C., et al. (2017). The Size-Speed-Force Relationship Governs Migratory Cell Response to Tumorigenic Factors. Mol. Biol. Cell 28, 1612–1621.
 Lee-Chang, C., Zéphir, H., Top, I., Dubucquoi, S., Trauet, J., Prin, L., et al. (2011). B-cell Subsets Up-Regulate α4 Integrin and Accumulate in the Cerebrospinal Fluid in Clinically Isolated Syndrome Suggestive of Multiple Sclerosis Onset. Neurosci. Lett. 487, 273–277. doi:10.1016/j.neulet.2010.10.036
 Lehnert, K., Print, C. G., Yang, Y., and Krissansen, G. W. (1998). MAdCAM-1 Costimulates T Cell Proliferation Exclusively through Integrin α4β7, whereas VCAM-1 and CS-1 Peptide Use α4β1: Evidence for "remote" Costimulation and Induction of Hyperresponsiveness to B7 Molecules. Eur. J. Immunol. 28, 3605–3615. doi:10.1002/(sici)1521-4141(199811)28:11<3605::aid-immu3605>3.0.co;2-j
 Li, F., Redick, S. D., Erickson, H. P., and Moy, V. T. (2003). Force Measurements of the α5β1 Integrin-Fibronectin Interaction. Biophysical J. 84, 1252–1262. doi:10.1016/s0006-3495(03)74940-6
 Li, J., and Springer, T. A. (2017). Integrin Extension Enables Ultrasensitive Regulation by Cytoskeletal Force. Proc. Natl. Acad. Sci. USA 114, 4685–4690. doi:10.1073/pnas.1704171114
 Li, Z., Lee, H., and Zhu, C. (2016). Molecular Mechanisms of Mechanotransduction in Integrin-Mediated Cell-Matrix Adhesion. Exp. Cell Res. 349, 85–94. doi:10.1016/j.yexcr.2016.10.001
 Lishko, V. K., Yakubenko, V. P., and Ugarova, T. P. (2003). The Interplay between Integrins αmβ2 and α5β1 during Cell Migration to Fibronectin. Exp. Cell Res. 283, 116–126. doi:10.1016/s0014-4827(02)00024-1
 Lotz, M. M., Burdsal, C. A., Erickson, H. P., and McClay, D. R. (1989). Cell Adhesion to Fibronectin and Tenascin: Quantitative Measurements of Initial Binding and Subsequent Strengthening Response. J. Cell Biol. 109, 1795–1805. doi:10.1083/jcb.109.4.1795
 Lou, H.-Y., Yan, H. P., Yang, L. G., Fan, J. H., Cho, W. C., Xiao, Z. H., et al. (2021). Integrin α4β1/VCAM-1 Interaction Evokes Dynamic Cell Aggregation between Immune Cells and Human Lung Microvascular Endothelial Cells at Infectious Hemolysis. Front. Pharmacol. 12, 837. doi:10.3389/fphar.2021.653143
 Lowin, T., and Straub, R. H. (2011). Integrins and Their Ligands in Rheumatoid Arthritis. Arthritis Res. Ther. 13, 244. doi:10.1186/ar3464
 Lowin, T., Straub, R. H., Neumann, E., Bosserhoff, A., Vogel, C., Moissl, C., et al. (2009). Glucocorticoids Increase Î±5 Integrin Expression and Adhesion of Synovial Fibroblasts but Inhibit ERK Signaling, Migration, and Cartilage Invasion. Arthritis Rheum. 60, 3623–3632. doi:10.1002/art.24985
 MacKay, L., and Khadra, A. (2020). The Bioenergetics of Integrin-Based Adhesion, from Single Molecule Dynamics to Stability of Macromolecular Complexes. Comput. Struct. Biotechnol. J. 18, 393–416. doi:10.1016/j.csbj.2020.02.003
 Maître, J.-L., and Heisenberg, C.-P. (2011). The Role of Adhesion Energy in Controlling Cell–Cell Contacts. Curr. Opin. Cell Biol. 23, 508–514.
 Maldonado, M., and Nam, J. (2013). The Role of Changes in Extracellular Matrix of Cartilage in the Presence of Inflammation on the Pathology of Osteoarthritis. Biomed. Res. Int. 2013, 284873. doi:10.1155/2013/284873
 Marshall, B. T., Long, M., Piper, J. W., Yago, T., McEver, R. P., and Zhu, C. (2003). Direct Observation of Catch Bonds Involving Cell-Adhesion Molecules. Nature 423, 190–193. doi:10.1038/nature01605
 Martin, S., Rothe, H., Tschope, D., Schwippert, B., and Kolb, H. (1991). Decreased Expression of Adhesion Molecules on Monocytes in Recent Onset IDDM. Immunology 73, 123–125.
 Martinelli, R., Zeiger, A. S., Whitfield, M., Sciuto, T. E., Dvorak, A., Van Vliet, K. J., et al. (2014). Probing the Biomechanical Contribution of the Endothelium to Lymphocyte Migration: Diapedesis by the Path of Least Resistance. J. Cell Sci 127, 3720–3734. doi:10.1242/jcs.148619
 Matsumoto, N., Kon, S., Nakatsuru, T., Miyashita, T., Inui, K., Saitoh, K., et al. (2017). A Novel α9 Integrin Ligand, XCL1/Lymphotactin, Is Involved in the Development of Murine Models of Autoimmune Diseases. J.I. 199, 82–90. doi:10.4049/jimmunol.1601329
 Matsumura, F. (2005). Regulation of Myosin II during Cytokinesis in Higher Eukaryotes. Trends Cell Biol. 15, 371–377. doi:10.1016/j.tcb.2005.05.004
 Mazzone, R., Zwergel, C., Artico, M., Taurone, S., Ralli, M., Greco, A., et al. (2019). The Emerging Role of Epigenetics in Human Autoimmune Disorders. Clin. Epigenet 11, 34. doi:10.1186/s13148-019-0632-2
 McCullough, M. B., Domire, Z. J., Reed, A. M., Amin, S., Ytterberg, S. R., Chen, Q., et al. (2011). Evaluation of Muscles Affected by Myositis Using Magnetic Resonance Elastography. Muscle Nerve 43, 585–590. doi:10.1002/mus.21923
 McIntyre, T. M., Prescott, S. M., Weyrich, A. S., and Zimmerman, G. A. (2003). Cell-cell Interactions: Leukocyte-Endothelial Interactions. Curr. Opin. Hematol. 10, 150–158. doi:10.1097/00062752-200303000-00009
 McMahon, M., Ye, S., Pedrina, J., Dlugolenski, D., and Stambas, J. (2021). Extracellular Matrix Enzymes and Immune Cell Biology. Front. Mol. Biosci. 8, 703868. doi:10.3389/fmolb.2021.703868
 McMurray, R. W. (1996). Adhesion Molecules in Autoimmune Disease. Semin. Arthritis Rheum. 25, 215–233. doi:10.1016/s0049-0172(96)80034-5
 Mehrbod, M., and Mofrad, M. R. K. (2013). Localized Lipid Packing of Transmembrane Domains Impedes Integrin Clustering. Plos Comput. Biol. 9, e1002948. doi:10.1371/journal.pcbi.1002948
 Mellado, M., Martínez-Muñoz, L., Cascio, G., Lucas, P., Pablos, J. L., and Rodríguez-Frade, J. M. (2015). T Cell Migration in Rheumatoid Arthritis. Front. Immunol. 6, 384. doi:10.3389/fimmu.2015.00384
 Mestas, J., and Ley, K. (2008). Monocyte-Endothelial Cell Interactions in the Development of Atherosclerosis. Trends Cardiovasc. Med. 18, 228–232. doi:10.1016/j.tcm.2008.11.004
 Miljković, D., and Spasojević, I. (2013). Multiple Sclerosis: Molecular Mechanisms and Therapeutic Opportunities. Antioxid. Redox Signaling 19, 2286–2334. 
 Millard, M., Odde, S., and Neamati, N. (2011). Integrin Targeted Therapeutics. Theranostics 1, 154–188. doi:10.7150/thno/v01p0154
 Mkhikian, H., Grigorian, A., Li, C. F., Chen, H.-L., Newton, B., Zhou, R. W., et al. (2011). Genetics and the Environment Converge to Dysregulate N-Glycosylation in Multiple Sclerosis. Nat. Commun. 2, 334. doi:10.1038/ncomms1333
 Monks, C. R. F., Freiberg, B. A., Kupfer, H., Sciaky, N., and Kupfer, A. (1998). Three-dimensional Segregation of Supramolecular Activation Clusters in T Cells. Nature 395, 82–86. doi:10.1038/25764
 Moreau, J.-F., Pradeu, T., Grignolio, A., Nardini, C., Castiglione, F., Tieri, P., et al. (2017). The Emerging Role of ECM Crosslinking in T Cell Mobility as a Hallmark of Immunosenescence in Humans. Ageing Res. Rev. 35, 322–335. doi:10.1016/j.arr.2016.11.005
 Myśliwiec, J., Kretowski, A., Kinalski, M., and Kinalska, I. (1999). CD11a Expression and Soluble ICAM-1 Levels in Peripheral Blood in High-Risk and Overt Type 1 Diabetes Subjects. Immunol. Lett. 70, 69–72. doi:10.1016/s0165-2478(99)00133-9
 Nagaraju, K., Rider, L. G., Fan, C., Chen, Y.-W., Mitsak, M., Rawat, R., et al. (2006). Endothelial Cell Activation and Neovascularization Are Prominent in Dermatomyositis. J. Autoimmune Dis. 3, 2. doi:10.1186/1740-2557-3-2
 Nagy, N., de la Zerda, A., Kaber, G., Johnson, P. Y., Hu, K. H., Kratochvil, M. J., et al. (2018). Hyaluronan Content Governs Tissue Stiffness in Pancreatic Islet Inflammation. J. Biol. Chem. 293, 567–578. doi:10.1074/jbc.ra117.000148
 Nakasaki, M., Hwang, Y., Xie, Y., Kataria, S., Gund, R., Hajam, E. Y., et al. (2015). The Matrix Protein Fibulin-5 Is at the Interface of Tissue Stiffness and Inflammation in Fibrosis. Nat. Commun. 6, 8574. doi:10.1038/ncomms9574
 Natkanski, E., Lee, W.-Y., Mistry, B., Casal, A., Molloy, J. E., and Tolar, P. (2013). B Cells Use Mechanical Energy to Discriminate Antigen Affinities. Science 340, 1587–1590. doi:10.1126/science.1237572
 Newham, P., Craig, S. E., Seddon, G. N., Schofield, N. R., Rees, A., Edwards, R. M., et al. (1997). α4 Integrin Binding Interfaces on VCAM-1 and MAdCAM-1. J. Biol. Chem. 272, 19429–19440. doi:10.1074/jbc.272.31.19429
 Ni, N., Kevil, C. G., Bullard, D. C., and Kucik, D. F. (2003). Avidity Modulation Activates Adhesion under Flow and Requires Cooperativity Among Adhesion Receptors. Biophysical J. 85, 4122–4133. doi:10.1016/s0006-3495(03)74824-3
 Nikolova-Krstevski, V., Wagner, S., Yu, Z. Y., Cox, C. D., Cvetkovska, J., Hill, A. P., et al. (2017). Endocardial TRPC-6 Channels Act as Atrial Mechanosensors and Load-dependent Modulators of Endocardial/Myocardial Cross-Talk. JACC: Basic Translational Sci. 2, 575–590. doi:10.1016/j.jacbts.2017.05.006
 Nordenfelt, P., Moore, T. I., Mehta, S. B., Kalappurakkal, J. M., Swaminathan, V., Koga, N., et al. (2017). Direction of Actin Flow Dictates Integrin LFA-1 Orientation during Leukocyte Migration. Nat. Commun. 8, 2047. doi:10.1038/s41467-017-01848-y
 Norman, M. U., and Hickey, M. J. (2005). Mechanisms of Lymphocyte Migration in Autoimmune Disease. Tissue Antigens 66, 163–172. doi:10.1111/j.1399-0039.2005.00434.x
 O'Donoghue, G. P., Pielak, R. M., Smoligovets, A. A., Lin, J. J., and Groves, J. T. (2013). Direct Single Molecule Measurement of TCR Triggering by Agonist pMHC in Living Primary T Cells. eLife 2, e00778. doi:10.7554/eLife.00778
 Ongenae, K., Van Geel, N., De Schepper, S., and Naeyaert, J. M. (2005). Effect of Vitiligo on Self-Reported Health-Related Quality of Life. Br. J. Dermatol. 152, 1165–1172. doi:10.1111/j.1365-2133.2005.06456.x
 Oo, Y. H., Hubscher, S. G., and Adams, D. H. (2010). Autoimmune Hepatitis: New Paradigms in the Pathogenesis, Diagnosis, and Management. Hepatol. Int. 4, 475–493. doi:10.1007/s12072-010-9183-5
 Oria, R., Wiegand, T., Escribano, J., Elosegui-Artola, A., Uriarte, J. J., Moreno-Pulido, C., et al. (2017). Force Loading Explains Spatial Sensing of Ligands by Cells. Nature 552, 219–224. doi:10.1038/nature24662
 Orłowski, A., Kukkurainen, S., Pöyry, A., Rissanen, S., Vattulainen, I., Hytönen, V. P., et al. (2015). PIP2 and Talin Join Forces to Activate Integrin. J. Phys. Chem. B 119, 12381–12389. doi:10.1021/acs.jpcb.5b06457
 Orłowski, A., Kukkurainen, S., Pöyry, A., Rissanen, S., Vattulainen, I., Hytönen, V. P., et al. (2015). PIP2 and Talin Join Forces to Activate Integrin. J. Phys. Chem. B 119, 12381–12389. doi:10.1021/acs.jpcb.5b06457
 Pageon, S. V., Govendir, M. A., Kempe, D., and Biro, M. (2018). Mechanoimmunology: Molecular-Scale Forces Govern Immune Cell Functions. Mol. Biol. Cell 29, 1919–1926. doi:10.1091/mbc.E18-02-0120
 Paluch, E., and Heisenberg, C.-P. (2009). Biology and Physics of Cell Shape Changes in Development. Curr. Biol. 19, R790–R799. doi:10.1016/j.cub.2009.07.029
 Pankov, R., and Yamada, K. M. (2002). Fibronectin at a Glance. J. Cell Sci. 115, 3861–3863. doi:10.1242/jcs.00059
 Parisi, R., Iskandar, I. Y. K., Kontopantelis, E., Augustin, M., Griffiths, C. E. M., and Ashcroft, D. M. (2020). National, Regional, and Worldwide Epidemiology of Psoriasis: Systematic Analysis and Modelling Study. BMJ 369, m1590. doi:10.1136/bmj.m1590
 Park, S. C., and Jeen, Y. T. (2018). Anti-integrin Therapy for Inflammatory Bowel Disease. Wjg 24, 1868–1880. doi:10.3748/wjg.v24.i17.1868
 Pattanaik, D., Brown, M., Postlethwaite, B. C., and Postlethwaite, A. E. (2015). Pathogenesis of Systemic Sclerosis. Front. Immunol. 6, 272. doi:10.3389/fimmu.2015.00272
 Perez, V. L., Pflugfelder, S. C., Zhang, S., Shojaei, A., and Haque, R. (2016). Lifitegrast, a Novel Integrin Antagonist for Treatment of Dry Eye Disease. Ocul. Surf. 14, 207–215. doi:10.1016/j.jtos.2016.01.001
 Petermann, F., and Korn, T. (2011). Cytokines and Effector T Cell Subsets Causing Autoimmune CNS Disease. FEBS Lett. 585, 3747–3757. doi:10.1016/j.febslet.2011.03.064
 Peters, M. A., Wendholt, D., Strietholt, S., Frank, S., Pundt, N., Korb-Pap, A., et al. (2012). The Loss of α2β1 Integrin Suppresses Joint Inflammation and Cartilage Destruction in Mouse Models of Rheumatoid Arthritis. Arthritis Rheum. 64, 1359–1368. doi:10.1002/art.33487
 Pfaff, M., Aumailley, M., Specks, U., Knolle, J., Zerwes, H. G., and Timpl, R. (1993). Integrin and Arg-Gly-Asp Dependence of Cell Adhesion to the Native and Unfolded Triple helix of Collagen Type VI. Exp. Cell Res. 206, 167–176. doi:10.1006/excr.1993.1134
 Phillipson, M., Heit, B., Colarusso, P., Liu, L., Ballantyne, C. M., and Kubes, P. (2006). Intraluminal Crawling of Neutrophils to Emigration Sites: a Molecularly Distinct Process from Adhesion in the Recruitment cascade. J. Exp. Med. 203, 2569–2575. doi:10.1084/jem.20060925
 Pichler, R., Sfetsos, K., Badics, B., Gutenbrunner, S., Berg, J., and Auböck, J. (2009). Lymphocyte Imbalance in Vitiligo Patients Indicated by Elevated CD4+/CD8+ T-Cell Ratio. Wien Med. Wochenschr 159, 337–341. doi:10.1007/s10354-009-0699-z
 Piechocka, I. K., Keary, S., Sosa-Costa, A., Lau, L., Mohan, N., Stanisavljevic, J., et al. (2021). Shear Forces Induce ICAM-1 Nanoclustering on Endothelial Cells that Impact on T-Cell Migration. Biophys. J. 120, 2644–2656. doi:10.1016/j.bpj.2021.05.016
 Pierres, A., Benoliel, A. M., and Bongrand, P. (1995). Use of thermal Fluctuations to Study the Length and Flexibility of Ligand-Receptor Bonds. C R. Acad. Sci. 318, 1191–1196. 
 Pierres, A., Benoliel, A.-M., and Bongrand, P. (1995). Measuring the Lifetime of Bonds Made between Surface-Linked Molecules. J. Biol. Chem. 270, 26586–26592. doi:10.1074/jbc.270.44.26586
 Piper, J. W., Swerlick, R. A., and Zhu, C. (1998). Determining Force Dependence of Two-Dimensional Receptor-Ligand Binding Affinity by Centrifugation. Biophysical J. 74, 492–513. doi:10.1016/s0006-3495(98)77807-5
 Poole, A. R., Kobayashi, M., Yasuda, T., Laverty, S., Mwale, F., Kojima, T., et al. (2002). Type II Collagen Degradation and its Regulation in Articular Cartilage in Osteoarthritis. Ann. Rheum. Dis. 61 Suppl 2, ii78–81. doi:10.1136/ard.61.suppl_2.ii78
 Ram, M., Sherer, Y., and Shoenfeld, Y. (2006). Matrix Metalloproteinase-9 and Autoimmune Diseases. J. Clin. Immunol. 26, 299–307. doi:10.1007/s10875-006-9022-6
 Ramakrishna, P., and Rajni, T. (2014). Psychiatric Morbidity and Quality of Life in Vitiligo Patients. Indian J. Psychol. Med. 36, 302–303. doi:10.4103/0253-7176.135385
 Rath, T., Billmeier, U., Ferrazzi, F., Vieth, M., Ekici, A., Neurath, M. F., et al. (2018). Effects of Anti-integrin Treatment with Vedolizumab on Immune Pathways and Cytokines in Inflammatory Bowel Diseases. Front. Immunol. 9, 1700. doi:10.3389/fimmu.2018.01700
 Reichert Faria, A., Jung, J. E., Silva de Castro, C. C., and de Noronha, L. (2017). Reduced Immunohistochemical Expression of Adhesion Molecules in Vitiligo Skin Biopsies. Pathol. - Res. Pract. 213, 199–204. doi:10.1016/j.prp.2016.12.019
 Renkawitz, J., and Sixt, M. (2010). Mechanisms of Force Generation and Force Transmission during Interstitial Leukocyte Migration. EMBO Rep. 11, 744–750. doi:10.1038/embor.2010.147
 Renkawitz, J., and Sixt, M. (2010). Mechanisms of Force Generation and Force Transmission during Interstitial Leukocyte Migration. EMBO Rep. 11, 744–750. doi:10.1038/embor.2010.147
 Resende de Paiva, C., Grønhøj, C., Feldt-Rasmussen, U., and von Buchwald, C. (2017). Association between Hashimoto's Thyroiditis and Thyroid Cancer in 64,628 Patients. Front. Oncol. 7, 53. doi:10.3389/fonc.2017.00053
 Reversat, A., Gaertner, F., Merrin, J., Stopp, J., Tasciyan, S., Aguilera, J., et al. (2020). Cellular Locomotion Using Environmental Topography. Nature 582, 582–585. doi:10.1038/s41586-020-2283-z
 Roca-Cusachs, P., Gauthier, N. C., del Rio, A., and Sheetz, M. P. (2009). Clustering of 5 1 Integrins Determines Adhesion Strength whereas V 3 and Talin Enable Mechanotransduction. Proc. Natl. Acad. Sci. 106, 16245–16250. doi:10.1073/pnas.0902818106
 Rose, D. M., Alon, R., and Ginsberg, M. H. (2007). Integrin Modulation and Signaling in Leukocyte Adhesion and Migration. Immunol. Rev. 218, 126–134. doi:10.1111/j.1600-065x.2007.00536.x
 Rosetti, F., Chen, Y., Sen, M., Thayer, E., Azcutia, V., Herter, J. M., et al. (2015). A Lupus-Associated Mac-1 Variant Has Defects in Integrin Allostery and Interaction with Ligands under Force. Cell Rep. 10, 1655–1664. doi:10.1016/j.celrep.2015.02.037
 Rosetti, F., and Mayadas, T. N. (2016). The many Faces of Mac-1 in Autoimmune Disease. Immunol. Rev. 269, 175–193. doi:10.1111/imr.12373
 Rubio, M. A., Sotillos, M., Jochems, G., Alvarez, V., and Corbií, A. L. (1995). Monocyte Activation: Rapid Induction of α1/β1 (VLA-1) Integrin Expression by Lipopolysaccharide and Interferon-γ. Eur. J. Immunol. 25, 2701–2705. doi:10.1002/eji.1830250945
 Saag, K. G., Koehnke, R., Caldwell, J. R., Brasington, R., Burmeister, L. F., Zimmerman, B., et al. (1994). Low Dose Long-Term Corticosteroid Therapy in Rheumatoid Arthritis: an Analysis of Serious Adverse Events. Am. J. Med. 96, 115–123. doi:10.1016/0002-9343(94)90131-7
 Sakaguchi, N., Takahashi, T., Hata, H., Nomura, T., Tagami, T., Yamazaki, S., et al. (2003). Altered Thymic T-Cell Selection Due to a Mutation of the ZAP-70 Gene Causes Autoimmune Arthritis in Mice. Nature 426, 454–460. doi:10.1038/nature02119
 Salman, A., Kurt, E., Topcuoglu, V., and Demircay, Z. (2016). Social Anxiety and Quality of Life in Vitiligo and Acne Patients with Facial Involvement: A Cross-Sectional Controlled Study. Am. J. Clin. Dermatol. 17, 305–311. doi:10.1007/s40257-016-0172-x
 Sandborn, W. J., Colombel, J. F., Enns, R., Feagan, B. G., Hanauer, S. B., Lawrance, I. C., et al. (2005). Natalizumab Induction and Maintenance Therapy for Crohn's Disease. N. Engl. J. Med. 353, 1912–1925. doi:10.1056/nejmoa043335
 Sattler, L., Hanauer, S. B., and Malter, L. (2021). Immunomodulatory Agents for Treatment of Patients with Inflammatory Bowel Disease (Review Safety of Anti-TNF, Anti-integrin, Anti IL-12/23, JAK Inhibition, Sphingosine 1-Phosphate Receptor Modulator, Azathioprine / 6-MP and Methotrexate). Curr. Gastroenterol. Rep. 23, 30. doi:10.1007/s11894-021-00829-y
 Savinov, A. Y., and Burn, P. (2010). Interference with Islet-specific Homing of Autoreactive T Cells: an Emerging Therapeutic Strategy for Type 1 Diabetes. Drug Discov. Today 15, 531–539. doi:10.1016/j.drudis.2010.05.013
 Savinov, A. Y., Wong, F. S., Stonebraker, A. C., and Chervonsky, A. V. (2003). Presentation of Antigen by Endothelial Cells and Chemoattraction Are Required for Homing of Insulin-specific CD8+ T Cells. J. Exp. Med. 197, 643–656. doi:10.1084/jem.20021378
 Schaefer, A., Te Riet, J., Ritz, K., Hoogenboezem, M., Anthony, E. C., Mul, F. P., et al. (2014). Actin-binding Proteins Differentially Regulate Endothelial Cell Stiffness, ICAM-1 Function and Neutrophil Transmigration. J. Cell Sci 127, 4470–4482. doi:10.1242/jcs.154708
 Schakenraad, K., Ernst, J., Pomp, W., Danen, E. H. J., Merks, R. M. H., Schmidt, T., et al. (2020). Mechanical Interplay between Cell Shape and Actin Cytoskeleton Organization. Soft matter 16, 6328–6343. doi:10.1039/d0sm00492h
 Schenkel, A. R., Mamdouh, Z., and Muller, W. A. (2004). Locomotion of Monocytes on Endothelium Is a Critical Step during Extravasation. Nat. Immunol. 5, 393–400. doi:10.1038/ni1051
 Schimmel, L., van der Stoel, M., Rianna, C., van Stalborch, A.-M., de Ligt, A., Hoogenboezem, M., et al. (2018). Stiffness-Induced Endothelial DLC-1 Expression Forces Leukocyte Spreading through Stabilization of the ICAM-1 Adhesome. Cell Rep. 24, 3115–3124. doi:10.1016/j.celrep.2018.08.045
 Schittenhelm, L., Hilkens, C. M., and Morrison, V. L. (2017). β2 Integrins as Regulators of Dendritic Cell, Monocyte, and Macrophage Function. Front. Immunol. 8, 1866. doi:10.3389/fimmu.2017.01866
 Schwartz, A. B., Campos, O. A., Ernesto, C.-H., Chien, S., del Álamo, J. C., Lasheras, J. C., et al. (2021). Elucidating the Biomechanics of Leukocyte Transendothelial Migration by Quantitative Imaging. Front. Cell Developmental Biol. 9, 704. doi:10.3389/fcell.2021.635263
 Sedwick, C. E., Morgan, M. M., Jusino, L., Cannon, J. L., Miller, J., and Burkhardt, J. K. (1999). TCR, LFA-1, and CD28 Play Unique and Complementary Roles in Signaling T Cell Cytoskeletal Reorganization. J. Immunol. 162, 1367–1375. 
 Senger, D. R., Claffey, K. P., Benes, J. E., Perruzzi, C. A., Sergiou, A. P., and Detmar, M. (1997). Angiogenesis Promoted by Vascular Endothelial Growth Factor: Regulation through 1 1 and 2 1 Integrins. Proc. Natl. Acad. Sci. 94, 13612–13617. doi:10.1073/pnas.94.25.13612
 Shannon, M. J., and Mace, E. M. (2021). Natural Killer Cell Integrins and Their Functions in Tissue Residency. Front. Immunol. 12, 616. doi:10.3389/fimmu.2021.647358
 Shao, J. Y., and Hochmuth, R. M. (1996). Micropipette Suction for Measuring Piconewton Forces of Adhesion and Tether Formation from Neutrophil Membranes. Biophysical J. 71, 2892–2901. doi:10.1016/s0006-3495(96)79486-9
 Shattil, S. J., Kim, C., and Ginsberg, M. H. (2010). The Final Steps of Integrin Activation: The End Game. Nat. Rev. Mol. Cell Biol 11, 288–300. doi:10.1038/nrm2871
 Shibata-Seki, T., Nagaoka, M., Goto, M., Kobatake, E., and Akaike, T. (2020). Direct Visualization of the Extracellular Binding Structure of E-Cadherins in Liquid. Sci. Rep. 10, 17044. doi:10.1038/s41598-020-72517-2
 Shimaoka, M., Xiao, T., Liu, J.-H., Yang, Y., Dong, Y., Jun, C.-D., et al. (2003). Structures of the αL I Domain and its Complex with ICAM-1 Reveal a Shape-Shifting Pathway for Integrin Regulation. Cell 112, 99–111. doi:10.1016/s0092-8674(02)01257-6
 Siebert, S., Raj, S., and Tsoukas, A. (2016). “The Epidemiology of Ankylosing Spondylitis, Axial Spondyloarthritis, and Back Pain,” in Axial Spondyloarthritis ( Oxford Rheumatology Library, Oxford University Press).
 Sigal, A., Bleijs, D. A., Grabovsky, V., van Vliet, S. J., Dwir, O., Figdor, C. G., et al. (2000). The LFA-1 Integrin Supports Rolling Adhesions on ICAM-1 under Physiological Shear Flow in a Permissive Cellular Environment. J. Immunol. 165, 442–452. doi:10.4049/jimmunol.165.1.442
 Silverman, H. A., Chen, A., Kravatz, N. L., Chavan, S. S., and Chang, E. H. (2020). Involvement of Neural Transient Receptor Potential Channels in Peripheral Inflammation. Front. Immunol. 11, 590261. doi:10.3389/fimmu.2020.590261
 Sivarapatna, A., Ghaedi, M., Le, A. V., Mendez, J. J., Qyang, Y., and Niklason, L. E. (2015). Arterial Specification of Endothelial Cells Derived from Human Induced Pluripotent Stem Cells in a Biomimetic Flow Bioreactor. Biomaterials 53, 621–633. doi:10.1016/j.biomaterials.2015.02.121
 Skapenko, A., Leipe, J., Lipsky, P. E., and Schulze-Koops, H. (2005). The Role of the T Cell in Autoimmune Inflammation. Arthritis Res. Ther. 7, S4. doi:10.1186/ar1703
 Slack, R. J., Macdonald, S. J. F., Roper, J. A., Jenkins, R. G., and Hatley, R. J. D. (2022). Emerging Therapeutic Opportunities for Integrin Inhibitors. Nat. Rev. Drug Discov. 21, 60–78. doi:10.1038/s41573-021-00284-4
 Smith, L. A., Aranda-Espinoza, H., Haun, J. B., Dembo, M., and Hammer, D. A. (2007). Neutrophil Traction Stresses Are Concentrated in the Uropod during Migration. Biophysical J. 92, L58–L60. doi:10.1529/biophysj.106.102822
 Smolen, J. S., Aletaha, D., Barton, A., Burmester, G. R., Emery, P., Firestein, G. S., et al. (2018). Rheumatoid Arthritis. Nat. Rev. Dis. Primers 4, 18001. doi:10.1038/nrdp.2018.1
 Smolen, J. S., Aletaha, D., Koeller, M., Weisman, M. H., and Emery, P. (2007). New Therapies for Treatment of Rheumatoid Arthritis. The Lancet 370, 1861–1874. doi:10.1016/s0140-6736(07)60784-3
 Smolen, J. S., Aletaha, D., and McInnes, I. B. (2016). Rheumatoid Arthritis. The Lancet 388, 2023–2038. doi:10.1016/s0140-6736(16)30173-8
 Smolen, J. S., and Steiner, G. (2003). Therapeutic Strategies for Rheumatoid Arthritis. Nat. Rev. Drug Discov. 2, 473–488. doi:10.1038/nrd1109
 Springer, T. A. (1995). Traffic Signals on Endothelium for Lymphocyte Recirculation and Leukocyte Emigration. Annu. Rev. Physiol. 57, 827–872. doi:10.1146/annurev.ph.57.030195.004143
 Stamp, L. K., James, M. J., and Cleland, L. G. (2004). Interleukin‐17: the Missing Link between T‐cell Accumulation and Effector Cell Actions in Rheumatoid Arthritis?Immunol. Cell Biol 82, 1–9. doi:10.1111/j.1440-1711.2004.01212.x
 Steinman, L. (2009). A Molecular Trio in Relapse and Remission in Multiple Sclerosis. Nat. Rev. Immunol. 9, 440–447. doi:10.1038/nri2548
 Steinman, L. (2005). Blocking Adhesion Molecules as Therapy for Multiple Sclerosis: Natalizumab. Nat. Rev. Drug Discov. 4, 510–518. doi:10.1038/nrd1752
 Steinman, L. (2004). Immune Therapy for Autoimmune Diseases. Science 305, 212–216. doi:10.1126/science.1099896
 Stout, A. L., and Webb, W. W. (1998). Optical Force Microscopy. Methods Cell Biol.
 Stout, D. A., Bar-Kochba, E., Estrada, J. B., Toyjanova, J., Kesari, H., Reichner, J. S., et al. (2016). Mean Deformation Metrics for Quantifying 3D Cell-Matrix Interactions without Requiring Information about Matrix Material Properties. Proc. Natl. Acad. Sci. USA 113, 2898–2903. doi:10.1073/pnas.1510935113
 Stricker, J., Aratyn-Schaus, Y., Oakes, P. W., and Gardel, M. L. (2011). Spatiotemporal Constraints on the Force-dependent Growth of Focal Adhesions. Biophysical J. 100, 2883–2893. doi:10.1016/j.bpj.2011.05.023
 Stroka, K. M., and Aranda-Espinoza, H. (2011). Endothelial Cell Substrate Stiffness Influences Neutrophil Transmigration via Myosin Light Chain Kinase-dependent Cell Contraction. Blood 118, 1632–1640. doi:10.1182/blood-2010-11-321125
 Su, M., Yi, H., He, X., Luo, L., Jiang, S., and Shi, Y. (2019). miR-9 Regulates Melanocytes Adhesion and Migration during Vitiligo Repigmentation Induced by UVB Treatment. Exp. Cell Res. 384, 111615. doi:10.1016/j.yexcr.2019.111615
 Sun, H., Liu, J., Zheng, Y., Pan, Y., Zhang, K., and Chen, J. (2014). Distinct Chemokine Signaling Regulates Integrin Ligand Specificity to Dictate Tissue-specific Lymphocyte Homing. Developmental Cell 30, 61–70. doi:10.1016/j.devcel.2014.05.002
 Sun, Z., Costell, M., and Fässler, R. (2019). Integrin Activation by Talin, Kindlin and Mechanical Forces. Nat. Cell Biol 21, 25–31. doi:10.1038/s41556-018-0234-9
 Sun, Z., Guo, S. S., and Fässler, R. (2016). Integrin-mediated Mechanotransduction. J. Cell Biol. 215, 445–456. doi:10.1083/jcb.201609037
 Sun, Z., Martinez-Lemus, L. A., Trache, A., Trzeciakowski, J. P., Davis, G. E., Pohl, U., et al. (2005). Mechanical Properties of the Interaction between Fibronectin and α5β1-integrin on Vascular Smooth Muscle Cells Studied Using Atomic Force Microscopy. Am. J. Physiology-Heart Circulatory Physiol. 289, H2526–H2535. doi:10.1152/ajpheart.00658.2004
 Swaney, K. F., Huang, C.-H., and Devreotes, P. N. (2010). Eukaryotic Chemotaxis: a Network of Signaling Pathways Controls Motility, Directional Sensing, and Polarity. Annu. Rev. Biophys. 39, 265–289. doi:10.1146/annurev.biophys.093008.131228
 Sweeney, S. E., and Firestein, G. S. (2004). Rheumatoid Arthritis: Regulation of Synovial Inflammation. Int. J. Biochem. Cell Biol. 36, 372–378. doi:10.1016/s1357-2725(03)00259-0
 Szabo, M. C., Butcher, E. C., and McEvoy, L. M. (1997). Specialization of Mucosal Follicular Dendritic Cells Revealed by Mucosal Addressin-Cell Adhesion Molecule-1 Display. J. Immunol. 158, 5584–5588. 
 Takahashi, H., Söderström, K., Nilsson, E., Kiessling, R., and Patarroyo, M. (1992). Integrins and Other Adhesion Molecules on Lymphocytes from Synovial Fluid and Peripheral Blood of Rheumatoid Arthritis Patients. Eur. J. Immunol. 22, 2879–2885. doi:10.1002/eji.1830221119
 Takizawa, M., Arimori, T., Taniguchi, Y., Kitago, Y., Yamashita, E., Takagi, J., et al. (2017). Mechanistic Basis for the Recognition of Laminin-511 by α6β1 Integrin. Sci. Adv. 3, e1701497. doi:10.1126/sciadv.1701497
 Tan, J. L., Tien, J., Pirone, D. M., Gray, D. S., Bhadriraju, K., and Chen, C. S. (2003). Cells Lying on a Bed of Microneedles: An Approach to Isolate Mechanical Force. Proc. Natl. Acad. Sci. 100, 1484–1489. doi:10.1073/pnas.0235407100
 Tang, T., Rosenkranz, A., Assmann, K. J. M., Goodman, M. J., Gutierrez-Ramos, J.-C., Carroll, M. C., et al. (1997). A Role for Mac-1 (CDIIb/CD18) in Immune Complex-Stimulated Neutrophil Function In Vivo: Mac-1 Deficiency Abrogates Sustained Fcγ Receptor-dependent Neutrophil Adhesion and Complement-dependent Proteinuria in Acute Glomerulonephritis. J. Exp. Med. 186, 1853–1863. doi:10.1084/jem.186.11.1853
 Taraszka, K. S., Higgins, J. M. G., Tan, K., Mandelbrot, D. A., Wang, J.-h., and Brenner, M. B. (2000). Molecular Basis for Leukocyte Integrin αEβ7 Adhesion to Epithelial (E)-Cadherin. J. Exp. Med. 191, 1555–1567. doi:10.1084/jem.191.9.1555
 Tedford, K., Steiner, M., Koshutin, S., Richter, K., Tech, L., Eggers, Y., et al. (2017). The Opposing Forces of Shear Flow and Sphingosine-1-Phosphate Control Marginal Zone B Cell Shuttling. Nat. Commun. 8, 2261. doi:10.1038/s41467-017-02482-4
 Tha, S. P., Shuster, J., and Goldsmith, H. L. (1986). Interaction Forces between Red Cells Agglutinated by Antibody. II. Measurement of Hydrodynamic Force of Breakup. Biophysical J. 50, 1117–1126. doi:10.1016/s0006-3495(86)83556-1
 Thiery, J., Keefe, D., Boulant, S., Boucrot, E., Walch, M., Martinvalet, D., et al. (2011). Perforin Pores in the Endosomal Membrane Trigger the Release of Endocytosed Granzyme B into the Cytosol of Target Cells. Nat. Immunol. 12, 770–777. doi:10.1038/ni.2050
 Thoumine, O., Kocian, P., Kottelat, A., and Meister, J.-J. (2000). Short-term Binding of Fibroblasts to Fibronectin: Optical Tweezers Experiments and Probabilistic Analysis. Eur. Biophys. J. 29, 398–408. doi:10.1007/s002490000087
 Toledo-Mauriño, J. J., Furuzawa-Carballeda, J., Villeda-Ramírez, M. A., Fonseca-Camarillo, G., Meza-Guillen, D., Barreto-Zúñiga, R., et al. (2018). The Transient Receptor Potential Vanilloid 1 Is Associated with Active Inflammation in Ulcerative Colitis. Mediators Inflamm. 2018, e6570371. doi:10.1155/2018/6570371
 Tsokos, G. C. (2004). B Cells, Be Gone - B-Cell Depletion in the Treatment of Rheumatoid Arthritis. N. Engl. J. Med. 350, 2546–2548. doi:10.1056/nejmp048114
 Vicente-Manzanares, M., Ma, X., Adelstein, R. S., and Horwitz, A. R. (2009). Non-muscle Myosin II Takes centre Stage in Cell Adhesion and Migration. Nat. Rev. Mol. Cell Biol 10, 778–790. doi:10.1038/nrm2786
 von Andrian, U. H., and Mempel, T. R. (2003). Homing and Cellular Traffic in Lymph Nodes. Nat. Rev. Immunol. 3, 867–878. doi:10.1038/nri1222
 Vorselen, D., Wang, Y., de Jesus, M. M., Shah, P. K., Footer, M. J., Huse, M., et al. (2020). Microparticle Traction Force Microscopy Reveals Subcellular Force Exertion Patterns in Immune Cell-Target Interactions. Nat. Commun. 11, 20. doi:10.1038/s41467-019-13804-z
 Walton, C., King, R., Rechtman, L., Kaye, W., Leray, E., Marrie, R. A., et al. (2020). Rising Prevalence of Multiple Sclerosis Worldwide: Insights from the Atlas of MS, Third Edition. Mult. Scler. 26, 1816–1821. doi:10.1177/1352458520970841third edition
 Wang, L., Wang, F.-S., and Gershwin, M. E. (2015). Human Autoimmune Diseases: A Comprehensive Update. J. Intern. Med. 278, 369–395. doi:10.1111/joim.12395
 Wang, L., Zhou, H., Zhang, M., Liu, W., Deng, T., Zhao, Q., et al. (2019). Structure and Mechanogating of the Mammalian Tactile Channel PIEZO2. Nature 573, 225–229. doi:10.1038/s41586-019-1505-8
 Wang, S., Wu, C., Zhang, Y., Zhong, Q., Sun, H., Cao, W., et al. (2018). Integrin α4β7 Switches its Ligand Specificity via Distinct Conformer-specific Activation. J. Cell Biol. 217, 2799–2812. doi:10.1083/jcb.201710022
 Webb, R. C. (2003). SMOOTH MUSCLE CONTRACTION AND RELAXATION. Adv. Physiol. Education 27, 201–206. doi:10.1152/advances.2003.27.4.201
 Wilder, R. L. (2002). Integrin Alpha V Beta 3 as a Target for Treatment of Rheumatoid Arthritis and Related Rheumatic Diseases. Ann. Rheum. Dis. 61, 96ii–99. doi:10.1136/ard.61.suppl_2.ii96
 Woolf, E., Grigorova, I., Sagiv, A., Grabovsky, V., Feigelson, S. W., Shulman, Z., et al. (2007). Lymph Node Chemokines Promote Sustained T Lymphocyte Motility without Triggering Stable Integrin Adhesiveness in the Absence of Shear Forces. Nat. Immunol. 8, 1076–1085. doi:10.1038/ni1499
 Wruck, F., Katranidis, A., Nierhaus, K. H., Büldt, G., and Hegner, M. (2017). Translation and Folding of Single Proteins in Real Time. Proc. Natl. Acad. Sci. USA 114, E4399–E4407. doi:10.1073/pnas.1617873114
 Xiao, T., Takagi, J., Coller, B. S., Wang, J.-H., and Springer, T. A. (2004). Structural Basis for Allostery in Integrins and Binding to Fibrinogen-Mimetic Therapeutics. Nature 432, 59–67. doi:10.1038/nature02976
 Xing, Y., and Hogquist, K. A. (2012). T-cell Tolerance: Central and Peripheral. Cold Spring Harbor Perspect. Biol. 4, a006957. doi:10.1101/cshperspect.a006957
 Xiong, J.-P., Stehle, T., Zhang, R., Joachimiak, A., Frech, M., Goodman, S. L., et al. (2002). Crystal Structure of the Extracellular Segment of Integrin αVβ3 in Complex with an Arg-Gly-Asp Ligand. Science 296, 151–155. doi:10.1126/science.1069040
 Xu, B., Cook, R. E., and Michie, S. A. (2010). α4β7 integrin/MAdCAM-1 Adhesion Pathway Is Crucial for B Cell Migration into Pancreatic Lymph Nodes in Nonobese Diabetic Mice. J. Autoimmun. 35, 124–129. doi:10.1016/j.jaut.2010.04.002
 Xu, S., Wang, J., Wang, J.-H., and Springer, T. A. (2017). Distinct Recognition of Complement iC3b by Integrins αXβ2 and αMβ2. Proc. Natl. Acad. Sci. USA 114, 3403–3408. doi:10.1073/pnas.1620881114
 Yaghoobi, R., Omidian, M., and Bagherani, N. (2011). Vitiligo: A Review of the Published Work. J. Dermatol. 38, 419–431. doi:10.1111/j.1346-8138.2010.01139.x
 Yakubenko, V. P., Belevych, N., Mishchuk, D., Schurin, A., Lam, S. C.-T., and Ugarova, T. P. (2008). The Role of Integrin αDβ2 (CD11d/CD18) in Monocyte/macrophage Migration. Exp. Cell Res. 314, 2569–2578. doi:10.1016/j.yexcr.2008.05.016
 Yamada, K. M., and Sixt, M. (2019). Mechanisms of 3D Cell Migration. Nat. Rev. Mol. Cell Biol 20, 738–752. doi:10.1038/s41580-019-0172-9
 Yamamoto, N., Sakai, F., Kon, S., Morimoto, J., Kimura, C., Yamazaki, H., et al. (2003). Essential Role of the Cryptic Epitope SLAYGLR within Osteopontin in a Murine Model of Rheumatoid Arthritis. J. Clin. Invest. 112, 181–188. doi:10.1172/jci17778
 Yao, M., Goult, B. T., Chen, H., Cong, P., Sheetz, M. P., and Yan, J. (2015). Mechanical Activation of Vinculin Binding to Talin Locks Talin in an Unfolded Conformation. Sci. Rep. 4, 4610. doi:10.1038/srep04610
 Yao, M., Goult, B. T., Klapholz, B., Hu, X., Toseland, C. P., Guo, Y., et al. (2016). The Mechanical Response of Talin. Nat. Commun. 7, 11966. doi:10.1038/ncomms11966
 Yednock, T. A., Cannon, C., Fritz, L. C., Sanchez-Madrid, F., Steinman, L., and Karin, N. (1992). Prevention of Experimental Autoimmune Encephalomyelitis by Antibodies against α4βl Integrin. Nature 356, 63–66. doi:10.1038/356063a0
 Yusko, E. C., and Asbury, C. L. (2014). Force Is a Signal that Cells Cannot Ignore. MBoC 25, 3717–3725. doi:10.1091/mbc.e13-12-0707
 Zhang, M., Eichhorn, S. W., Zingg, B., Yao, Z., Cotter, K., Zeng, H., et al. (2021). Spatially Resolved Cell Atlas of the Mouse Primary Motor Cortex by MERFISH. Nature 598, 137–143. doi:10.1038/s41586-021-03705-x
 Zhang, X., Craig, S. E., Kirby, H., Humphries, M. J., and Moy, V. T. (2004). Molecular Basis for the Dynamic Strength of the Integrin α4β1/VCAM-1 Interaction. Biophysical J. 87, 3470–3478. doi:10.1529/biophysj.104.045690
 Zhang, X., Kim, T.-H., Thauland, T. J., Li, H., Majedi, F. S., Ly, C., et al. (2020). Unraveling the Mechanobiology of Immune Cells. Curr. Opin. Biotechnol. 66, 236–245. doi:10.1016/j.copbio.2020.09.004
 Zhu, J., Carman, C. V., Kim, M., Shimaoka, M., Springer, T. A., and Luo, B.-H. (2007). Requirement of α and β Subunit Transmembrane helix Separation for Integrin Outside-In Signaling. Blood 110, 2475–2483. doi:10.1182/blood-2007-03-080077
 Zhu, J., Carman, C. V., Kim, M., Shimaoka, M., Springer, T. A., and Luo, B.-H. (2007). Requirement of α and β Subunit Transmembrane helix Separation for Integrin Outside-In Signaling. Blood 110, 2475–2483. doi:10.1182/blood-2007-03-080077
 Zundler, S., Fischer, A., Schillinger, D., Binder, M.-T., Atreya, R., Rath, T., et al. (2017). The α4β1 Homing Pathway Is Essential for Ileal Homing of Crohnʼs Disease Effector T Cells In Vivo. Inflamm. Bowel Dis. 23, 379–391. doi:10.1097/mib.0000000000001029
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.
Copyright © 2022 Banerjee, Nara, Chakraborty, Chowdhury and Haldar. 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.
OPS/images/fcell-10-852878-g005.gif





OPS/images/fcell-10-852878-g006.gif





OPS/images/fcell-10-852878-g003.gif





OPS/images/fcell-10-852878-g004.gif





OPS/images/fcell-10-852878-t001.jpg
B «

subunit  subunit

p1 at

(CD29)  (CD4%a)
a2
(CD4gb)
a3
(CD4%c)
ad
(CD49d)
a5
(CD4e)
a6
(CD4gl)
av
(oDs1)

B2 ol

(CD1§)  (CD11a)
aM
(CD11b)

ax
(©D110)
aD

(©D11q)

B3 av
(©D61)  (CD51)

allb
(oD41)

B av
(oD51)

B7 oE

a4
(cD4gd)

Integrin
name

atpt
(VLA-1)
a2pt
(VLA-2)
a3pt
(VLA-3)
adpt
(VLA-4)
asp1
(VLA-5)
a6p1

avpt

alp2
(LFA-1)
amp2
(Mac-1)
axp2

aDp2

aps

allop3

aps

aEp7
(CD103)
adp?

Classification
based
on binding
site

LDV binding

RGD specific

RGD specific

RGD specific

RGD specific

RGD specific

LDV binding

Classification based
on structure

al domain containing
al domain containing

XGFFKR sequence
containing

XGFFKR sequence
containing

al domain containing

al domain containing

al domain containing

al domain containing

al domain containing,
XGFFKR sequence
containing

Major ligands

Laminin, collagen, tenascin
Laminin, collagen

Laminin, collagen, fioronectin
Fibronectin, VCAM1, MAdCAM1, TSP-1
Fibronectin, L1

Laminin

Vitronectin, fioronectin, collagen,
fibrinogen

ICAM1, 2 and 3

ICAM1, iC3b, fibrinogen

iC3b and fibrinogen

ICAM-3, VCAM1

Fibronectin, osteopontin, PE-CAM1,
vitronectin, fiorinogen, human L1,
thrombospondin, collagen

Fibronectin, vitronectin, thrombospondin

Vitronectin, fibronectin, fibrinogen

E-cadherin

Fibronectin, VCAM1, MAJCAM-1

Expression

NK cells activated B and T cells
NK cells activated B and T cells
Thymocytes and activated T cells
Monocytes and lymphocytes
Macrophages

T cells (memory and activated),

thymooytes
T regulatory cells

Al leukocytes and is predominant in

lymphocytes

Especially neutrophils and monocytes
also expressed in NK cells, B cells,
and some T cells

Myeloid dendritic cells (DCs)

Eosinophils, neutrophils, monocytes,
and NK cells

Monocytes activated B and T cells

Mast cells

Monocytes and macrophages

Mainly expressed on mucosal T cell

Circulating lymphocytes

Note. Gassification of the integrin subtypes with structural features andl/or their binding sites on respective igand molecules. Classification is based on data from (Dickeson and Santoro,
1998; Humphries et al, 2006; Barczyk et al,, 2009; Bachmann et al, 2019). CD nomenclatures are according to the Human Cel Differentiation Molecules (ntps://www.hcdm.org/).
CD, cluster of differentiation; LDV, amoltifof some integrin igands; RGD, a motifof the majority of integrin ligand of domain, a chordate specific domainiin the «subunit of integrin; XGFFKR,
a sequence present in the proximal cyloplenic tail of intearin & subunit where X is a variabls amino acid.





OPS/images/fcell-10-852878-g007.gif





OPS/images/fcell-10-852878-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Integrin Regulated Autoimmune Disorders: Understanding the Role of Mechanical Force in Autoimmunity		Introduction		INTEGRIN SENSING MECHANICAL FORCE

		Integrin-Talin Centered Focal Adhesion

		Mechanical Interactions Between Integrin and Their Respective Ligands





		Mechanosensitive Integrins Regulate Immune Cell Processes		AUTOIMMUNE DISOEDERS REGULATED BY INTEGRIN

		Type 1 Diabetes Mellitus

		Rheumatoid Arthritis

		Multiple Sclerosis

		Vitiligo





		Outlook

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Integrin Regulated Autoimmune
Disorders: Understanding the
Role of Mechanical Force in
Autoimmunity





OPS/images/fcell-10-852878-g001.gif





OPS/images/fcell-10-852878-g002.gif
' g :C Lj‘“i&”:" P 0





OPS/images/fcell-10-852878-t003.jpg
Disease

Systermic lupus
erythematosus (SLE)

Crohn’s disease (CD)-

Ulcerative colitis (UC)-

Type 1 autoimmune
hepatitis

Scleroderma

Psoriasis

Dermatomyositis

Integrins involved

Mac-1 (aMp2)

adp1 (VLA-4) and
adp7, aET

EB7, adp1 and adp?

adp7

VB3, a5p1 and
aVB6 Mac-1 (aMB2)

a1p1 o6 integrin

avp3

Immune cells involved

B cels, neutrophils, and macrophages express
high amount of aMB2 (Rosetti and Mayadas, 2016)

NK cells, T and B lymphoocytes, neutrophils

CD4* T cells, Tu1, and Tu17 cells

CD4* and CD8" T cells, NK cells, y8T cells

Macrophage, monocyte, B lymphocyte and T
lymphocyte

T lymphoocyte

Monocytes, T lymphocytes, and B lymphocytes

Integrins role in
autoimmune disease

 Mac-1 deficiency study induces hyper-immune response in
SLE-prone mouse model (Kevil et al., 2004)

« Non-synonymous mutation in Mac-1 gene ITGAM causes
“R7T7H" mutation in the  propeller domain. This results in
decreased catch-bond formation with igand under shear force
ranging from 0.19 to 0.42 dyn/em? and i directly associated
with SLE. Most significant diference was observed at
0.32 dyn/cm? (Rosetti et al., 2015)

@ Mac-1 promotes neutrophil accumulation in anti-glomerular
basement nephritis by bearing the FoyR-IgG-mediated
adhesion of neutrophils. Tang et al. (1997)

® CDis caused due to infiltration of leukocytes in the
gastrointestinal tract with the help of a47-MadCAM1 (Erle
et al. (1994), Newham et al., 1997)

o Leukocytes can also be independently helped by a41/
VCAM1 to transmigrate into the intestinal tract (Zundler et al.,
2017)

o aEp7 expressing CD4" T memory cells may be a major cause
ofinflammation due to CD, as aE" T cells are known to destroy
intestinal epithelial cells and are responsible for site-specific
migration (E--Asady et al., 2005)

© VCAM1 and MAACAM1 are expressed highly in intestinal cells
of UC patients, guiding a4p1 and a4p7 expressing cytotoxic
and pro-inflammatory T cells into lamina propria

* Inside lamina propria, T lymphocytes are retained by
interaction between aEp7 and E-cadherin of intestinal epithelia
(E-Asady et al., 2005; Sandbom et al., 2005)

© a4f7 integrin and COR chemokine receptor-expressing
T cells are generally not expressed much in liver cells.
However, patients with IBD display MAdCAM1 and CCL25,
ligands for a4p7 and COR, in their iver tissue. This causes the
Tlymphocytes, expressing a4p7 and CCRY, to migrate to iver
from gut where any expression of auto-antigen either from gut
or iver can cause immune response causing AIH (Eksteen
et al., 2004; Adams and Eksteen, 2006; Oo et al., 2010)

o Fibrilin-1 is an ECM component that interacts with aVB3, a5p1,
and aVp6 with its RGD-binding domain (Gerber et al., 2013)

* Missense mutation of fibrilin-1 RGD domain, which interacts
with integrin, can cause aggressive skin fibrosis (Gerber et .,
2013)

o Disruptive cell-matrix interaction can cause upregulation of
integrins, which can further be targeted as therapeutic agents
(Gerber et al., 2013)

® aM encoding gene ITGAM variant rs1143679 is linked with
susceptibilty towards systemic scleroderma (Carmona et al.,
2011; Anaya et al, 2012)

© MiR-150 regulates B3 integrin expression, which gets
downregulated in lesions of systemic scleroderma (Carmona
etal, 2011; Anaya et al., 2012)

o Additionally, aVp6-induced TGF- expression can cause
apoptoss resistance in fibroblasts (Gerber et al, 2013)

 Inhibition of a1p1 to interact with collagen causes reduced
‘accumulation of epidermal T cels. This has been observed
with prevention of psoriasis (Conrad et al., 2007)

o Integrity of laminin changes in psoriatic skin, causing
insufficient interaction with a6 integrin (Conrad et al., 2007)

o Hence, autoantibodies developed against a6 integrin cause
the micro-wounds in skin (G4l et al., 2017)

o Neovascularization was increased in muscle biopsies of
dermatomyositis juvenile patients (Nagaraju et al., 2006)

o mRNA profiing showed upregulation of angiogenesis-related
factors in dermatomyositis biopsies

o Integrin aVp3 assists in neovascularization, and its expression
is higher in juvenile patients affected by dermatomyositis
(Nagaraju et al., 2006)
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